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Preface

Modernization in the agriculture sector is important to ensure food security and poverty

alleviation, which are the primary themes of UN-SDGs. There are many challenges in developing

advanced agricultural techniques, tools, and systems, by which sustainable agriculture and food

security can be satisfied.

Worldwide, agricultural mechanization and modernization can be attained with advancements

in agricultural engineering technologies and their associated applications. The concept is

directly linked to the technological advancements in agricultural automation and robotics;

precision agriculture; high-efficiency irrigation systems; farm energy systems; handling, storage,

and processing of agricultural products; livestock and poultry sheds; farm water/wastewater

management; biomass, biogas, and biochar; remote sensing and geographical studies; societal aspects

in agriculture; and the associated bioenvironment.

Such advances in agricultural engineering technologies and applications are the need of the

21st century, particularly from the viewpoint of the agricultural food–energy–water security nexus.

Therefore, this book provides a dedicated collection of original research and review studies in the

abovementioned research areas.

Muhammad Sultan, Redmond R. Shamshiri, Md Shamim Ahamed, and Muhammad Farooq

Editors
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Potato Planter and Planting Technology: A Review of
Recent Developments
Baidong Zhou, Yexin Li, Cong Zhang, Liewang Cao, Chengsong Li, Shouyong Xie and Qi Niu *

College of Engineering and Technology, Southwest University, Chongqing 400715, China
* Correspondence: niuqi2019@swu.edu.cn; Tel.: +86-152-0107-1052

Abstract: Potato is one of the most important food crops in the world, which is of great significance
for sustainable agricultural development. Mechanized planting is the essential technical link in
mechanized production, which has an essential component in the potato growing industry. The
mechanization of potato planting technology is an effective method of increasing potato yields.
A variety of potato planting technologies and machines have been developed around the world.
This review presents the research progress and application status of potato planters and planting
technology worldwide. It classifies the planting technology into four types: research of materials
characteristics for potatoes, soil cultivation, seed potato separation, and zero-speed seeding. The
most critical seed potato separation technology was divided into six types according to the structure
of the seed metering device. Detailed features have been provided for some typical potato planters
and soil cultivation machines. Finally, the developing trend of intelligent planting technology was
analyzed, and some suggestions were proposed to promote the development of potato planters.

Keywords: potato planter; soil cultivation; mechanization; seed metering device; intelligent seeding

1. Introduction

Potato (Solanum tuberosum L.), originated from the Andes of Peru in South America
and was introduced into Europe through Spain, Asia, and other parts of the world through
Europe [1]. At present, potatoes are grown and produced in more than 160 countries
worldwide, the fourth-largest food in the world after wheat, rice, and corn [2].

Potato planting areas in China are widely distributed in 29 provinces. Differences
in natural conditions, agronomic requirements, and cultivation conditions have led to
significant differences in the degree of mechanization [3]. The largest potato-producing
areas in the United States are distributed in the three northwest States, and the second-
largest concentrated producing regions are distributed in the four northern states [4].
Relying on appropriate planting temperature, fertile soil, modern processing equipment,
and professional experience inherited from generation to generation, the American potato
industry has always been in a leading position worldwide. In Europe, the British potato
granules distributed in the temperate and oceanic climate are advantageous to the potato
from extreme temperatures, plenty of rainfall, and nutrient-rich soil ensure potato growth.
Dutch dominance in kinds of potato production and production system to its highest level
of potato production in the world. Potato production areas in Russia are mainly distributed
in the northwest, which is a black soil area with fertile soil, which is conducive to potato
growth [5]. Potato production in Japan is at a high level. It is in a leading position in
Asia, with a yield per unit area similar to that in Europe and the United States. The main
production areas are concentrated in Hokkaido, which belongs to a one-season potato
cultivation area [6].

In recent years, the global potato planting area has declined, but the output is still
increasing. With the continuous decline of the sown area and production in Europe, the
United States and the continuous development in Asia and other regions, the global potato
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production center has gradually shifted from developed to developing countries [7]. The
major potato producers in the world are the USA, China, Germany, Russia, etc. Some
countries’ planting situation and yield data in recent years are shown in Tables 1 and 2.

Table 1. Harvested Area /production of potatoes in different countries. Date from reference [8].
Copyright 2022 FAO.

Year China U.S.A. Britain Germany Russia Category

2015 4788.1 426.7 129.0 236.7 2111.6

Harvested Area/
thousand ha

2016 4805.1 419.9 139.0 242.6 1425.6
2017 4862.4 422.7 146.0 250.5 1335.6
2018 4760.7 414.1 140.0 252.2 1313.5
2019 4038.9 379.3 144.0 271.6 1238.6
2020 4218.2 369.9 142.0 273.5 1178.1

2015 82,893.2 20,012.7 5644.3 10,370.3 33,645.8

Production/
thousand tons

2016 84,986.5 20,426.4 5394.7 10,772.2 22,463.5
2017 88,536.4 20,453.4 6218.0 11,720.4 21,707.6
2018 90,321.4 20,607.3 5027.7 8921.0 22,395.0
2019 75,657.9 19,251.3 5307.0 10,602.2 22,074.9
2020 78,236.6 18,789.9 5520.0 11,715.1 19,607.4

Table 2. Yield of potatoes in different countries. Date from reference [8]. Copyright 2022 FAO.

Year China U.S.A. Britain Germany Russia Category

2015 17.31 46.90 43.75 43.81 15.93

Yield/t/ha

2016 17.69 48.65 38.81 44.40 15.76
2017 18.21 48.39 42.59 46.79 16.25
2018 18.97 49.76 35.91 35.37 17.05
2019 18.73 50.75 36.85 39.04 17.82
2020 18.55 50.79 38.87 42.83 16.64

Potato planting is the most important component of potato production. However, the
cultivation modes and natural conditions are various due to the difference in the production
of potatoes. In the complicated agronomic process, labor intensity also affects production
efficiency [9]. Therefore, mechanized planting is crucial for improving production effi-
ciency and reducing labor [10,11]. In plain areas, it is suitable for the operation of large
and medium-sized sowing machinery [12] (as shown in Figure 1a), providing convenient
conditions for the development of mechanization. Small potato planters have the charac-
teristics of light weight, convenience, and simple structure, as shown in Figure 1b. These
planters are mainly designed for hilly mountainous areas. However, this planter is rarely
used nowadays because of its low working efficiency and needs manual assistance [13].
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This paper introduces the potato planter and planting technology related content: “The
key technology status of the mechanized planting” explores the existing key technology and
categorized the applications into four types. “Machine of mechanized planting” elaborates
on some typical commercial potato planters and soil cultivation machines. “Research of
intelligent seeding technology” proposes a systematic analysis of future directions based
on intelligent seeding technology. Finally, “Conclusions and recommendations” concludes
the mechanized planting along with some current problems and makes some suggestions.

2. The Key Technology Status of the Mechanized Planting

In the process of mechanized potato planting, it is necessary to tillage machinery
for soil preparation and then use the potato planter for mechanized seeding. According
to the agronomic requirements, the potato planter needs one operation to complete the
work requirements of ditching, spraying, seeding, fertilizing, and ridging. As the core
part of potato planter [14], the performance of the seeding metering device will directly
determine the operation quality and working effect of the planter [15,16]. The seeds in
the seed hopper are generally arranged in disorder. It is necessary to pick up the potato
seeds from the seed hopper through the seed metering device, separate them, and put
them into the seed bed. The technical core of mechanized seeding is the orderly single
granulation and the maintenance of a single granulation state, that is, the technology of
seed tuber separation and whole row picking and stable seed guide [17]. In the process
of potato plant design, it is often necessary to analyze the material characteristics of seed
potatoes [18,19]. Therefore, according to the elements of the working process of mechanized
planting, the critical technologies of mechanized planting can be divided into the research
of material characteristics for potatoes, soil cultivation, the seed potato separation, and the
seed guiding technology of the planter.

2.1. Research of the Material Characteristics of Seed Potatoes

The characteristics of potatoes are directly related to the design of critical components
of the seed metering device, which affects the potato production level [20]. To design and
optimize the device structure, the physical characteristics have been researched according
to different types of potatoes. Generally, the physical attributes of seed potato can be
divided into two aspects: essential physical characteristics and dynamic characteristics.

2.1.1. Division of Seed Potato types

In addition to differences in the planting areas, there are also differences in the types
of seed tubers selected, which can be divided into the whole tuber, sliced tuber, and mini-
tuber [21]. Figure 2 presents three kinds of seed tubers. At present, the most commonly
used potato in China and India is the sliced potato, which has the advantages of being
low cost and easy to obtain, but it needs to be graded, whole row cutting, spraying and
lubricants, and other processes need to be carried, and it is easy to cause potato cross-
infection in the treatment which will directly affect the yield. Whole potato seeding can
avoid cross-infection caused by cutting, and causes minimal damage to seed potato and
high germination rate, which is suitable for mechanized operation, but requires special
cultivation [22]. Mini-tuber is a kind of potato produced by virus-free seeding, with
a neat shape, uniform size, and excellent quality. It can be directly used for seeding, and
the seedling emergence rate can reach 100% [23]. The main reason for the low yield of
potato production in some regions is the small application area and low penetration rate of
virus-free mini-tubers. In contrast, high-quality virus-free min-tubers are widely used in
high-yield areas of developed countries.
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2.1.2. Research on the Basic Physical Characteristics of Seed Potatoes

The basic physical characteristics of potatoes mainly include triaxial size, shape, and
density. It is an essential basis for designing the structure parameters of seed arrangement
device and seed box.

In determining the essential physical characteristics of potatoes, vernier calipers are
generally used to measure the overall dimension of potatoes, and the shape index ( f ) of
seed tubers is obtained through the formula. Then the shape and size parameters of seeds
are defined according to the shape index ( f ). Generally, the key structural parameters of
the planter can be determined based on the shape and size parameters [24]. Seed potato
moisture content is a crucial characteristic index of seed tuber and has a specific influence
on the properties of other materials [25]. Seed potatoes with higher moisture content are
easily damaged during the working process. The adhesion can easily affect seed picking
performance—the general use of atmospheric constant temperature drying method or
moisture meter measurement. To facilitate the theoretical modeling and virtual simulation
of critical components, the volume density and monomer density of potatoes should be
measured. When the seed potato moisture content is determined, volumetric density can
be measured by mass volume ratio, and monomer density can be measured by suspension
under liquid immersion [26].

2.1.3. Research of Dynamic Characteristics of Seed Potatoes

Potatoes can be classified as granular materials according to the classification of agri-
cultural materials. The knowledge of the dynamic characteristic of granular material such
as friction characteristics, compression characteristics, and flow characteristics between
particle–particle or particle–surrounding can help improve the design and operation of
the machine.

Before the simulation analysis, the physical model of the seed potato needs to be
established. For the material with a tremendous difference in the shape of seed potato, the
computerized tomographic (CT) technology [21], and image processing technology [27]
were not suitable. DEM (Digital Elevation Model) is one of the advanced numerical meth-
ods used to study the dynamic characteristics of granular material, which is widely used in
the study of the movement of agricultural granular materials. Since DEM discrete element
simulation is based on the theoretic contact mechanical model, the simulation result is
inconsistent with the actual one when the software is simulating the essential flow char-
acteristics of the bulk materials. The pile angle can reflect the flow characteristics of the
material [28,29]. Liu et al. used the method of combining test and simulation to calibrate the
material parameters and established the test simulation model [30]. Seeds could be divided
into class of spherical, small ellipsoid, and large ellipsoid according to shapes. The seed
shape is shown in Figure 3, and the model is shown in Figure 4. The contracting parameters
of the discrete particle were taken as the independent variables, the measurement results of
the simulation model were taken as the evaluation, and then the relevant fitting equations
were established and the corresponding results in the simulation model were obtained by
changing the independent variables. Finally, the simulated contact parameters of the model
were obtained by substituting the measured parameters in the actual test into the fitting
equation. Due to the irregular shape of potato seeds, its dynamic characteristics in the seed
metering device cannot be simulated by selecting a single spherical particle. The models of
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large ellipsoidal particles, small ellipsoidal particles, and spherical-like mini-tuber seeds
were established by generating particles from a template. The related motion process of the
mini-tuber seed adopted a Hertz–Mindlin non-sliding contact mechanical model [30,31].
There are few relevant studies on sliced tuber. Whole potatoes were separated into two lon-
gitudinal pieces and the geometric model was established in Solidworks based on the
mapping data and imported into EDEM [32].
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2.2. Soil Cultivation

In the process of mechanized potato planting, the quality of the seedbed has a direct
impact on soil water storage capacity, adaptive, and potato yield. The high-quality seedbeds
can effectively store water and conserve soil moisture, improve soil permeability, create
suitable conditions for early sprout and seedling growth, and facilitate the standardization
of field management later.

Potato ridging planting is an effective high-yield planting method. It is also one of the
crucial steps of soil cultivation, Figure 5 shows potato ridging planting. Soil cultivation can
provide appropriate conditions for ridging planting and improve the seeding quality [33].
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In terms of the selection of the seedbed, a sufficient area convenient for the mecha-
nization of the plot and for the standardization of the potato planting should be chosen.
Different soil cultivation practices are usually used in different countries due to conditions.
Sub-soiling and power harrow combined tillage is generally adopted in Europe. In contrast,
multi-function large-combined tillage planters are mainly adopted in the USA. In addition,
rotary tillage and subsoiling machines are the main methods used in Asia.
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In the process of mechanized potato planting, a layer of plow bottom will be formed
under the tillage layer because the seedbed soil has been compacted by the mechanical
equipment plow for a long time. After the previous crop is harvested, the first treatment is
sub-soiling, which can break the hard plow bottom. The depth of sub-soiling should be
consistent, and the trench bottom should be flat. The coefficient of variation of sub-soiling
depth should not exceed 15% [34]. It is usually carried out once every two to four years.
Zhao et al. [35] conducted a comparative test on 300 mm sub-soiling, 250 mm sub-soiling,
and 200 mm rotary tillage. It was found that the nitrogen, potassium, phosphorus, and
other elements in the middle and lower layers of 300 mm sub-soiling were significantly
higher than those of 200 mm traditional rotary tillage and 250 mm sub-soiling, which was
conducive to the accumulation of nutrients in the lower layer. Similarly, the water content
in the lower layer of 300 mm sub-soiling was also better than that of rotary tillage.

2.3. Potato Separation

Seed potato separation is one of the critical technologies of mechanized potato planting.
It mainly refers to when seed potatoes stacked disorderly in the seed box are formed into
a single seed potato through the function of the seed metering device. The technology of
seed metering has been actively developed over the past several decades. In terms of the
technology status of the seed metering device, the devices can be categorized into six types:
cup-belt (chain) type, pneumatic-type, moving-belt-type, needle-type, and pickup-finger-
type. Some typical seed metering devices are shown in Table 3.

Table 3. Some typical seed metering devices and their principles.

Type Principle

Cup-belt (chain)-type seed metering
device

The power of the seed belt (chain) is provided by the ground wheel or hydraulic motor,
which drives the driving wheel to rotate through the transmission system. The seeds flow to
the feeding area at the bottom of the seed box under gravity. In the forward motion of the
seed belt/chain, the spoon mounted on the belt (chain) scoops up the seed potatoes in
proper sequence. After the seeds shift to the seed clearing area, the excess materials are
removed by the seed clearing device and returned to the seed box. When the cup reaches
the highest point, the potato seeds fall on the back of the next cup. Potato seeds are carried
by the cups to the seeding point, then dropped into the bottom of the seed furrow [36,37].

Pneumatic-type seed metering
device

The seed-suction arm is driven to rotate by power. When the seed-suction arm is connected
with the vacuum chamber, the seed-suction arm absorbs a single seed potato from the seed
hopper by negative pressure, and stably carries the seed potato to rotate synchronously
with the seed metering device. As the potatoes reach the release point, they fall into the
seedbed by positive pressure and gravity [17,38,39].

Moving-belt-type seed metering
device

When the seeds fall from the seed box to the conveyor belt, the transport speed of the two
sides belt is opposite to that of the middle belt, where the middle belt is used to sort the
seeds in a single row for seeding, and the two side belts are used to transport and collect the
excess seeds to the seed collection port for preparation for subsequent seeding.

Needle-stabbed-type seed metering
device

The needles are mounted on the circumference of the seeding rotary disk. Each needle stabs
and obtains one seed in turns in the seed hopper. With the rotation of the seeding disk to the
seed dropping area, the seed potatoes are separated from the needles under the function of
scraping components and discharged into seed bed, completing a seeding process [40,41].

Pickup-finger seed metering device

The Pickup-fingers are mounted on the circumference of the seeding rotary disk. Under the
elastic force, The pickup-finger is in a normally closed state. The finger arm touches the
guide rail and opens in sequence when traveling to a feeding area, and each finger on the
vertical disk picks up a seed and moves with it to the next area under rotation condition, the
arm meets another set of guide rails, and opens in sequence again [42].

Vibration separation-type seed
metering device

The conveyor belt is combined with the principle of forced vibration, and the potatoes are
filled into the groove with manual assistance to achieve the function of separation and
sorting. The grooves move with the movement of the conveyor belt, and at the release point
the potatoes will fall into the seedbed to finish seeding.
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Potato ridging planting is an effective high-yield planting method. It is also one of
the crucial steps of soil cultivation. Soil cultivation can provide appropriate conditions for
ridging planting and improve the seeding quality [33].

2.3.1. Cup-Belt (Chain)-Type Seed Metering Device

The cup-belt(chain) type is the most widely used seed arrangement method world-
wide [19]. Compared with the cup-chain type, the cup-belt type (Figures 6–8) is more
likely to slip in the process of movement, resulting in the heterogeneous spacing of seeds.
Many researchers [37,43] have studied the dynamics characteristics of cup-belt potato
planter and reformed its structure. In recent years, several attempts have been made to
research the metering process through constructing mathematical model analysis. For ex-
ample, to define the causation of the deviations in uniformity of placement of the potatoes,
a theoretical model was established by Buitenwerf H. et al. [44]. Cai et al. [32] proposed
a conical-shaped seed box to abate the missing rate caused by the arching problem for
seed potatoes in the conventional potato planter. In order to minimize the reseeding rate
and miss-seeding of potato planters, Wang et al. [45] designed a new type of cup-belt
type device, which was composed of a motor vibration cleaning system conveyor belt
with spoons, etc. Lü et al. [46] designed a cup-belt type device for potato planters and the
structure of many vital components. Wollman A. E. et al. [47] added a missing seeding
detection system and a reseeding mechanism to the potato planter.
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2.3.2. Pneumatic-Type Seed Metering Device

The performance of a pneumatic seed metering device is greatly influenced by seed
size, shape, the number of holes in the disk, and working pressure. There are several
preponderances of these devices, such as low rate of seed damage, high seeding qual-
ity, and high planting speed. The negative pressure of seed suction will directly affect
the seeding efficiency. Therefore, there are many technical difficulties in potato seeding.
Currently, it is mainly used for sowing crops with low weight, such as maize [51], soy-
bean, rapeseed [52,53], etc. According to the different ways of pneumatic seed separation,
it can be divided into air suction type, air blowing type, air pressure type, and central
gathering type [54]. Compared with other crops, potato seeds have the characteristics of
large particle size and irregular shape, and the existing devices are limited to air suction
type. Lü et al. [17,18] proposed a potato air-suction metering device (Figure 9) for the north
of China.
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McLeod C. D. et al. [10] researched and developed a pneumatic micro potato precision
seeding device, which can absorb seeds under negative pressure, carry seeds, and row
seeds under positive pressure, and a spray gun is set on the seeding device to remove
excess seeds and reduce re-seeding. Yang, D. [51] designed a pneumatic horizontal disc
potato seed metering device, which uses an intermittent feeding mechanism composed
of a grooved wheel mechanism and a transmission chain to realize periodic quantitative
seed delivery. Mao et al. [55] designed and optimized a tilting disk pneumatic precision
seed metering device for virus-free mini-tuber as shown in Figure 10a. Compared with the
traditional mechanical device, the pneumatic seed metering device reduces the mechanical
damage and improves the quality of the seed potatoes. Due to the limitation of the
working principle and configuration, the device will only miss seeding and will not re-seed.
To solve the problem of limited seeding speed for the cup-belt-type seeding device and
significant negative pressure required for the pneumatic seed metering device, a mechanical–
pneumatic combined metering device for potato (Figure 10b) was designed [49]. The
structural parameters and working regulation of the devices were investigated. Based on
the theoretical analysis of the potato seed stress, the configuration and parameters of the
critical components of the improved seed scoop (Figure 10c) were determined.
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Figure 10. Improved pneumatic-type seed metering device. (a) Mao et al.’s research. Reprinted with
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2.3.3. Moving-Belt-Type Seed Metering Device

This device (Figure 11) has the advantages of simple structure and principle, small
size, low rate of seed damage, and additional vital adaptability to diverse shapes of potato
seeds. To reduce the damage rate of potato seeds in the process of mechanized plant-
ing, Meijer et al. [56] organized a moving-belt-type seed metering device and conducted
experimental research on seeding performance. He et al. [57] created a new type of moving-
belt-type belt mechanism and analyzed the overall structure and performance of each factor.
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2.3.4. Needle-Type Seed Metering Device

The needle-type uses the needle to pick seed tuber and throw seed, as shown in
Figure 12. Although this device has good adaptability to the size and shape of seed tubers,
it is easy to cause cross-infection due to the injury of seeds by needle-punched seed metering
device and the emergence of virus-carrying seed tubers will cause infection. On the other
hand, the impurities mixed in the soil, such as gravel and weeds, can deform the needle and
cause damage [59]. Misener G.C. et al. [60] measured the seed piece distribution patterns
completed by the cup and needle-type metering devices through numerous experiments.
The consequences demonstrated that the needle metering device performed slightly more
effectively than the cup type.
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2.3.5. Pickup-Finger Seed Metering Device

This device is suitable for seeding whole or sliced tubers. The pickup-ginger type
(Figure 13) is greatly affected by the shape, size, and the seed extraction rate of the seed
potato is different at different clamping positions, which requires high classification accu-
racy for the seed potato. Chen et al. [61] designed a novel device and carried out kinematics
and dynamics analysis. Boydas M.G. et al. [62] explored the mechanism of influencing the
seeding accuracy of the Pickup-finger device.
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2.3.6. Vibration Separation Seed Metering Device

Presently, the research on vibration seed metering devices at home and abroad mainly
focuses on sowing crops with small particle sizes and regular shapes. Liu et al. [63]
invented a planter for mini-tuber established on the principle of forced vibration, as shown
in Figure 14. In this device, seeds were arranged and moved to the conveyor belt under the
function of vibration plate, and single sequence of seeds was achieved under the restriction
of device structure. Excess potatoes would be transported to the conveyor belt for sorting
again under the action of vibration plate. The pressure belt was designed in the seed
dropping channel for positioning, and the seed was sent to the seed dropping point under
the cooperative effort of the conveyor belt and the pressure belt for final seeding.
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2.4. Zero-Speed Seeding

The seed guiding step is a connecting link between the preceding step of seed dis-
charging from the seed metering device and the following step of dropping in the seedbed,
which affects the orderly state of seeds in the planting process and determines the uniform
distribution of subsequent seeds in the seedbed [64]. The seed potatoes will be offset or
even jump on the ground, which will reduce the uniformity of plant spacing and sowing
accuracy when the planting position is too high, or the horizontal velocity of seed potatoes
is relatively high. Due to the large and irregular shape of seed potatoes, this negative
effect is more serious. Therefore, reducing the height of seeding and the speed of seed
tuber relative to the seedbed along the horizontal direction are essential ways to ensure
the quality of seeding. Based on the type and technical features of seed metering device,
zero-speed seeding technology of planter can be divided into low position seeding, seed
guide tube seeding, and air blowing seeding.

2.4.1. Low Position Seeding

Low position seeding means that seed potatoes are transported to a lower position
and dropped to the seedbed by carrying seed components through a seed metering device.
This process directly drops to the seed bed without the guide components. Generally, the
seeds in this method have a horizontal dividing speed relative to the backward device
after the action of mechanical construction in the dropping process. The technology is
now the most commonly used for potato planting model forms, including pneumatic-
type device, moving-belt-type device, needle-type device, and the pickup-finger device
using this method. By mechanical action, a kind of potato is made when leaving the
metering device, which has a seeder with an initial velocity of movement in the opposite
direction. Low-position direct seeding is low in height and does not require the installation
of additional seed guide devices, but it is only suitable for low-speed seeding operations. It
cannot meet the development trend of today’s high-speed agriculture.

2.4.2. Seed Tube Seeding

The seed tube is adopted for maintaining seeds fallen from the seed metering device
along its barrier to retain the uniformity of the seed quality. The seed tube can accelerate
the speed in the opposite direction of movement of planter so that the seed can obtain the
horizontal fractional rate in the opposite direction of the forward speed of the planter and
then approach zero speed seeding [46]. Its structure and installation position on the seed
tuber separation unit.
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2.4.3. Air Blowing Seeding

The existing zero-speed seeding technology has many constraints, such as being
unsuitable for high-speed operation and low seeding precision. In order to address these
issues, a unique method of zero-speed seeding was presented by Lü et al. [65]. Positive
pressure was used to make the seed accelerate in the opposite direction of seeding so that
its velocity was zero relative to the seed bed. The precision of seeding was improved as
well as the efficiency of seeding in this route.

3. Machine of Mechanized Planting
3.1. Soil Preparation Machine

The flipped plow is used for potato rotary tillage, which can complete the work of soil
loosening, weeding, and so on. Both subsoiler and combined machines for subsoiling and
soil preparation can realize all-directional sub-soiling.

Soil cultivators are a vital part of assuring potato planting. Effective soil cultivation
maintains the quality of the soil and improves the retention of organic substances such as
air and water. Some typical machines are shown in Table 4.

Table 4. Some typical soil preparation machines.

Model Structure Characteristic

Shandong Transce
Agricultural Machinery

1SL-6A subsoiler [66]
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1300 kg; working width, 132/152/176/200 cm; the
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Matched-type, mounted; four rows; minimum
required power, 70 hp; pure weight, 720 kg;

distance between rows, 80 cm; working width,
340 cm; working length, 200 cm. The flex springs,

positioned on the front part of the bed former,
move the land allowing the furrowing plow discs

to form regular and uniform beds.
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Matched-type, mounted; four rows; minimum
required power, 134 hp; pure weight, 1800 kg; row

width, 75–90 cm; working width, 3–3.6 m. The
machine can also be used in combination with

a potato planter, thus enabling soil cultivation and
planting in a single pass. For soil cultivation and
seeding of fine seeds in a single pass, the machine
can be equipped with hydraulically driven ridge
pressure rollers and a lifting frame for seeders.

3.2. Potato Planter
3.2.1. Cup-Belt (Chain) Type Potato Planter

Cup-belt (chain)-type potato planters rely on a simple structure, have a reliable perfor-
mance, are easy to operate in all kinds of seeding machines, and have been widely used.
With a combination of a simple structure, wide application, and innovative technology,
many typical planters have been developed. Some common potato planters are shown in
the Table 5.

Table 5. Introduction of Cup-belt (chain) type planters.

Country Model Structure Characteristic

Germany Grimme GL420
[71]
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mum working speed, 8.2 km/h. It uses a vertical disc 
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3.2.2. Pneumatic-Type Potato Planter

At present, there are few commercial potato planters using pneumatic seed potato
separation and whole row picking technology. They include the PLMS series pneumatic
drill produced by the French ERME company and the Lockwood600 series produced by
the American Crary company (including 604, 606, 608 three models) air suction potato
planter. Take the Lockwood 606p planter as an example. The planter can finalize ditching,
sowing, fertilization, drip irrigation, soil covering, repression, and finalize operations
simultaneously. Some typical potato planters are shown in the Table 6.
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3.2.3. Moving-Belt-Type Potato Planter

At present, the representative seeders using this technology include Grimme GB series
belt seeders and Miedema Structural series produced by Dewulf. Some typical potato
planters are shown in the Table 7.

Table 7. Introduction of moving-belt-type Planter.

Country Model Structure Characteristic

Germany Grimme GB 230 [58]
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terminal.
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Matched-type, mounted; two seeding
rows; matched power, 102 hp; distance

between rows, 76–102 cm. Equipped with
a hydraulic control system to control
depth. The uniformity of sowing is

ensured by monitoring the speed with
sensors.

3.2.4. Needle-Stabbed Type Totato Planter

The research on the technology and equipment of needle-stabbed is mainly concen-
trated in the USA. A number of technological invention patents centering on the research
and development of needle-stabbed were applied in the last century. Because this type of
seeding device can easily cause bacterial infection, the application of this technology is
less at present. The typical model is the Lockwood 6200 series planter [81] (Figure 15) and
Harrison pick planter [82] (Figure 16).
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At present, this principle has been applied in the seed metering device with small particle 
size and regular shape for corn and soybean, while in the potato planter, only a few man-
ufacturers, such as Lockwood and Harriston, have provided models that can be applied 
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3.2.5. Pickup-Finger-Type Potato Planter

This type of planter has poor performance stability and operation quality. The curve of
the finger clip guide rail of this structure is fixed, resulting in the fixed opening stroke of the
finger clip. However, the overall dimensions of potatoes are different, so there is a high rate
of reseeding and missed seeding, and it is impossible to operate at high speed. At present,
this principle has been applied in the seed metering device with small particle size and
regular shape for corn and soybean, while in the potato planter, only a few manufacturers,
such as Lockwood and Harriston, have provided models that can be applied practically.
The Lockwood 506 series potato planter is presented in Figure 17, the Harriston Clamp
planter [83] is presented in Figure 18.
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At present, there are many types of potato planters for different regions; but the 
mechanization degree of small potatoes in hilly and mountainous areas is insufficient; 
which will be an important direction for future research and development. The types of 
planters in Asia are mainly traditional planters; while the development of planters in the 
United States and other regions is mainly focused on precision and high speed; and the 
application of many types of planters is also mature 

4. Research on Intelligent Seeding Technology 
The concept of the intelligent system of the planter was proposed as early as the 

1940s, with research and development on intelligent control gradually conducted [84]. 
However, it was only until the recent four decades that intelligent seeding technology 
fully utilized the advances in sensor, artificial intelligence, and electrical driving technol-
ogy [85,86]. Intelligent seeding technology requires the planter to meet the three condi-
tions of precise seeding rate, spacing and seeding depth to sow the seed potato to the 
desired depth accurately. 

4.1. Seeding Monitoring System and Seeding Compensation System 
Miss seeding will reduce potato yields and soil efficiency, and the rate of missed 

seeding is reduced by improving the structure of the planter. However, the rate of missed 
seeding of the improved potato planter is still beyond 5% [87]. The simplest way to reduce 
this loss was manually assisted reseeding, but it required excellent labor intensity and 
reduced efficiency. Therefore, the current standard method is to use the monitoring sys-
tem to monitor the miss seeding and add the compensation device [88]. 

Figure 18. Harriston Clamp planter. Reprinted with permission from ref. [83] Copyright 2019
Harriston Industries.
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3.2.6. Vibration Separation-Type Potato Planter

Due to the limitation of manual capacity, the working speed of the planter using
the vibration separation principle will not exceed 2 km/h. Figure 19 shows the Japanese
JAGIRL vibrating separation row artificial cleaning (supplementary) seed potato planter,
which is suitable for sowing in small plots.
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At present, there are many types of potato planters for different regions; but the
mechanization degree of small potatoes in hilly and mountainous areas is insufficient;
which will be an important direction for future research and development. The types of
planters in Asia are mainly traditional planters; while the development of planters in the
United States and other regions is mainly focused on precision and high speed; and the
application of many types of planters is also mature

4. Research on Intelligent Seeding Technology

The concept of the intelligent system of the planter was proposed as early as the 1940s,
with research and development on intelligent control gradually conducted [84]. However, it
was only until the recent four decades that intelligent seeding technology fully utilized the
advances in sensor, artificial intelligence, and electrical driving technology [85,86]. Intelli-
gent seeding technology requires the planter to meet the three conditions of precise seeding
rate, spacing and seeding depth to sow the seed potato to the desired depth accurately.

4.1. Seeding Monitoring System and Seeding Compensation System

Miss seeding will reduce potato yields and soil efficiency, and the rate of missed
seeding is reduced by improving the structure of the planter. However, the rate of missed
seeding of the improved potato planter is still beyond 5% [87]. The simplest way to reduce
this loss was manually assisted reseeding, but it required excellent labor intensity and
reduced efficiency. Therefore, the current standard method is to use the monitoring system
to monitor the miss seeding and add the compensation device [88].

The miss seeding rate of large potato planters is low, and the existing achievements
mainly focus on essential information collection and alarm indication. For example,
Grimme GB series planter, Dewulf CP series planter, and Double L series planter are
equipped with photoelectric sensors [12] (Figure 20a) to monitor the process of seeding.
The detection system generally uses the photoelectric sensor and distance sensor to monitor
the seeding condition of the seeding unit. When the seeding is abnormal, the Single-Chip
Microcomputer controls the alarm system to prompt the driver to eliminate the fault. When
miss seeding is detected, the Single-Chip Microcomputer drives the compensation system
to reduce the miss seeding and ensure the seeding quality. Advanced GPS technology has
also been introduced into the Double L monitoring system.
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In addition to seeding monitoring, sensors are also used in other aspects of potato 
planters, such as the Dewulf Miedema series planter [79], a tipping automat sensor (Figure 
21) that detects the number of potatoes in the seed box. Then the machine can ensure that 
the supply belts are supplied with a sufficient quantity of seed potatoes.  
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Dewulf Industries. 

At present, the small and medium-sized potato seeder with a chain spoon seed me-
tering device has a high rate of missed seeding, so the current related research focuses on 
intelligent and automatic monitoring system research. In order to ensure the anti-dust 
interference detection performance of the sensor, the detection sensor was installed in the 
upper section of the tube, and the seed cup was parallel to the horizontal plane. The trans-
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Figure 20. Seeding monitoring sensor: (a) Double L photo electric sensor. Reprinted with permission
from ref. [12]. Copyright 2021 Double L Industries; (b) GB430 ultrasonic sensor Reprinted with per-
mission from ref. [89] Copyright 2022 Grimme Industries; (c) Dewulf CP series Eagle-Eye. Reprinted
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For the Grimme GB430 planter [89], the seeding distance is monitored by the ultrasonic
sensor (Figure 20b), which counts the seeds as they fall into the seed bed and detect whether
there is deviation at the same time. When a deviation occurs, it is fed back to the driver
through the monitoring system and even adjusted [81].

For Dewulf CP series planter [72], the ‘Eagle-Eye’ (Figure 20c) registers each tuber.
Two sensors for the issuing of the signal to the control terminal located in the cabin. The user
can set a limit beforehand for the percentage of misses. When this threshold is exceeded,
the system will issue both a visual as well as an audible signal. As a result, the user can
check and modify the planting adjustments.

In addition to seeding monitoring, sensors are also used in other aspects of potato
planters, such as the Dewulf Miedema series planter [79], a tipping automat sensor
(Figure 21) that detects the number of potatoes in the seed box. Then the machine can
ensure that the supply belts are supplied with a sufficient quantity of seed potatoes.
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At present, the small and medium-sized potato seeder with a chain spoon seed me-
tering device has a high rate of missed seeding, so the current related research focuses
on intelligent and automatic monitoring system research. In order to ensure the anti-dust
interference detection performance of the sensor, the detection sensor was installed in
the upper section of the tube, and the seed cup was parallel to the horizontal plane. The
transmitter and receiving end of the sensor should be installed on the same horizontal
plane (as shown in Figure 22), and the center should be aligned. The sensor was installed
on a row of tubes, and the installation spacing was determined according to the distance
between cups.

Zhang et al. [91] proposed an electromechanical potato planter automatic compen-
sation system composed of an infrared photoelectric sensor, Single-Chip Microcomputer,
and stepper motor. Still, its missed seeding detection scheme was primitive and had low
reliability. On this basis, a potato missed seeding compensation system based on an in-
frared miss-seeding detection and the AT90S2313 SCM was organized by Liu et al. [92].
Cao et al. [90] completed the hardware design of a miss-seeding early warning system,
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including DC regulated power supply design, sensor module, MCU control module, alarm
module, and display module. System software used C language to write the system moni-
toring program. A technique of monitoring potato missed seeding by infrared radiation
was proposed by Sun and Wang et al. [93,94]. They also proposed a new architecture of
two-point monitoring information statistics and ranking decisions, which makes the system
response more advanced and overcomes the constraints of the first-generation detection
technology on sensor installation positions. However, the system is still vulnerable to the
threat of field dust, vibration, and other external factors, and its dependability still needs to
be enhanced. To solve this problem, a new approach was proposed to construct a space
capacitance sensor for the evaluation of seed-metering states and mass acquisition of seed
potatoes by Zhu et al. [95]. Wang.G. et al. [96] proposed a kind of integrated seeding and
compensating potato planter based on one-way clutch (Figure 23), a missed seeding and
compensation system using an infrared radiation type missed seeding detection system to
realize a one-way clutch and motor matching.
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Pneumatic type device also has the situation of missed seeding, the intelligent seed
supply system of the air-suction potato planter (Figure 24) was designed by Lü et al. [18].
The controller collects information through the seed box weighing sensor and calculates
and outputs the results to speed the stepping motor to control the seeding speed.

At present, the monitor and compensation control technology are mainly reflected in
the material level detection device. The ultrasonic detection technology, infrared sensing
technology, or image recognition technology is used to accurately and stably identify the
number change of seed potato in the seed box, which can timely and stably drive the seed
supply device for seed supply. Secondly, the structure principle of seed supply device
is different, but its development trend is to provide stable seed precision and reduce the
damage of seed potato.
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4.2. Seeding Depth Control

In the process of potato planting, due to the changes in the terrain in the field, the
different properties of the soil, and the remaining stems and stubble on the ground, the
sowing depth is difficult to be unified, resulting in the potato yield being affected.

The automatic hydraulic depth control is performed conveniently from the operator
terminal in a large potato planter. Such as Grimme GB430 [89], trailed furrow openers are
mechanically connected and guided in a parallelogram, as shown in Figure 25a. Moreover,
change the number of feeler wheels used to pull furrow openers to suit different soil
conditions. For lighter soils, the pulled furrow openers are individually guided in height
by a feeler wheel, as shown in Figure 25b. For heavy soils, the pairwise mechanically
connected, pulled furrow openers are guided in the depth by two large feeler wheels, as
shown in Figure 25c.
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permission from ref. [89] Copyright 2022 Grimme Industries; (b) Structure for lighter soils. Reprinted
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Dewulf Miedema CP 42 planters [72] (Figure 26) are equipped with an intelligent
floating control system, which can monitor the depth of the seed trench timely and auto-
matically adjusts the soil tillage depth through sensors during the seeding process so as to
automatically maintain a certain tillage depth while ensuring sufficient seeding precision.

Grimme company mainly uses feeler wheels to pull the furrow openers to ensure
the constant seeding depth. In the GL-34T potato planter [97] (Figure 27) suitable for
large slopes, the lead screw with an adjustable depth limiting wheel is used to ensure the
uniformity of seeding depth.

21



Agriculture 2022, 12, 1600Agriculture 2022, 12, x FOR PEER REVIEW 21 of 27 
 

 

 
Figure 26. Dewulf Miedema CP 42 potato planter. Reprinted with permission from ref. [72]. Copy-
right 2021 Dewulf Industries. 

Grimme company mainly uses feeler wheels to pull the furrow openers to ensure the 
constant seeding depth. In the GL-34T potato planter [97] (Figure 27) suitable for large 
slopes, the lead screw with an adjustable depth limiting wheel is used to ensure the uni-
formity of seeding depth. 

 
Figure 27. Grimme GL-34T potato planter. Reprinted with permission from ref. [97]. Copyright 2018 
Grimme Industries. 

Zou et al. [98] designed a potato profiling ridging sowing device for potato seeding 
in dry land ridge cultivation, which can ensure a constant soil seeding depth through the 
soil covering profiling mechanism and limit sowing of the seedbed. Hu et al. [99] used a 
parallelogram ditcher to ensure the consistency of seeding depth in a 2CMW-4B micro 
potato planter, as shown in Figure 28. 

  
(a) (b) 

Figure 28. Two views of the 2CMW-4B planter and the depth control device. (a) Operation process 
of the device; (b) Structure of ditching and seeding device. Reprinted with permission from ref. [99]. 
Copyright 2019 Shandong University of Technology. 

  

Figure 26. Dewulf Miedema CP 42 potato planter. Reprinted with permission from ref. [72]. Copy-
right 2021 Dewulf Industries.

Agriculture 2022, 12, x FOR PEER REVIEW 21 of 27 
 

 

 
Figure 26. Dewulf Miedema CP 42 potato planter. Reprinted with permission from ref. [72]. Copy-
right 2021 Dewulf Industries. 

Grimme company mainly uses feeler wheels to pull the furrow openers to ensure the 
constant seeding depth. In the GL-34T potato planter [97] (Figure 27) suitable for large 
slopes, the lead screw with an adjustable depth limiting wheel is used to ensure the uni-
formity of seeding depth. 

 
Figure 27. Grimme GL-34T potato planter. Reprinted with permission from ref. [97]. Copyright 2018 
Grimme Industries. 

Zou et al. [98] designed a potato profiling ridging sowing device for potato seeding 
in dry land ridge cultivation, which can ensure a constant soil seeding depth through the 
soil covering profiling mechanism and limit sowing of the seedbed. Hu et al. [99] used a 
parallelogram ditcher to ensure the consistency of seeding depth in a 2CMW-4B micro 
potato planter, as shown in Figure 28. 

  
(a) (b) 

Figure 28. Two views of the 2CMW-4B planter and the depth control device. (a) Operation process 
of the device; (b) Structure of ditching and seeding device. Reprinted with permission from ref. [99]. 
Copyright 2019 Shandong University of Technology. 

  

Figure 27. Grimme GL-34T potato planter. Reprinted with permission from ref. [97]. Copyright 2018
Grimme Industries.

Zou et al. [98] designed a potato profiling ridging sowing device for potato seeding
in dry land ridge cultivation, which can ensure a constant soil seeding depth through the
soil covering profiling mechanism and limit sowing of the seedbed. Hu et al. [99] used
a parallelogram ditcher to ensure the consistency of seeding depth in a 2CMW-4B micro
potato planter, as shown in Figure 28.
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4.3. Electrical Driving Technology and GPS

For large potato planters, automatic control or manual adjustment of seeding parame-
ters by the driver is usually adopted, such as, Field-Ready Controller (Figure 29) was used
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in the Double L9560 planter [12], the controller receives GPS, radar, and ground speed
data from the tractor. The controller is usually used to control the hydraulic system to
drive the seeding device. These parameters are mainly used to adjust the seeding spacing
and fertilization amount, with control the number of seeds entering the seed metering
device by monitoring and calculating the sowing conditions. The electrical driving system
is performed conveniently from the HMI operator terminal, as shown in Figure 30.
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For the Grimme GB430 potato planter [89], all planting components are jointly oper-
ated by a single hydraulic motor (Figure 31). The hydraulic drive can confirm the direct
stepless adjustment of the seeding spacing to adapt to the transformations in the roadway
consistency. Each belt planting element is driven by its hydraulic motor.
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Seed metering devices of potato planters are usually driven by a ground wheel and
chain and sprocket system. This transmission scheme is easily affected by the slipping of
the ground wheel and the vibration of the chain, so the uniformity of planting spacing
cannot be guaranteed. Experiments have proved that the chain variation range of the slip
rate of the ground wheel is as high as 20% [94].
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In order to improve the seeding accuracy and ensure the seeding quality, some scholars
proposed to use the motor to replace the ground wheel drive system. Wang et al. [94]
used the hydraulic motor to drive the fine-tuning screw rotation to adjust the amplitude
to achieve the step-less adjustment of the planting spacing. During the seeding operation,
the hydraulic motor is driven by the hydraulic device of the tractor so as to drive the seed
potato conveyor belt and seed potato cup. The device is equipped with two sensors. When
one of them detects the seed potato bowl and the other does not detect the seed potato,
that is, miss-seeding occurs, the main control module sends an adjustment command to the
stepping motor to rotate the corresponding angle so as to adjust the vibration amplitude.

In order to improve the seeding accuracy of the potato planter, GPS technology is
combined with the control system, as shown in Figure 32. By making use of GPS, the
planter can map out the parcel. The machine will subsequently control that planting is
performed accurately, allowing the driver to focus entirely on the planting process. For the
farmer who places the very highest requirements on ease of use, efficiency, and precision,
Dewulf has developed the GPS Planting-Comfort and GPS Planting-Control options. This
easy-to-operate system automates many tasks.
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5. Conclusions and Recommendations 
Currently, potato is planted in a wide range of regions all over the world. The differ-

ence in environmental characteristics in each region leads to different planting modes and 
different agronomic requirements. Therefore, the development degree of planting mech-
anization is also different. In terms of the critical technologies of mechanized planting, the 
research on the characteristics of seed potatoes has made some achievements. Whereas 
various planters are marketed around the world, research is still ongoing. After years of 
development, some developed countries have used a large number of advanced technol-
ogies such as automatic control, hydraulic system for seed supply, seeding electronic 
monitoring, etc., with a high degree of intelligence and precision. However, the level of 
mechanization of potato planting in hilly mountain areas is relatively backward, and the 
yield of potatoes is not high. Accordingly, the following suggestions are put forward. 

The breeding of seed potatoes plays a very important role in increasing potato yield. 
In order to improve potato yield, it is necessary to introduce new potato varieties with 
high yield, high resistance, and special purpose in some potato production areas, select 
high-quality varieties suitable for planting in various planting areas and promote charac-
teristic potato varieties according to the conditions of potato planting areas. Secondly, it 
is necessary to increase the use of virus-free mini-tuber. 

Accelerate the research and development of small and medium-sized machinery that 
can realize the whole process mechanization of potato, solve the sectional operation re-
search, and support small machinery selection of mechanical seeding and mechanical har-
vesting, and accelerate the research and development process of miniature and medium-
sized agricultural machinery and agronomic integration technology of potato. For hilly 
and mountainous areas, strengthen the mechanization research and machinery selection 
under the conditions appropriate for viscous soil, and focus on the power chassis suitable 

Figure 32. Automatic Potato planter with GPS system. (a) Double L planter works under GPS naviga-
tion. Reprinted with permission from ref. [12]. Copyright 2021 Double L Industries. (b) Navigation
test of planter.

5. Conclusions and Recommendations

Currently, potato is planted in a wide range of regions all over the world. The dif-
ference in environmental characteristics in each region leads to different planting modes
and different agronomic requirements. Therefore, the development degree of planting
mechanization is also different. In terms of the critical technologies of mechanized planting,
the research on the characteristics of seed potatoes has made some achievements. Whereas
various planters are marketed around the world, research is still ongoing. After years of de-
velopment, some developed countries have used a large number of advanced technologies
such as automatic control, hydraulic system for seed supply, seeding electronic monitoring,
etc., with a high degree of intelligence and precision. However, the level of mechanization
of potato planting in hilly mountain areas is relatively backward, and the yield of potatoes
is not high. Accordingly, the following suggestions are put forward.

The breeding of seed potatoes plays a very important role in increasing potato yield.
In order to improve potato yield, it is necessary to introduce new potato varieties with high
yield, high resistance, and special purpose in some potato production areas, select high-
quality varieties suitable for planting in various planting areas and promote characteristic
potato varieties according to the conditions of potato planting areas. Secondly, it is necessary
to increase the use of virus-free mini-tuber.

Accelerate the research and development of small and medium-sized machinery
that can realize the whole process mechanization of potato, solve the sectional operation
research, and support small machinery selection of mechanical seeding and mechanical
harvesting, and accelerate the research and development process of miniature and medium-
sized agricultural machinery and agronomic integration technology of potato. For hilly
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and mountainous areas, strengthen the mechanization research and machinery selection
under the conditions appropriate for viscous soil, and focus on the power chassis suitable
for hilly and mountainous areas and small-scale tillage and land preparation machinery in
Hilly and mountainous areas.

For the problems of poor seeding quality and stability of the current seed metering
device, the mechanism of each type of seed metering device is further studied. At the
same time, advanced technologies, new materials, and manufacturing procedure are con-
tinuously integrated into the manufacturing process of the seed metering device and the
whole machine to improve the stability and reliability of the potato planter performance
and develop new potato seed metering devices and seeding device.

In the future, the development of potato mechanized planting technology and equip-
ment will focus on the precision, high-speed, intelligent large-scale potato planting equip-
ment, and the synchronous research and development of economic, light, and simple potato
mechanized planting technology and equipment in some particular areas will be the main
development direction. Improving the automation and intelligence level of potato planters
will be the focus of future research. In future studies, digital technology will become an
essential part of improving work quality and efficiency.
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Abstract: In the dry areas of Northwest China, cavity planters with vertical insertions are used for
seeding on film. Due to the uncertain mechanism between cavity planters and maize seeds and
soil, research on the cavity planter has been slow. Several theoretical and experimental methods
have been developed to investigate the interaction between the cavity planter and maize seeds in
soil. These methods enable exploration of the mechanism to reduce soil disturbance and improve
seeding performance. However, these methods are unable to predict the dynamic force of tools and
soil behavior because of non-linear soil properties. A simulation experiment was conducted using the
DEM-MBD coupling method to explore soil disturbance caused by cavity seeders and the resistance
to entry. Additionally, the effect of the maize shape and the cavity planter motion on the seed number
qualification and the empty cavity rate was investigated. It was proposed that the inverted hook be
used to prevent the movement of maize seeds up and down in cavity seeders, thereby improving
seed filling performance. Simulations and experiments were conducted, and the results showed that
the average empty cavity rate and the seed number qualification were 2.0% and 91.3%, respectively,
which met the requirements of the maize sowing standards.

Keywords: maize; soil; cavity planter; interaction mechanism; DEM; verification

1. Introduction

The main working process of the cavity planter with vertical insertion is to vertically
insert the hole seeder into the soil and discharge the maize seeds into the hole. Therefore, the
cavity planter mainly interacts with maize seeds and soil. The cavity planter’s optimization
is also based on them. Soil mechanics is a priority issue when designing and optimizing
components to reduce resistance and consumption in agricultural tillage, precision seeding,
and efficient harvesting [1]. As soil separation, mixing, cracking, and flow belong to the
characteristics of a bulk particle, the discrete element method (DEM) is the best research
choice. Initially, DEM was used for the movement analysis of rock slopes [2]. Subsequently,
it has been widely developed in various fields, and DEM is mainly used in agricultural
engineering to study the interaction between tools and soils. DEM has proved its reliability
in predicting soil resistance by means of a deep pine shovel–soil interaction model [3,4].
The shape of the soil particles and the bond between the soil particles affect the resistance
of the tool. Ono et al. [5] created six different shapes of soil particles with DEM and
compared the working resistance of the bulldozers. The non-cohesive/cohesive particle
model and Newtonian fluid/non-Newtonian fluid wet particle of soil cultivation model
were analyzed by DEM [6]. Zhang et al. [7,8] added liquid bridge forces due to moisture to
the particle contact model to simulate the cohesive interaction between soil particles using
DEM. The slant-shank folding shovel’s structure and parameters are optimized with the
aid of DEM [9]. In addition, with DEM the maize models built by the spherical aggregation
method are in good agreement with the experimental results in terms of bulk density,
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repose angle, and flow motion [10,11]. In this regard, it is evident that DEM research on the
interaction between tools and soil is on the rise.

Meanwhile, a cavity planter’s performance is affected not only by the soil and maize,
but also by the interaction between the non-circular gear drive forward speed compensation
mechanism and the overall speed of the machine. In practice, the interaction between the
cavity planter and the soil involves the compaction of the soil by the wheels, the support
of the soil on the wheels and the sliding of the soil, the disturbance of the soil caused by
the cavity planters, and also the circulation of the maize seeds and seed discharge. Thus,
complex interactions are involved among them. It is challenging to clearly evaluate seed
motion, soil and ground wheels, soil and cavity planters, seed circulation, and seed motion.
It should be noted that the forward speed compensation mechanism on the cavity planter
with vertical insertion is driven by a non-cylindrical gear, and that its contact motion is
complex, and thus cannot be achieved by simple motion settings in EDEM, so it must be
achieved using virtual prototyping software [12]. There are clear advantages to using the
Korean FunctionBay software in the areas of large model calculations, sliding and collision
contact, and the design and optimization of flexible bodies in motion [13].

As DEM and multibody dynamics (MBD) have developed, the coupled DEM-MBD
numerical simulation technique has gained widespread use in industry [14]. Combining
DEM with MBD is an excellent approach for understanding the interaction between maize
seeds, soil, and forward speed compensation mechanisms. This paper focuses on the
DEM-MBD coupled simulation and the self-developed 2BZ-2 cavity planter with vertical
insertion. It examines the effect of various factors on soil disturbance and cavity planter
performance to propose a plan and ideas for optimizing the direct hole sowing machine.

2. Materials and Methods
2.1. Virtual Prototype Establishment of the Cavity Planter with Vertical Insertion

The maize cavity planter with vertical insertion consists of a frame, engine, traction
wheel, gearbox, differential, forward speed compensation mechanism, cavity seeder, outer
grooved wheel seeder, guide wheel, guide frame, and handle, as demonstrated in Figure 1.
The cavity seeder is the main part of the seeder, which participates in the interaction process
between corn and seeder. A core component in the cavity seeder is the shaped groove, as
shown in Figure 1c. The engine provides the power for the cavity seeding process, partly
driving the traction wheel, and partly driving the forward speed compensation mechanism.
The gearbox transmits the power input from the engine to the differential speed and
forward speed compensation mechanism after speed regulation, shunting and reversing;
the differential speed can achieve the steering of the traction wheel; the forward speed
compensation mechanism is the core component of the direct maize cavity on film. The
forward speed compensation mechanism is the core component of the maize cavity planter
with vertical insertion, and is mainly responsible for “zero speed” processing of the traction
speed of the whole machine during the seeding process, i.e., it generates movements that
offset the horizontal speed of the whole machine so that the horizontal direction before and
after insertion is approximately stationary with respect to the ground. The outer grooved
wheel seeder provides an even seed supply to the seeder so that the seed in the seed tube
of the seeder always maintains a seed volume conducive to seeding. The guide wheel
and guide frame facilitate the adjustment of the seeder, and the handle facilitates manual
operation. The angle between the crank rods of the two sets of forward speed compensation
mechanisms is set at 180◦, which improves the smoothness of the machine.
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grooved wheel seed discharger; (9) guide wheel; (10) guide frame; (11) handle; (12) ground. Note, L 
is the length of shaped groove. W is its width. H is the height. α is opening angle of the groove. d is 
the diameter of seed taking wheel. r is the maximum diameter of the spherical hole. φ is the included 
angle of the inner groove line. 
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V9R2 (FunctionBay Co., Seongnam, Korea), delete the redundant parts such as bolts and 
bearings, and delete the parts including bearings, mounting screws, pins, drive chains, 
gears, etc. Establish rotation, translation, and fixation constraints between components, 
and set related motion, add motion information based on rotation and translation subs. 
As shown in Figure 2b, the virtual prototype model consists of engine power output, 
speed change and reversing, ground drive system, transmission ratio conversion system, 
direct cavity seeder system, quantitative seed discharge system, and passive guide wheel 
system. Ground drive system includes differential mechanism. The cavity planter can turn 
flexibly on the ground. The traction wheel can be turned at different speeds by turning 
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Figure 1. Structural components of the maize cavity planter with vertical insertion. (a) Main view.
(b) Front view. (c) Structure schematic of shaped groove. (1) frame; (2) engine; (3) traction wheel;
(4) gearbox; (5) differential; (6) forward speed compensation mechanism; (7) cavity seeder; (8) outer
grooved wheel seed discharger; (9) guide wheel; (10) guide frame; (11) handle; (12) ground. Note, L
is the length of shaped groove. W is its width. H is the height. α is opening angle of the groove. d is
the diameter of seed taking wheel. r is the maximum diameter of the spherical hole. ϕ is the included
angle of the inner groove line.

There is a non-circular gear that drives a complex drive system, which is assembled
from virtual prototypes, to compensate for the forward speed of the cavity planter with
vertical insertion. Virtual prototypes are constructed using constraints, motion, and drive
information. In MBD simulation process, the parts that do not affect the simulation results
can be omitted or simplified, thereby reducing the number of unnecessary constraints and
parts. The specific operation is to export the 3D model x_t format, and import to Recurdyn
V9R2 (FunctionBay Co., Seongnam, Korea), delete the redundant parts such as bolts and
bearings, and delete the parts including bearings, mounting screws, pins, drive chains,
gears, etc. Establish rotation, translation, and fixation constraints between components,
and set related motion, add motion information based on rotation and translation subs. As
shown in Figure 2b, the virtual prototype model consists of engine power output, speed
change and reversing, ground drive system, transmission ratio conversion system, direct
cavity seeder system, quantitative seed discharge system, and passive guide wheel system.
Ground drive system includes differential mechanism. The cavity planter can turn flexibly
on the ground. The traction wheel can be turned at different speeds by turning the handle.
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Figure 2. Constraint relationships of the cavity planter with vertical insertion. (a) Virtual prototype 
model. (b) Drive train division. (c) Engine power output. (d) Speed changing and reversing. (e) 
Ground drive system. (f) Transmission ratio conversion system. (g) Cavity seeding system. (h) Pas-
sive wheel guidance. 

The working process is specifically that sprocket 1 is driven by engine power output 
to turn sprocket 2, and sprocket 2 is connected to sprocket 1 by a couple, and the trans-
mission ratio is 1:1 in Figure 2c. The variable speed reversing power input shaft is hinged 
to the frame and is fixed to the power input sprocket. After speed changing and reversing, 
the power is distributed to the ground drive system and transmission ratio conversion 
system. Sprocket 3 in the speed changing and reversing is connected to sprocket 5 from 
the ground drive system, and the transmission ratio is 1:3.2, while gear 1 engages with the 
passive gear 2 that is hinged to the frame and fixedly connected to sprocket 4, as seen in 
Figure 2d. Then it is connected to sprocket 6 with chain. It drives the active non-circular 

Figure 2. Constraint relationships of the cavity planter with vertical insertion. (a) Virtual prototype
model. (b) Drive train division. (c) Engine power output. (d) Speed changing and reversing.
(e) Ground drive system. (f) Transmission ratio conversion system. (g) Cavity seeding system.
(h) Passive wheel guidance.

The working process is specifically that sprocket 1 is driven by engine power output to
turn sprocket 2, and sprocket 2 is connected to sprocket 1 by a couple, and the transmission
ratio is 1:1 in Figure 2c. The variable speed reversing power input shaft is hinged to the
frame and is fixed to the power input sprocket. After speed changing and reversing, the
power is distributed to the ground drive system and transmission ratio conversion system.
Sprocket 3 in the speed changing and reversing is connected to sprocket 5 from the ground
drive system, and the transmission ratio is 1:3.2, while gear 1 engages with the passive gear
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2 that is hinged to the frame and fixedly connected to sprocket 4, as seen in Figure 2d. Then
it is connected to sprocket 6 with chain. It drives the active non-circular gear to bring driven
non-circular gears with variable ratios. It is fixedly connected to sprocket 7, then that drives
sprocket 8 and the transmission ratio is 1:1, enabling cavity seeding with vertical insertion,
as shown in Figure 2f. In another method, sprocket 5 that is mounted on the ground drive
system drives universal joint 1 and universal joint 2 to make traction wheels rotate, as
indicated. Other constraint relations are presented in Figure 2e,f for cavity seeding system
and passive wheel guidance. The completed virtual prototype model is shown in Figure 2a.

2.2. Soil Modeling

Based on the soil type of China’s northwest dry zone, a simplified soil simulation
model was developed to improve simulation efficiency. Specifically, soil model (length
3100 mm × width 1000 mm × height 320 mm) was created using SolidWorks 2018.sp5,
saved as. x_t format and then imported into EDEM 2018 (Altair co., Richardson, TX, USA)
through the geometry option [15–17]. Hysteretic Spring and Linear Cohesion were selected
to simulate sandy loam, and the related simulation parameters are shown in Table 1. The
Hertz–Mindlin model and Linear cohesion model were chosen to simulate sandy soils
and the simulation parameters are seen in Table 2. The soil particles’ radius was set to
10 mm, and the variance of the radius was 0.05. The soil simulation parameters are shown
in Table 3 at the same level. Therefore, the simplified model is indicated in Figure 3.

Table 1. Predicted simulation parameters of sandy loam.

Water
Content %

Coefficient
of Static
Friction

Yield
Strength/kPa

Rolling
Friction

Coefficient

Stiffness
Factor

Damping
Factor

Coefficient of
Restitution

Cohesion
Strength/kPa

1 0.06 10.38 × 106 0.01 0.73 0.95 0.6 7.04
6 0.05 9.55 × 106 0.01 0.73 0.95 0.6 6.13
12 0.05 8.89 × 106 0.01 0.73 0.95 0.6 6.14
18 0.03 8.78 × 106 0.01 0.73 0.95 0.6 3.64

Table 2. Predicted simulation parameters of sandy soil.

Water
Content %

Coefficient of
Static Friction

Rolling Friction
Coefficient

Coefficient of
Restitution

Cohesion
Strength/kPa

1 0.1 0.72 0.6 11.04
6 0.07 0.68 0.6 8.09
12 0.02 0.66 0.6 3.26
18 0.02 0.59 0.6 3.14

Table 3. Simulation parameters.

Parameter Value Source

Water content of sandy
soil/sandy loam/% 1 6 12 18

Soil particle density of sandy
soil/sandy loam/(kg/m3) 1600/1200 Measurement

Poisson’s ratio of sandy
soil/sandy loam 0.3/0.4 Literature [18,19]

Shear modulus of sandy soil/sandy
loam/MPa 11.5/3.27 Calculation [18,19]

Steel density/(kg/m3) 7850 Literature [20]
Steel Poisson’s ratio 0.3 Literature [20]

Steel shear modulus/MPa 7.9 × 104 Literature [20]
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Table 3. Cont.

Parameter Value Source

Coefficient of static friction between
soil and steel 0.5 Literature [20]

Coefficient of rolling friction
between soil and steel 0.05 Literature [20]

Coefficient of restitution between
soil and steel 0.6 Literature [20]

Rubber density/(kg/m3) 940 Literature [16]
Rubber Poisson’s ratio 0.47 Literature [16]

Shear modulus of rubber/MPa 2.9 × 103 Literature [16]
Coefficient of static friction between

soil and rubber 0.57 Literature [16]

Coefficient of rolling friction
between soil and rubber 0.31 Literature [16]

Coefficient of restitution between
soil and rubber 0.6 Literature [16]
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Figure 3. Soil simulation simplified model.

2.3. Maize Seed Modeling

Intercropping effects with maize also occur with the cavity seeder. The effect of maize
shape on the seeding performance was investigated. Three typical shapes of maize models
were used. Among them, the horse tooth seed consisted of nine unequal spherical particles,
the spherical cone consisted of three unequal radius spherical particles, and the spherical
particle consisted of one spherical particle, as presented in Figure 4.
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Figure 4. The discrete element model of maize seeds. (a) Horse tooth. (b) Spherical cone. (c) Spherical.

Maize simulation parameters were set as: Poisson’s maize model ratio was 0.4, the
shear modulus was 1.37 × 108 Pa, and the density of maize grains was 1200 kg/m3. Interac-
tion parameters between maize seeds included the coefficient of restitution, the coefficient
of static friction, and the coefficient of rolling friction. The coefficient of restitution was
set to 0.37, and the coefficient of static friction was set to 0.2. The coefficients of rolling
friction of horse tooth, spherical cone, and spherical maize seeds were 0.013, 0.024, and
0.053, respectively. The coefficients between horse tooth and spherical cone, horse tooth and
spherical, spherical cone and spherical maize models were 0.004, 0.003, 0.014, respectively.
The coefficient of restitution between maize and steel was set to 0.37, the coefficient of static
friction was set to 0.408, and the coefficient of rolling friction was 0.01 [21].
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2.4. Coupling Modeling

During the coupling simulation of direct cavity sowing with soil and maize interac-
tions, the parts of the virtual prototype that interact with the discrete element method
soil and maize models need to be output in the form of walls. In the process of coupling
simulation jointly with EDEM and RecurDyn, RecurDyn receives the external force from
EDEM through the wall, and EDEM software receives the movement data from the contact
geometry from RecurDyn through the wall. Based on the two-way DEM-MBD coupling
method, maize seeds’ complex motion and force process can be observed visually using
discrete element software [22]. During the RecurDyn coupling setup, files were created
and exported for the parts in contact with the particles, including two traction wheels,
two guide wheels, two fixed and two movable cavity formers, and two support plates.
The wall files were imported using the Import Geometry from RecurDyn function under
the geometry’s module in EDEM. The soil contact parts of the cavity planter include the
traction wheel, the guide wheel, the fixed cavity seeder, the movable cavity seeder, and the
support plate, with the traction wheel and guide wheel made of rubber and the fixed cavity
seeder, movable cavity seeder, and support plate made of steel. The simulation model of
the direct cavity seeder and soil interaction is shown in Figure 5.
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3. Results
3.1. Coupling Process

It is necessary to conduct separate studies on the mechanism of intercropping between
maize seeds, soil, and the cavity seeding considering the inconsistency of the particle
contact models used for soils and maize seeds. Marker points were established at the
two cavity seeder tips to track their motion trajectory. By measuring the course of the cavity
seeder during travel, a transition section of 1200 mm was placed between the contact of the
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cavity seeder and the soil model. The transition section allowed comparison of the effect of
the ground wheel slip on the trajectory. Figure 5 illustrates the coupling process between
the cavity seeder and soil in a simulation.

Figure 6 shows that the cavity seeder travels smoothly on the soil model, that the
forward speed compensation mechanism is usually engaged, and that the seeder enters
the soil at a suitable depth. From the trajectory, it is evident that the forward speed
compensation mechanism has a good compensation effect in the transition section, and
a weaker compensation effect in the coupling section. Research was conducted based
on the interaction model to determine the influence of soil type and water content on
soil disturbance and entry resistance. Several factors affect the impact of forward speed
compensation, including soil conditions, traction wheels, and the input speed ratio of the
forward speed compensation mechanism. During field operations, soil conditions and
speed ratio can be selected at the right time.
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3.2. Effect of Soil Type on Soil Disturbance

There is a difference in compressibility between the sandy soils and sandy loams
studied in this paper, but they both possess a certain degree of cohesion. For sandy soils,
the Hertz-Mindlin (no slip) and Linear Cohesion models were selected, and for sandy
loam soils, the Hysteretic Spring and Linear Cohesion models were selected. The cavity
seeder slips and sags as it travels on the soil, which affects its forward speed compensation.
Figure 7 provides a comparison of the forward speed of the cavity seeder for the two soil
types at 1% water content.
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Figure 7. Overall speed of the cavity planter travelling on two different soils.

Figure 7 illustrates how soil type affects forward speed. In sandy loam, the average
speed is −487.757 mm/s, and in sandy soil, the average speed is −420.035 mm/s. The
cavity seeder produces less slip in sandy soil than in sandy loam because of the lower speed
in sandy loam. It is necessary to compare the amount of soil drop between the two soil
types since soil drop probably causes the seeder’s speed to decrease, as shown in Figure 8.
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Figure 8. Amount of soil drop for two types of soil.

In both sandy soil and sandy loam models, the amount of soil drop is essentially
similar, as seen in Figure 8. Accordingly, the cavity seeder slips on the soil model, and the
amount of soil drop is not the primary cause.

3.3. Effect of Water Content on the Amount of Soil Disturbance

The influence of the two types of soils on the trajectory of the cavity seeder under
different water content conditions was analyzed separately. The left and right cavity seeders
were compared, as illustrated in Figure 9.
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Figure 9 shows that sandy soil with varying water content affects the trajectory of the
cavity seeder. The greatest distance was at 6%, the nearest at 18%, and the closest at 1%
and 12%. According to the displacement in the vertical direction, there was a small amount
of soil drop when the water content was between 1 and 12%. Comparatively, that was
evident when the water content was 18%. Does the cavity seeder pattern in sandy loam
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correspond to that in sandy soil? Figure 10 illustrates the trajectory of the cavity seeder
under sandy loam.
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Figure 10. Trajectory of cavity seeders under sandy loam. (a) Right cavity seeder. (b) Left cav-
ity seeder.

The trajectory of the cavity seeders was affected by sandy loam soil with different
water contents, as shown in Figure 10a. The trajectory decreased from 1% to 18%, indicating
that the slip rate of the cavity seeder increased as the water content increased. In terms
of displacement in the vertical direction, the cavity seeder dropped more when the water
content ranged from 6 to 18% as compared to 1%. Under all three conditions of water
content, the amount of soil drop was equal. Figure 10b provides further evidence.

According to Figures 9 and 10, the slip rate of the cavity seeder traveling on sandy loam
was significantly higher than that of sandy soil under the same water content conditions.
Sandy loam soils performed 19% better than sandy soils when the water content was 1%.
In sandy loam, the drop was 24% higher than in sandy soil when the water content was 6%.
Sandy loam slips were 26% better than sandy soil when the water content was 12%. Sandy
loam and sandy soil had similar slip amounts when the water content was 18%. It appears
from the above results that the slip of sandy loam increases more rapidly with increasing
water content than that of sandy soil. Nevertheless, both soil types were comparable when
the water content was 18%. It seems that the input speed ratio between the traction wheel
and the forward speed compensation mechanism needs to be adjusted for different types
of soil to reduce soil disturbance. During cavity seeding, the soil water content should
not exceed 18%. Next, we investigate the influence of the input speed ratio between the
traction wheel and the forward speed compensation mechanism on soil disturbance.

38



Agriculture 2022, 12, 1567

3.4. Influence of the Rotation Speed Ratio on the Amount of Soil Disturbance

An investigation was conducted to determine the effect of traction wheel speed on
soil disturbance. According to the theoretical analysis, an increase in the traction wheel
speed will result in an increase in the forward speed of the cavity seeder. However, the
forward speed compensation mechanism will remain unchanged. Five speed ratios are
listed in Table 4. As a result, the cavity seeder will move backward relative to the ground.
Cavity seeders move slowly relative to the ground when the speed of the traction wheels
decreases. Large displacements forward and backwards can disrupt the soil disturbance
and change the seed germination environment in the cavity hole. Figure 11 illustrates the
trajectory of cavity seeding under different transmission ratio conditions.

Table 4. Rotation speed ratio.

Parameters Value

Rotation speed of forward
speed compensation
mechanism/(rad/s)

11.50 11.50 11.50 11.50 11.50

Rotation speed of traction
wheel/(rad/s) 4.44 3.72 3.2 2.81 2.51

Ratio 2.59 3.09 3.59 4.09 4.59
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According to Figure 11, as the speed of the traction wheel decreases, the trajectory
of the cavity seeder gradually moves backward. In the forwarding speed compensation
mechanism, the horizontal speed cannot be compensated, so the intersection of trajectory
shifts upward, and the theoretical seeding depth increases. As the ratio decreases, the
traction wheel speed increases, and the motion trajectory gradually advances. There is no
doubt that the cavity seeder will cause soil disturbance due to the different types of soil.
Due to the deeper soil disturbance caused by the cavity seeder, the seed growth layer will
be destroyed. Furthermore, the cavity seeder can loosen the soil above the seed and allow
air to enter the seed bed. As a result, it is recommended to moderately disturb the soil
above the intersection of trajectory to enlarge the hole seeder and increase air circulation.

3.5. Effect of Water Content on the Resistance to Soil Entry

The resistance of the cavity seeder to soil affects the power input of the cavity seeder
and the smoothness of the machine [23]. It is necessary to examine the effect of two soil
types with four water contents on the resistance of the cavity seeder. The purpose of this
is to provide some support for the cavity seeder. Figure 12 illustrates the resistance of the
cavity seeder.
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Figure 12. Entry resistance of the cavity seeder in sandy soil. (a) Left cavity seeder. (b) Right
cavity seeder.

As shown in Figure 12a, the water content of sandy soil also affects the entry resistance
of cavity seeders. The maximum resistance for the four water contents can be compared
based on their average values. As a result, the average value was 57.99 N at 1%, 78.09 N
at 6%, 84.29 N at 12%, and 78.03 N at 18%. It was found that when the water content
was 1–12%, the entry resistance increased on the left side and decreased when the water
content was 18%. According to Figure 12b, the average value was 88.55 N at 1%, 72.97 N at
6%, 76.39 N at 12%, and 106.90 N at 18%. It is evident that the entry resistance increased
when the water content ranged from 6 to 18%. Figure 13 illustrates the resistance to cavity
penetration in sandy loam soils.
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According to Figure 13a, the water content of sandy loam soils also influences entry
resistance. For each of the four water content conditions, the average value of the maximum
penetration resistance of sandy loam soil can be compared. According to the results, the
average value was 55 N at 1%, 78.42 N at 6%, 29.35 N at 12%, and 40.52 N at 18%. There was
an increase in entry resistance when the water content was between 1 and 6%. In contrast,
there was a decrease in entry resistance when the water content was between 6 and 12%.
Figure 13b shows average values of 56.83 N at 1%, 142.35 N at 6%, 127.78 N at 12%, and
49.18 N at 18%. The entry resistance increased when the water content was between 1 and
6%. In the range of 6–18% water content, the entry resistance decreased. As the moisture
content of the sandy loam soil increased, the resistance first increased and then decreased.
Compared to sandy soil, sandy loam has a significantly higher cavity resistance.

During the insertion of the cavity seeder into the soil, the duckbill is subjected to
resistance from the soil. At the same time, the duckbill is also strongly stressed against the
soil. A cloud plot of the change in stress between the duckbill and the soil from the start
insertion to near the bottom of the cavity is observed in a sandy loam soil with a moisture
content of 6%.

From Figure 14a, the fixed duckbill stress remains blue, but the stress is changing,
transitioning from 1.11 × 105 Pa to 1.35 × 105 Pa. From Figure 14b, the axial stress of the
duckbill on the soil appears red, with the soil stress at 1.39 × 105 Pa when the duckbill first
enters the soil, gradually decreasing to 7.96 × 104 Pa before increasing in small floats to
9.10 × 104 Pa.
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3.6. Effect of Maize Type on Seeding Performance

In addition to seeding performance, seeding discharge is affected by the movement of
the direct hole sowing process. Among these, maize seed filling nest performance is the
most significant [24,25]. The key to improving seeding quality is to improve seed filling
performance [26]. There are several factors that influence the seed filling process, such as
the maize shape, the shape of the hole, the rotation speed of the wheel that picks up seeds,
and the motion of the cavity seeder. In particular, the maize shape and the movement of
the cavity seeder have a greater influence on seed filling. As a first step, we examine the
effect of seed shape on seeding performance. Figure 15 shows the trajectory of 50 maize
seeds during seeding.
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Figure 15 shows that the cavity seeder performed 22 seeding operations during the
seeding process, excluding two seeding operations before the cavity seeder was stabilized.
A total of 20 holes were seeded. As can be seen in Figure 15a, when sowing horse tooth
shape maize, the number of qualified seeds was ten times for one seed and two times
for two seeds. As a result, only 50% of seeds qualified for seeding. From Figure 15b,
when seeding spherical cone shape maize, the number of seeds was 15 for one seed, and
two for two seeds. Thus, 75% of seeds qualified for seeding. Figure 15c illustrates that
when seeding spherical maize, 13 seeds qualified for one seed and zero for two seeds. The
result was a seeding qualification rate of 65%. Figure 15 shows that the maize seed moves
violently in the seed tube during filling, resulting in difficulty filling the seed. As a result,
conventional hole seeders are of low quality. Additionally, the horse tooth shape maize
seeds are not as well circulated as spherical cone and spherical seeds, resulting in poor
seeding performance. It is necessary to mix the spherical seed with good fluidity into the
horse tooth and spherical cone seed population with poor fluidity to improve the seed
filling performance. Furthermore, it was found that the movement of the cavity seeder
significantly affected seed filling. It is essential to improve and optimize the structure of the
cavity seeder to avoid maize seeds accelerating in an upward and downward movement.
Next, the motion of the horse tooth maize seeds are examined again in the cavity seeder.

3.7. Effect of Maize Seeds’ Movement in Cavity Seeder on Seed Filling Performance

In response to the self-weight and forward speed compensation mechanism, the seed
in the seed tube moves, as shown in Figure 16. Seeds remain in contact with the seed tube
for too long during the filling process, resulting in a delay in the seed filling process. The
maize has only 0.07 s to fill the shaped space during a cycle of 1.50 s to 1.57 s. Figure 16
illustrates the movement of horse tooth maize seeds inside a traditional structural seed tube.

From Figure 16, the maize seeds were primarily in contact with the inner wall of the
seed tube during the entire process of filling the shaped slot. Even though the direction of
movement of the maize seeds gradually changed from the vertical inner wall of the seed
tube to the lower right side of the seed tube, the contact height between the maize and
the inner wall was large, which did not facilitate seed filling. It was decided to add the
inverted hook to the seed tube to separate the seed population while the seed above could
slide into the inverted hook, as seen in Figure 17. A cavity seeder with the inverted hook
was simulated by conducting a seed discharge simulation under the same condition. In
addition, we observed the seed transport within the seed tube during 1.50~1.57 s. Figure 18
illustrates the movement of maize in the seed tube after the inverted hook was added.
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In Figure 18, we can see that the maize group was divided into upper and lower
parts. Inverted hooks prevented maize seeds from flowing upward and backward. While
seeds closer to the seed picking wheel did not move upwards, maize above could slide
into the inverted curve. Nevertheless, the inverted hook did not effectively channel the
slow-moving maize into the shaped groove of the seed picking wheel. Additionally, the
left side structure of the inverted hook failed to function. A redesigned inverted hook for
guiding seeds is illustrated in Figure 19, and the movement of the maize during seed filling
in the seed tube with the inverted hook added for guiding seeds is illustrated in Figure 20.
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A barbed hook is used to separate the maize in the seed tube into upper and lower
populations. This is shown in Figure 20. The maize model above the inverted hook
moved at a faster speed and had an uneven distribution. The maize below, on the other
hand, moved uniformly and moved downward under the influence of the seed guide
curve. Additionally, the guiding seed’s cross-section was funnel-shaped, which enhanced
the seed’s filling speed. A few maize seeds can fit into the shaped groove of the seed
picking wheel.
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3.8. Simulation and Experimental Verification

From the above mechanism of interaction between maize seeds and cavity seeders,
the effect of the seeder’s movement on seed filling has been determined. It is necessary to
verify the seeding performance under certain conditions of the shaped groove structure
size in the next step. The diameter of the seed taking wheel was 22 mm, the included angle
of the inner groove line was 110◦, the width of the shaped groove was 11.79 mm, the height
was 7.23 mm, the length was 14.67 mm, the opening angle was 15◦, and the maximum
diameter of the spherical hole was 5.5 mm. The shaped groove was made of high-precision
3D printing. The maize trajectory line during seeding is seen in Figure 21.

Based on simulation experiments, the single grain rate was 75%, the reseeding rate was
25%, and the missed seed rate was 0%. Additionally, a field trial was conducted at Taohe
Tractor Factory, Lintao County, Gansu Province, China, on 11 March 2021. The experiment
field was oriented east–west with pre-rotational plowing and leveling. It was a sandy loam
soil. The soil water content ranged from 11.7% to 13.6%, and the average soil firmness
measured with a TJSD-B firmness instrument at 45 mm depth was 137 kg/cm2 (Beijing
Jingcheng Huatai Instrument Co., Ltd., Beijing, China). The maize material was Longdan
No. 339. The mass of one thousand grains was 371 g, and the average size of the seeds was
14.2 mm by 10.8 mm by 7.3 mm. We used a self-propelled cavity planter of type 2BZ-2 with
vertical insertion at a forward speed of 0.5 m/s. The prototype is illustrated in Figure 22.

Before optimization, the best seeding result of the cavity planter was a seed number
qualification of 75% and the empty cavity rate was 15%. After optimization, the results of
the experiment indicated that the average seed number qualification and the empty cavity
rate were 2% and 91.30%, respectively. Thus, the seed number qualification increased by
17.85%, and the empty cavity rate decreased by 86.67%. Meanwhile, it was found that
the drive of the cavity planter operated smoothly during the experiment. Additionally,
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the forward speed compensation mechanism compensated for the forward speed of the
machine without jamming or slipping. Experimental results were in accordance with the
design and agronomic requirements [27].
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4. Conclusions

A simulation experiment was conducted using the DEM-MBD coupling method to
study the soil disturbance by the cavity planter and the entry resistance. Additionally, the
effect of maize shape and the cavity seeder motion on the seed number qualification and
the empty cavity rate were studied in detail.

(1) The results of the simulation show that soil type and water content influence the
trajectory of the cavity seeder. The slip rate of the cavity planter on sandy loam is
significantly higher than that of sandy soils at the same water content. As the speed
of the traction wheel decreases, the trajectory of the cavity planter gradually moves
backward. As the ratio decreases, the traction wheel speed increases, and the motion
trajectory gradually advances. The cavity planter causes soil disturbance due to the
different types of soil. It is recommended to moderately disturb the soil above the
intersection of trajectory to enlarge the hole seeder and increase air circulation.

(2) During the cavity seeding machine’s operation, the resistance of the cavity planter
basically increased with the rise in the water content of sandy soil and sandy loam. It
was found that the entry resistance of sandy loam is significantly higher than that of
sandy soil.

(3) As the contact height between maize and the inner wall was large, this did not
facilitate seed filling. After two improvements to the inverted hook structure in the
seed tube, the maize model above the inverted hook moved at a faster speed and
had an uneven distribution. The inverted hook for guiding seeds enhanced the seed
filling. Finally, the seeds’ seeding performance was verified under certain conditions
of the shaped groove structure size with an angle of the inner groove line of 110◦,
the width of the shaped groove of 11.79 mm, the height of 7.23 mm, the length of
14.67 mm, the opening angle of 15◦, and the maximum diameter of the spherical hole
of 5.5 mm. The results showed that the empty cavity rate was 25%, and the seed
number qualification was 75%, while the average empty cavity rate and the seed
number qualification were 2.0% and 91.3%, respectively. The improved structure
meets design and agronomic requirements.
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Abstract: In recent years, consumers have increasingly demanded nutritious, healthy, and fresh-like
food products with high organoleptic quality. Watermelon is rich in water, which is 92% mandatory
for body functioning, and contains several vitamins, amino acids, antioxidants, carotenoids, and
lycopenes with various health benefits. The present study examines the combined effect of ultrasound
(US) and microwave (MW) on the physico-chemical and phytochemicals of watermelon juice during
storage (up to 120 days). Sonication was employed for different time intervals, particularly from
2 to 8 min at 20 kHz frequency and 525 W power, while microwave was applied at two different
time intervals (1 min 50 s and 2 min) at 1000 W power and a frequency of 2450 MHz. The product
was stored at 4 ◦C up to 120 days for further examination. Our results revealed that treatment T5

(10 min ultrasound & 1 min 50 s microwave) manifested the maximum cloud value (3.00), acidity
(0.15%), vitamin C content (202.67 mg/100 mL), phenolics (852.57 mgGAE/100 mL), flavonoids
(1970.9 µg CE/100 mL), and total antioxidant activity (8650.3 µg equivalent of ascorbic acid/mL of
juice). Sonication in combination with microwave proved to be an efficient technique for increasing
the antioxidant potential of watermelon juice. Thus, US and MW treatments may be incorporated for
enhancing the phytochemical release and shelf life of watermelon juice.

Keywords: watermelon; sonication; microwave; synergistic effects; quality characteristics

1. Introduction

Fruits and vegetables are rich in antioxidants, minerals, and fiber and, due to their
bioactive chemicals, contribute to disease protection [1]. Watermelon (Citrulluslanatus)
belongs to the family Cucurbitaceae, has a connotation with cucumber, pumpkin, and
gourds, and is therefore botanically considered as fruit. It is believed that watermelon
was first cultivated in Egypt around 5000 years ago [2]. The consumption per capita of
watermelon in Asia is practically three times that of the rest of the world [3,4]. This fruit
contains on average 92% water [5–7] and, in desert regions, is treasured as a substitute
source of water. It is also known as a fruit loaded with nutrients [3] but low in calories and
devoid of cholesterol. It is a rich source of vitamin A, vitamin C, vitamin B (especially B1 and
B6), amino acids, carotenoids, lycopenes, and minerals like magnesium and potassium [8,9].
Watermelon also contains phenolic compounds in abundance.

Nowadays people are demanding healthy and nutritious food [10]. Despite this,
watermelon is sometimes a neglected fruit in agriculture-based developing countries. As a
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result, most watermelon is wasted during the months of surplus production, particularly
June and July. The food industry in various developing countries has not yet become
involved in processing watermelon juice for marketing. Watermelons appear on the market
for a very short span during the summer season and are usually used during hot days to
quench thirst. In recent years, watermelon juice has gained widespread popularity due to
its sensory, physical, and nutritional benefits [11]. As the temperature (>30 ◦C) remains
high in Punjab for nearly 8 months, it would be fitting for watermelon juice to be available
for most of the time throughout the year.

Thermal processing of watermelon juice should not be carried out simply to avoid
nutritional losses and changes in taste. Equally important is the fact that HMF is undesirable
in food since it is harmful to human health, and its presence and concentration are also
significant quality criteria for food processing [12,13]. Although thermal processing ensures
safe food with longer stability, it leads to the loss of heat-sensitive nutrients. Similarly,
chemical preservatives extend the shelf life of food but can contribute to a variety of
health concerns in humans, including neurological dysfunction, asthma, hyperactivity,
hypersensitivity, dermatitis, allergies, and gastrointestinal and respiratory difficulties [14].

Novel processing techniques, particularly ultrasound, ozone, high-pressure process-
ing, and irradiations, are currently popular because they deliver food with improved
functionalities, high quality, and a “fresh-like” physical appearance [15–17]. Such kinds of
processed juice can be packed and then marketed. On the other hand, nonthermal technolo-
gies may result in incomplete inactivation of the indigenous enzymes of different foods
and a further reduction in the microbial load with improved qualitative parameters [18,19].
The combined use of nonthermal processing techniques for fruits and vegetable juices has
been shown to improve the abovementioned quality, safety, and shelf stability.

Less processing time, a lower energy requirement, and a higher output are among the
benefits of ultrasound [20]. Moreover, sonication also results in a significant increase in vita-
min C, phenolic compounds, total antioxidant capacity, and 2,2-diphenyl-1-picrylhydrazyl
(DPPH) free radical scavenging activity, and a reduction in the microbial population [18,21].
Microwaves are described as electromagnetic waves with frequencies and wavelength rang-
ing from 300 MHz to 300 GHz and 1 mm to 1 m, respectively [22]. Microwaving boosts the
quality and safety of foods by inactivating microorganisms and enzymes in a short period
of time, thereby preserving the foods’ nutritional value—e.g., the retention of vitamins—to
a greater extent. The effect of microwave heating on the bioactive components and chemical
contents (volatile organic compounds and fatty acids) of an orange juice–milk beverage was
investigated. The microwave-treated orange juice–milk beverage demonstrated a lower
browning index and greater amounts of ascorbic acid, carotenoids, total phenolics, and
antioxidants, according to the study’s findings [23].

In our review of the literature, we found no indication that ultrasonic or microwave
treatment of watermelon juice was conducted. Additionally, to avoid post-harvest losses
and ensure year-round availability, watermelon juice was preserved using nonthermal
processing technologies such as sonication and microwave. These techniques also serve as
an alternative to chemical preservatives by mitigating their adverse effects. The application
of novel technologies resulted in healthy juice with a long shelf life. Hence, based on
the above-mentioned benefits of using novel processing techniques, this study aimed
at evaluating the synergistic effects of microwave and ultrasonication treatments on the
physicochemical characteristics, phytochemicals, and shelf stability of watermelon juice
stored at a refrigerated temperature.

2. Materials and Methods
2.1. Collection of Raw Materials

Thirty fully ripened high-quality sugar baby watermelons were randomly obtained
from the local fruit-and-vegetable market. Other raw materials such as glass bottles and
potassium-meta bisulphite (KMS) were also procured from the market. To eliminate dirt
and dust, the fruits were sorted and cleaned.
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2.2. Chemicals and Reagents

All the chemicals used in the study were of analytical grade, were purchased from
Sigma Aldrich (Seelze, Germany), and were available in the local market.

2.3. Preparation of the Watermelon Juice

The peel, seeds, matured portions, and stem of the watermelon were removed. The
peeled watermelons were put into an electric blender (MJ-M176P, Panasonic Manufacturing,
Berhad, Malaysia) to extract the juice, then the juice was further strained through a double
layer of muslin cloth to remove the fiber content and seeds. The juice was then poured
into sterilized glass bottles and capped tightly as per reported method [10]. The juice was
stored at a refrigerated temperature (4 ◦C) for further analysis.

2.4. Ultrasound Treatment

The prepared juice was subjected to US treatment using an ultrasound processor type
UP400S (HielscherUltrasonics GmbH Hielscher, Oderstr. 53. D-14513 Teltow, Germany)
with a probe of 0.5 inch and a power output of 400 W (see treatment plan in Table 1).
Sonication for a working juice sample (200 mL confined in a 500 mL beaker) was performed
at 20 kHz frequency, 525 W power, and 70% amplitude level by keeping the sample probe
at 25 mm [18,21,24]. The juice samples were given sonication treatment for 2, 4, 6, 8, and
10 min. Using an HI 9063 thermocouple (Hanna Instruments Ltd., Leighton Buzzard,
UK), the ultrasonic intensity was measured to be 2 W/cm2. By allowing cold water to
flow through a jacketed vessel, a constant temperature of 20 ◦C was maintained, and
all the procedures were carried out in the dark to prevent light from interfering with
the samples. The ultrasonic parameters were established by revising prior studies and
conducting preliminary experiments [25,26]. The US treatment was performed three times
to make triplicate samples for each treatment.

Table 1. Treatment plan for the watermelon juice.

Treatment Use of Preservative,
Ultrasonication and Microwave Frequency Power (W) Amplitude (%)

T0− - - - -
T0+ 0.1% KMS - - -

T1 2 min Ultrasound & 1 min 50 s Microwave Ultrasonication 20 kHz
Microwave 2450 MHz

Ultrasonication:
525 W

Microwave:
1000 W

70%

T2 4 min Ultrasound & 1 min 50 s Microwave Ultrasonication: 20 kHz
Microwave: 2450 MHz

Ultrasonication:
525 W

Microwave:
1000 W

70%

T3 6 min Ultrasound & 1 min 50 s Microwave Ultrasonication: 20 kHz
Microwave: 2450 MHz

Ultrasonication:
525 W

Microwave:
1000 W

70%

T4 8 min Ultrasound & 1 min 50 s Microwave Ultrasonication: 20
kHzMicrowave: 2450 MHz

Ultrasonication:
525 W

Microwave:
1000 W

70%

T5 10 min Ultrasound & 1 min 50 s Microwave Ultrasonication: 20 kHz
Microwave: 2450 MHz

Ultrasonication:
525 W

Microwave:
1000 W

70%
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2.5. Microwave Treatment

After sonication, the juice was treated with a domestic microwave processor (Model
No: DW-131A, Dawlance, Lahore, Pakistan) operating at 1000 W power and a frequency of
2450 MHz at two different time intervals (1 min 50 s and 2 min) (see the treatment plan
in Table 1). In sterile beakers, samples of watermelon juice (200 mL) were microwaved
(500 mL). Immediately after pasteurization, the product was transferred and packaged
in pre-sterilized 250 mL plastic bottles that were immersed in ice-cold water to prevent
shrinking of the bottles and to rapidly cool the product, as the temperature after 1 min and
50 s of pasteurization is 90 ± 2 ◦C. The juice was stored at 4 ± 2 ◦C [18,27,28].

2.6. Chemical Preservation

To compare the juice with the control and other treatments, KMS was introduced in
treatment T0+ [29]. The treatment plan is described in Table 1.

2.7. Storage

The sonicated and microwaved juice was stored at a refrigerated temperature (4 ◦C)
in pre-sterilized glass bottles for further analysis.

2.8. Physicochemical Analysis

The total soluble solids (TSS measured in ◦B) were determined using a digital re-
fractometer (Model HI-96801 Hanna, Germany), and the pH of the watermelon juice was
observed using a pH meter (Lutron PH-209B, Lutron Electronic Co., Ltd., Tokyo, Japan) by
following the method 981.12 of AOAC [17,19]. The acidity of the samples was evaluated
using the standard titration technique through the method 942.15 of AOAC [30].

2.9. Determination of Vitamin C (Ascorbic Acid)

The dye (2, 6-dichlorophenol-indophenol (C12H6Cl2NNaO2·2H2O)) titration reduction
method 967.21 was used for the determination of ascorbic acid content [30]. The acquired
results are expressed as milligrams of ascorbic acid per 100 mL of the sample, and the
calculation was performed as described below:

Ascorbic acid mg/100 mL = (titer × dye factor × concentration × 100)/
(extract aliquot used for estimation × volume of sample use for estimation)

2.10. Determination of Cloud Value

The cloud value of the samples was evaluated through the procedure reported by
Versteeg et al. [31]. Centrifugation of all the samples was carried out at 5000 rpm for 20 min,
and later absorbance was taken on a spectrophotometer (HettichRotofix32 A, Tuttlingen,
Germany) at a wavelength of 660 nm.

2.11. Determination of Total Flavonoids

The total flavonoids (TF) of the watermelon juice were determined according to
Saeeduddin et al. [32]. 1.5 mL aliquot of diluted watermelon juice was added into a
75 µL of sodium nitrite (5%) solution. After vortexing for 1 min, 150 µL of an aluminum
chloride (10%) solution was added. Then after adding 0.5 mL of 1 M NaOH, absorbance
was measured at 510 nm using a spectrophotometer (Halo DB-20, UV-VIS double beam,
Diepoldsau, Switzerland). The results were calculated in µg of catechin equivalent (CE)
per 100 mL of juice.

2.12. Determination of Total Phenolic Contents

The total phenolics were determined by using the Folin–Ciocalteu reagent method
with some modifications [28]. 1 mL aliquot of diluted watermelon juice was mixed with
1 mL of the Folin–Ciocalteu reagent (10%). After vortexed, 2 mL of sodium carbonate (20%)
solution was added into the mixture. After incubation for 60 min at 30 ◦C in the dark,
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the absorbance was measured at 760 nm using a spectrophotometer (Halo DB-20, UV-VIS
double beam). The results were calculated in mg gallic acid equivalent (GAE) per 100 mL
of juice.

2.13. Determination of Total Antioxidant Activity

The total antioxidant activity of the watermelon juice was determined using the
method described by Prieto et al. [33]. 1 mL of diluted watermelon juice was mixed with
4 mL of reagent (0.6 M sulphuric acid, 28 M sodium phosphate, and 4 M ammonium
molybdate) solution. After incubating the mixture (95 min at 90 ◦C), the absorbance
was measured at 695 nm using a spectrophotometer. The results were calculated in µg
equivalent of ascorbic acid per 100 mL of juice.

2.14. Determination of Viscosity

The viscosity of the juice samples was monitored according to the method described
by Nindo et al. [34] by using a rotatory viscometer (Rheomat RM 100, Lamy Rheology,
Champagne-au-Mont-d’Or, France) equipped with a precision cylindrical spindle (R-2)
rotating adapter. The viscosity of the juices at various dilutions was measured using a
concentric cylinder geometry (stator inner radius 15 mm, rotor outer radius 14 mm, cylinder
immersed height 42 mm, and gap 5920 µm). Approximately 19mLof juice was added to
the rheometer cup. The RM100 features a Peltier plate for precise temperature regulation
within the gap.

2.15. Statistical Analysis

Statistical analysis was performed through Minitab statistical software version 16
(Minitab Inc., State College, PA, USA), using the two-way ANOVA and Tukey’s tests for
pairwise comparison in analysis of variance at the level of p < 0.05 by Steel et al. [35]

3. Results and Discussion
3.1. Total Soluble Solids of Watermelon Juice

Variations in the TSS of the watermelon juice (Table 2) indicated highly significant
differences among treatments during storage conditions. The mean values of the TSS of the
watermelon juice during storage indicated that the TSS of all the treated samples increased
significantly during the storage period up to 120 days. The observed increase in the TSS
throughout storage was from 7.87 to 12.50 ◦B. The highest TSS value was found in T1 and
T2 (10.03 ◦B and 10.00 ◦B), while the lowest value was observed in T0− (7.87 ◦B) at the
start of the study. The TSS of treatment T0+ (chemically preserved juice) increased up to
90 days and then decreased. Treatment T1 and T3 also showed an increasing trend in TSS
during storage. This increase in TSS during storage might be attributed to polysaccharide
breakdown into monosaccharaides and oligosaccharides. In a study of carrot and grapes
juice blendreported by Nadeem et al. [18], a significant (p < 0.05) increment (from 12.5 to
13.02 ◦B) in the TSS was also observed due to sonication. Similarly, in another study, it was
also reported that the TSS of thermo-sonicated pear juice increased with the increase in the
storage period [32]. The same findings were also reported by Walkling–Ribeiro et al. [36].
They claimed that different processing methods increased the amount of TSS in various
fruit juices.
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Table 2. pH, acidity, total soluble solids (TSS measured in ◦B), cloud value, and vitamin C
(mg/100 mL of juice) of the watermelon juice during storage.

Treatments Days pH Acidity TSS Cloud Value Vitamin C

T0− 0 5.90 ± 0.02 b 0.06 ± 0.04 o 7.87 ± 0.11 j 1.10 ± 0.01 i–k 175.0 ± 21.20 a–c

30 4.45 ± 0.05 kl 0.13 ± 0.04 g–l 7.87 ± 0.32 j 1.14 ± 0.04 i–k 100.0 ± 10.10 f–l

60 4.55 ± 0.01 jk 0.16 ± 0.04 c–f 8.73 ± 0.15 f–j 1.22 ± 0.02 h–j 119.00 ± 2.09 d–i

90 4.29 ± 0.005 l–n 0.19 ± 0.04 ab 9.97 ± 0.05 b–d 1.20 ± 0.01 h–j 50.67 ± 7.36 l

120 3.95 ± 0.02 p 0.19 ± 0.01 a 7.90 ± 0.10 j 0.76 ± 0.06 k 51.67 ± 6.01 l

T0+ 0 6.27 ± 0.27 a 0.08 ± 0.04 no 8.07 ± 0.15 ij 1.19 ± 0.02 ij 163.33 ± 20.21 a–d

30 5.81 ± 0.02 bc 0.14 ± 0.01 e–i 8.47 ± 0.31 h–j 1.17 ± 0.05 i–k 124.67 ± 13.47 c–i

60 5.29 ± 0.01 de 0.11 ± 0.08 lm 9.07 ± 0.05 d–i 1.42 ± 0.02 g–i 113.33 ± 23.09 d–j

90 5.71 ± 0.03 bc 0.15 ± 0.08 h–m 10.03 ± 0.05 b–d 1.28 ± 0.05 hi 49.67 ± 8.58 l

120 4.09 ± 0.03 n–p 0.17 ± 0.04 g–l 8.03 ± 0.05 ij 0.85 ± 0.07 jk 54.00 ± 4.17 kl

T1 0 5.81 ± 0.04 bc 0.12 ± 0.07 g–l 10.03 ± 0.06 b–d 2.63 ± 0.04 ab 157.00 ± 17.53 a–e

30 5.21 ± 0.01 ef 0.15 ± 0.01 d–g 9.47 ± 0.46 b–h 1.87 ± 0.13 ef 128.00 ± 11.68 c–h

60 5.02 ± 0.03 f–h 0.12 ± 0.07 g–l 9.60 ± 0.10 b–f 1.36 ± 0.03 g–i 111.33 ± 9.62 d–j

90 5.07 ± 0.04 fg 0.16 ± 0.01 c–f 8.85 ± 0.25 e–j 1.33 ± 0.18 hi 74.00 ± 3.89 i–l

120 5.05 ± 0.03 d 0.16 ± 0.07 c–f 12.50 ± 0.72 a 1.13 ± 0.01 i–k 78.67 ± 8.77 h–l

T2 0 6.12 ± 0.02 a 0.11 ± 0.07 k–m 10.00 ± 0.10 b–d 2.45 ± 0.01 bc 182.67 ± 47.15 ab

30 5.31 ± 0.01 de 0.12 ± 0.07 k–m 10.23 ± 0.42 bc 2.64 ± 0.36 ab 157.00 ± 17.54 a–e

60 4.82 ± 0.02 hi 0.09 ± 0.03 mn 9.60 ± 0.20 b–f 1.48 ± 0.19 g–i 98.33 ± 19.51 f–l

90 4.73 ± 0.06 ij 0.14 ± 0.01 f–j 9.80 ± 0.10 b–e 1.45 ± 0.25 g–i 93.67 ± 6.25 f–l

120 4.12 ± 0.03 n–p 0.16 ± 0.01 c–f 9.77 ± 0.94 b–f 1.59 ± 0.01 f–h 64.00 ± 5.84 j–l

T3 0 5.68 ± 0.01 c 0.12 ± 0.07 i–m 8.80 ± 0.34 e–j 3.00 ± 0.01 a 157.00 ± 17.53 a–e

30 5.70 ± 0.20 bc 0.10 ± 0.07 lm 8.80 ± 0.62 e–j 2.90 ± 0.10 a 157.00 ± 17.54 a–e

60 4.59 ± 0.01 jk 0.10 ± 0.07 lm 8.55 ± 0.15 g–j 1.39 ± 1.51 g–i 107.33 ± 16.84 e–k

90 4.33 ± 0.04 k–m 0.16 ± 0.02 c–f 9.05 ± 0.05 d–i 1.37 ± 0.09 g–i 88.67 ± 11.14 g–l

120 4.23 ± 0.02 m–o 0.17 ± 0.07 b–e 10.43 ± 0.30 b 1.37 ± 0.01 hi 78.00 ± 9.63 h–l

T4 0 5.69 ± 0.01 bc 0.14 ± 0.07 f–k 9.53 ± 0.40 b–g 2.27 ± 0.01 b–d 144.00 ± 29.36 b–f

30 5.89 ± 0.03 bc 0.11 ± 0.04 j–m 9.63 ± 0.55 b–f 1.95 ± 0.05 d–f 140.00 ± 14.10 b–g

60 4.72 ± 0.01 ij 0.11 ± 0.03 j–m 9.75 ± 0.05 b–f 2.09 ± 0.04 c–e 119.00 ± 20.09 d–i

90 4.39 ± 0.01 k–m 0.17 ± 0.01 b–d 9.25 ± 0.05 c–h 1.97 ± 0.18 d–f 113.33 ± 23.09 d–j

120 4.07 ± 0.02 op 0.18 ± 0.01 a–c 9.23 ± 0.25 c–h 1.72 ± 0.02 e–g 82.67 ± 4.86 h–l

T5 0 5.86 ± 0.04 bc 0.15 ± 0.01 d–h 9.56 ± 0.11 b–g 3.05 ± 0.01 a 202.67 ± 29.27 a

30 4.40 ± 0.27 k–m 0.08 ± 0.04 no 9.60 ± 0.36 b–f 3.00 ± 0.01 a 157.00 ± 17.54 a–e

60 4.12 ± 0.07 n–p 0.17 ± 0.07 b–e 8.80 ± 0.20 e–j 2.97 ± 0.01 a 140.00 ± 15.21 b–g

90 4.04 ± 0.05 op 0.18 ± 0.02 a–c 8.15 ± 0.05 ij 1.94 ± 0.06 d–f 111.33 ± 9.62 d–j

120 4.02 ± 0.04 g–i 0.19 ± 0.07 ab 8.73 ± 0.25 f–j 2.05 ± 0.01 de 93.67 ± 6.25 f–l

T0− = control (watermelon juice with no preservative or treatment); T0+ = control (watermelon juice preserved
with KMS); T1 = 2 min ultrasound & 2 min microwave; T2 = 4 min ultrasound & 1 min 50 s microwave; T3 = 6 min
ultrasound & 1 min 50 s microwave; T4 = 8 min ultrasound & 1 min 50 s microwave; T5 = 10 min ultrasound &
1 min 50 s. Values exhibiting similar alphabets (superscripts) are statistically non-significant.

3.2. Titratable Acidity of Watermelon Juice

The mean acidity values during storage of all the treated samples increased signifi-
cantly from 0 to 120 days (Table 2). The highest acidity values were observed in T5 (0.15%)
and T4 (0.14%), while T0− (0.06%) showed the lowest value without storage. The maximum
acidity value was obtained at 120 days in T0- and in T5 and the minimum value (0.16%)
after 120 days in treatment T1 and T2, respectively. The overall increase in acidity was
observed in T0− from 0.06–0.19% in 120 days. With the increase in ultrasonication time,
the acidity values increased, because ultrasound induction generates heat. The results
were inconsistent with the findings of Nadeem et al. [18], who reported an increasing trend
in the acidity of phalsa juice treated through the sonication technique. Malik et al. [28]
reported an increase in the acidity of microwave-treated lemon cordial after storage and
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hypothesized that the increase in acidity is due to increased production of organic acids
during anaerobic fermentation. Another study stated that the acidity of pineapple juice
increased during storage, which could be attributed to fermentation and spoilage leading
to conversion of sugars into acids, carbon dioxide, or alcohol [37].

3.3. pH of Watermelon Juice

The mean pH values of the watermelon juice indicated that the pH of all the treated
samples dropped significantly during storage from 0 to 120 days. The drop in pH is linked
with the rise in acidity, which could assist in the shelf-life extension of watermelon juice [21].
The highest pH values were found in T2 (6.12), followed by T0−(5.90), and the least value
was detected in T0−(5.68) at start of the storage period. The maximum and minimum
pH values were obtained at 0 day (6.12) and 120 days (3.95), respectively, as shown in
Table 2. It has been reported that the overall reduction in pH was from 5.68 to 3.95 in the
microwave-treated lemon cordial [28]. They asserted that the acidic compounds, such as
lactic acid and acetic acid, accumulated because of microbial activity during the natural
fermentation process, which was the primary reason for the decrease in pH values. Due to
conceivable biochemical reactions, ethanol is made during storage, and this is the principal
reason for pH degeneration. In liquids, the application of high-power sonication creates
free radicals such as H+ and OH−. These radicals are formed by the decomposition of
water inside the cavities [38]. The results concerning the increase in pH are consistent with
the previous results of ultrasonicated carrot blends [39,40].

3.4. Cloud Value of Watermelon Juice

Cloud value plays an important role in developing the color and flavor of fruit juices.
The cloud stability of fruit juices is a pictorial quality parameter for consumers [41]. The mean
cloud value of all the treated samples varied significantly during storage from 0 to 120 days,
as shown in Table 2. The highest cloud value was detected in T3 and T5 (3.00), and the lowest
was detected in T0− (1.10), and T0+ (1.19). The maximum (3.00) and minimum mean cloud
values (0.76) were obtained at 0 day and 120 days, respectively. Cloud values considerably
increased (p < 0.05) in grapefruit juice due to sonication treatments. The increased cloud value
may be due to the high-pressure gradient formed by cavitation during sonication treatment,
which results in the colloidal dissolution, dispersion, and degradation of larger molecules to
smaller ones, thus making the juice properly homogenized and more consistent [42].

3.5. Vitamin C Content (Ascorbic Acid) of Watermelon Juice

The mean values of the vitamin C content of the watermelon juice indicated that
vitamin C, of all treated samples, increased significantly (Table 2). The highest vitamin C
value was found in T5 (202.67 mg/100 mL of juice) and the least in T4 (140.00 mg/100 mL
of juice). During storage, an overall decrease in vitamin C content was observed. The
maximum decrease was observed in T0− (175.00 to 51.67 mg/100 mL). Ascorbic acid is a
form of vitamin C [43]. In grapefruit juice, sonication treatment resulted in a significant
increase (p < 0.05) in ascorbic acid content. Samples that were sonicated for 90 and 60 min
showed higher values of ascorbic acid as compared to the control sample and to a sample
sonicated for 30 min. Sonication is directly responsible for the rise in ascorbic acid in
grapefruit juice; it depletes the dissolved oxygen in the juice through cavitation without
the addition of heat [42]. In comparison to the control, samples treated with sonication and
microwave retained more ascorbic acid. The retention of ascorbic acid during sonication
treatment is most likely due to the removal of the dissolved oxygen required for ascorbic
acid content breakdown during storage [43].

3.6. Total Phenolic Contentof the Watermelon Juice

The mean values of the TP of the watermelon juice indicated that the phenolic con-
tent of all the treated samples decreased significantly during storage from 0 to 120 days
(Figure 1). The highest TP value was found in T5 (852.57 mg of GAE/100 mL of juice), and
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the lowest value in T0− (143.10 mg of GAE/100 mL of juice) followed by T0+ (158.60 mg
of GAE/100 mL of juice), correspondingly. The plant’s secondary metabolites, such as
phenolic compounds, are responsible for color and flavor improvement in fruit juices.
Higher concentration of phenolics could be attributed to the inactivation of polyphenol
oxidaze enzymes, which employ these chemicals as a substrate and cause their breakdown
during storage. The effect of sonication on the phenolic contents of apple juice was studied
by Abid et al. [41]. Fruit juice samples were sonicated for 30, 60, and 90 min in a bath-type
sonicator. The TP contents increased as the sonication time was extended but decreased
as the storage period progressed. The impact of sonication on the phenolic content of
carrot juice was studied by Jabbar et al. [24]. The carrot juice was given sonication and heat
treatment at various temperatures. The phenolic content of the carrot juice samples was
found to be considerably higher in the sonicated samples than in the control samples.
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Figure 1. Phytochemicals (total phenolics and flavonoids) of watermelon juice (T0− = control (wa-
termelon juice with no preservative and treatment); T0+ = control (watermelon juice preserved with
KMS); T1 = 2 min ultrasound & 2 min microwave; T2 = 4 min ultrasound & 1 min 50 s microwave;
T3 = 6 min ultrasound & 1 min 50 s microwave; T4 = 8 min ultrasound & 1 min 50 s microwave;
T5 = 10 min ultrasound & 1 min 50 s) during storage.

3.7. Total Flavonoid Contents of the Watermelon Juice

The mean values of the TF of the watermelon juice indicated that the flavonoid content
of all treated samples decreased significantly during storage from 0 to 120 days (Figure 1).
The overall decline in the TF content during storage was reported to be from 1960.2 to
236.3 µg CE/100 mL of juice. The highest TF value was found in T5 (1970.9 µg CE/100 mL
of juice), followed by T2 (1960.2 µg CE/100 mL of juice) and T0+ (1668.4 µg CE/100 mL of
juice), whereas the lowest value was found in T0− (1260.3 µg CE/100 mL of juice). A higher
concentration of flavonoids could be attributed to the inactivation of PPO enzymes, which
employ these chemicals as a substrate and cause their breakdown during storage. The effect
of sonication on the flavonoid concentration of apple juice was studied by Abid et al. [41].
They sonicated the apple juice samples for 30, 60, and 90 min. It was observed that as
the sonication period was extended, the TF content increased. When compared to non-
sonicated juice samples, the TF concentration increased from 486Ig GAE/g to 600Ig GAE/g.
Malik et al. [28] asserted that the TF content of the microwave-treated lemon cordial
decreased during storage and that the increased production of free radicals was responsible
for the decrease in flavonoid content. The effect of thermo-sonication on the phytochemical
characteristics of carrot juice was studied by Jabbar et al. [24]. In comparison to the control,
the juice was treated to ultrasonic processing for 30 and 60 min at 20 ◦C. The total flavonoid
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content increased when the temperature increased from 30 to 60 ◦C. The flavonoid content
of the juice samples increased from 344.76 ± 0.05 (catechin equivalent lg/g) to 544.56 ± 0.07
(catechin equivalent lg/g).

3.8. Total Antioxidant Activity of the Watermelon Juice

The mean values of the total antioxidant activity (TAC) of the watermelon juice
indicated that antioxidants of all the treated samples varied significantly during storage
from 0 to 120 days (Figure 2). The overall reduction in total antioxidants in the watermelon
juice during storage was from 6139.2 to 229.5 µg, the equivalent of ascorbic acid/mL of
juice in the control treatment. The highest TAC value was found in T5 (8650.3) and T4
(7106.3 µg equivalent of ascorbic acid/mL of juice), and the least value in T0− (6139.2 µg
equivalent of ascorbic acid/mL of juice). Depreciation was observed in 120 days of storage.
The increased TAC in the treated juice may be attributed to the fact that a combined
ultrasound and microwave treatment inhibits the enzymes responsible for triggering
oxidation. In the study by Abid et al. [41], the apple juice samples were sonicated at
different temperatures, such as 30, 60, and 90 min. During storage, the TAC of the sonicated
juice samples decreased. Antioxidant activity increased from 324.57 mg ascorbic acid/g to
363.05 mg ascorbic acid/g in the sonicated samples. The increase in the polyphenolic and
ascorbic content of the apple juice was responsible for the increase in the TAC. Because of
the enhanced availability and extraction of these phytochemical components due to the
creation of cavities during sonication, there will be more polyphenolic compounds if there
is an increase in antioxidant chemicals [41]. According to Saeeduddin et al. [32], when
pear juice is exposed to ultrasound at 25 ◦C, its antioxidant capacity increases significantly.
The amount of total phenolics and ascorbic acid in the sample determines the antioxidant
activity. Ultrasound pasteurization is particularly successful at 65 ◦C, and it retains more
antioxidant components than doestraditional pasteurization.
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Figure 2. Total antioxidant capacity (TAC) of the watermelon juice (T0− = control (watermelon
juice with no preservative and treatment); T0+ = control (watermelon juice preserved with KMS);
T1 = 2 min ultrasound & 2 min microwave; T2 = 4 min ultrasound & 1 min 50 s microwave;
T3 = 6 min ultrasound & 1 min 50 s microwave; T4 = 8 min ultrasound & 1 min 50 s microwave;
T5 = 10 min ultrasound & 1 min 50 s) during storage.

3.9. Viscosity of the Watermelon Juice

The viscosity of all the treated samples decreased significantly with the time pas-
sage from 0 to 120 days of storage. The maximum viscosity values were observed in T5
(44.19 mPa·s) and the minimum value in T0− (21.21 mPa·s). Within the storage mean, the
greatest value of viscosity was obtained at 0 day (44.19), and the least value at 120 days
(16.82 mPa·s) (Figure 3). The viscosity of processed as well as untreated watermelon juice
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decreased during the storage period. The considerable increase in viscosity in the treated
samples may be ascribed to the decrease in the particle size or to the inactivation of the
PME. Thermally and nonthermally treated juices keep the highest values because of the
inactivation of enzymes [44]. The sonication treatments may promote the extraction of the
bound forms of the macromolecules, which increases their concentration in the aqueous
system, making the juice more viscous [41].
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Figure 3. Viscosity of the watermelon juice (T0− = control (watermelon juice with no preservative or
treatment); T0+ = control (watermelon juice preserved with KMS); T1 = 2 min ultrasound & 2 min
microwave; T2 = 4 min ultrasound & 1 min 50 s microwave; T3 = 6 min ultrasound & 1 min 50 s
microwave; T4 = 8 min ultrasound & 1 min 50 s microwave; T5 = 10 min ultrasound & 1 min 50 s)
during storage.

4. Conclusions

This study was conducted to evaluate the impact of ultrasonication and microwave
treatment on the physico-chemical parameters of watermelon juice during 120 days of stor-
age. The synergistic impact of ultrasound and of microwave on the watermelon juice pro-
gressively enhanced the TSS, cloud value, acidity, ascorbic acid, TP, TF, and TAC. Treatment
T5 sonicated and microwaved for 10 min and 1 min and 50 s, respectively, showed maxi-
mum values for acidity (0.15%), cloud value (3.00), vitamin C content (202.67 mg/100 mL),
TP (852.57 mgGAE/100 mL), TF (1970.9 µg CE/100 mL), and TAC (8650.3 µg equivalent of
ascorbic acid/mL of juice). Moreover, the mentioned treatment also exhibited greater cloud
stability and enhanced antioxidant potential. This study suggests that sonication coupled
with microwave must be implemented commercially to process commercially unavailable
watermelon juice, as these “green” techniques are the best alternates to chemical preservatives
and conventional pasteurization practices. Additionally, combined ultrasound and microwave
therapy has been demonstrated to be beneficial to the health of the individual, hence exerting
a positive impact on consumer satisfaction and bioactive characteristics. New research is
required to build models, such as surface response methods, for optimizing process factors
during combined ultrasound–microwave procedures. In order to improve the quality of
watermelon juice, it is advised that a combination of nonthermal food processing techniques
be utilized to examine their synergistic influence on quality characteristics.
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Abstract: Variable-rate spray systems with canopy leaf area density information detection are an
important approach to reducing pesticide usage in orchard management. In order to estimate the
canopy leaf area density using ultrasonic sensors, this article proposed three parameter model
equations based on ultrasonic echo peaks for canopy leaf area density estimation and verified the
accuracy of the three parameter model equations using laboratory-simulated canopy and outdoor
tree experiments. The orthogonal regression statistics results from the laboratory-simulated canopy
experiment indicated that parameter Vc is more suitable for canopy leaf area density estimation
compared to parameter Va and Vb when the density ranges from 0.54 to 5.4 m2m−3. The model
equation from parameter Vc has minor systematic errors, and the predicted and observed values
of parameter Vc have good agreement with the experimental conditions. The laboratory-simulated
canopy and outdoor tree canopy leaf area density verification experiments of parameter Vc were
carried out, and the results indicated that the absolute value of the mean relative error is 5.37% in
the laboratory-simulated canopy and 2.84% in outdoor tree experiments. The maximum absolute
value of the relative error is 8.61% in the laboratory-simulated canopy and 14.71% in the outdoor
tree experiments, and the minimum absolute value of the relative error is 3.21% in the laboratory-
simulated canopy and 0.56% in the outdoor tree experiments. The laboratory-simulated canopy
leaf area density verification results showed that the mean relative errors under canopy leaf area
density 0.98 and 4.92 m2m−3 conditions are 6.29% and 5.82%, respectively, which is larger than the
mean relative error under 2.95 m2m−3; nevertheless, these results proved that this model equation
is applicable for canopy information detection and advanced pesticide application development
in future.

Keywords: ultrasonic sensor; canopy leaf area density; ultrasonic echo signal; verification experiment

1. Introduction

Pesticide application is one of the most important factors in agricultural production
processes to ensure the quality and yield of agricultural production. The excessive use of
pesticides in pest control increases pesticide resistance, environmental contaminants, and
labor hazards [1,2]. Precision pesticide application technology based on plant sensing is one
of the effective ways to reduce pesticide dosage and cost, especially in orchard management;
the tree-canopy sensing technique and variable-rate spray systems can significantly reduce
pesticide dosage and off-target drifts [3–5]. Variable-rate spray systems based on canopy
information detection usually have an automatic adjustment function for the pesticide rate.
Variable-rate spray systems developed for pesticide sprayers can adjust the pesticide flow
rate in real-time according to the canopy geometric dimension, canopy leaf area density, or
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spray distance, which is obtained from sensors in real-time; therefore, the pesticide droplet
deposition is mainly affected by the tree canopy and sensor detection method [6,7].

Previously, researchers have analyzed the tree-canopy-volume detection methods in
forests using images from remote sensing technology, but due to the limitation of image
resolution and quality, remote sensing technology is not available in single-tree-canopy-
volume detection and cannot accurately detect tree-canopy information in real-time [8,9].
With the development of sensor technology for pesticide applications, sensors such as
infrared, laser, machine vision, and ultrasonic are widely used in tree-canopy information
detection. In pesticide application practices, infrared sensors could be easily disturbed by
external light intensity and canopy color depth, and the detailed size of the target canopy
cannot be detected [10,11]. Light Detection and Ranging (LIDAR) systems were used to
detect the 3-D structure and canopy density of the trees in the orchard and vineyard, and
the results indicated good correlations between the manual and sensor measuring results.
As a non-destructive method in canopy detection, LIDAR measuring technology showed
potential for pesticide applications; nevertheless, the expensive process unit and 3-D points
cloud real-time algorithm still needs to be improved for LIDAR system applications [12,13].
Asaei et al. [14] developed a site-specific orchard sprayer with a machine vision sensor
that could detect the spacing of the trees along the orchard rows, and the orchard sprayer
avoided pesticide waste compared to a conventional continuous sprayer, which sprays
pesticide in the spacing between the trees. The field tests indicated that the site-specific
orchard sprayer resulted in 54% less pesticide use compared with conventional sprayers;
nevertheless, the vision sensor system requires further research for more orchard models,
and it is also easily affected by light conditions. Ultrasonic sensors are a widely used
technology in industry, they are less affected by light and weather conditions, which
is suitable in many application areas, and they are also more suitable for tree-canopy
detection than other sensors under outdoor conditions. Former research showed that
ultrasonic sensors could not only be used to measure distance but also detect the tree-
canopy information in agriculture applications; considering its low cost and high-reliability
characteristics, ultrasonic sensors have a good potential for application [15–18]. Palleja
et al. [19,20] proposed a real-time estimation method of canopy density by using ultrasonic
sensors; the experiments in greenhouse and orchards indicated that the ultrasonic signal
is highly correlated with the canopy density, and the maximum relative error was about
14.1% under vineyards condition. The system could also be used in apple or vineyard
tree monitoring during the whole-life growing season; nevertheless, the accuracy of the
real-time detection method still needs improvement. Gil et al. [21] developed a variable-
rate multi-nozzle air blast sprayer with ultrasonic sensors; the spray rate was modified
according to the crop width, which was detected by the ultrasonic sensor in an undirected
way, and the experimental results indicated that the sprayer saved 58% of the pesticide
compared to the normal continuous sprayer, and there were no significant differences
between the sprayers. Zhai et al. [22] established the canopy model equations of a planar
orchard target that could be used to calculate the canopy density in real-time, and this
study proposed a time-domain energy analysis method for canopy density detection
through ultrasonic echo signal. There was good applicability between the model and
planar orchard target when under four layers of leaves; nevertheless, the maximum relative
error of the model equations from the experimental data was about 29.92%, which requires
improvement for future applications. In order to reduce the relative error of the canopy
model from the planar orchard target, Nan et al. [23] designed a cylindrical simulated
canopy and established a new model equation for the canopy leaf area density calculation.
This model equation considered the mean value of the ultrasonic echo signal for the canopy
leaf area density calculation, and the laboratory test results showed that the relative error
between the observed and predicted echo signal ranged from 1.02 to 16.8%, and the outdoor
test showed that the relative error between the observed and predicted canopy leaf area
density ranged from 0.23 to 35.5%. Ou et al. [24] proposed a new algorithm for measuring
tree-canopy thickness based on ultrasonic echo signal and verified that the method is
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effective under laboratory and outdoor conditions. The results indicated that the ultrasonic
sensor had a high measurement accuracy for canopy-thickness detection. The maximum
relative errors in the laboratory and outdoor test results were 8.8% and 19.4%, respectively;
the thickness calculation algorithm also provided a new perspective on ultrasonic echo
signal analysis in the tree canopy, this study demonstrated that the ultrasonic echo signal is
affected by the canopy thickness and leaves on the ultrasonic waves propagation path.

Previous studies indicated that ultrasonic sensors have good robustness and potential
for agriculture applications, and the canopy information, such as the leaf area density and
thickness, could be calculated and predicted by the ultrasonic echo signal, which could be
very useful for pesticide application in orchard management. Nevertheless, the relative
error of the leaf area density equations in these articles is still too large and unstable, which
could affect the pesticide droplet deposition and uniformity. The objectives of this article
are to establish and analyze the mathematical model equations between the canopy leaf
area density and the ultrasonic echo signal and to verify the accuracy and applicability
of mathematical model equations through laboratory-simulated canopy experiments and
outdoor tree canopy experiments. The simulated leaves used in this paper are beneficial
to the repeatability and controllability of the changes in the modeling parameters; the
different characteristics of plant species and leaves will have some effect on the accuracy of
mathematical modeling. The ultrasonic echo signal intensity is basically affected by the
size of the obstacle in the ultrasonic wave’s propagation path, so this study used simulated
leaves, which have similar sizes to the Osmanthus tree used in the verification experiment.
The mathematical model equation established by the method proposed in this paper could
be used in the real-time detection of canopy leaf area density with minor errors, which
could also provide an effective and reliable real-time canopy leaf area density estimation
solution for variable-rate sprayer system development.

2. Materials and Methods
2.1. Laboratory-Simulated Canopy Experimental Setup

To measure the canopy leaf area density with an ultrasonic sensor, a laboratory-
simulated canopy experiment system was built, as shown in Figure 1. The system was
composed of a simulated canopy, a computer, a 12V DC power unit (6-QW, Camel Group
Co., Ltd., Xiangyang, China), a USB data acquisition card (USB3200, Beijing ART Technol-
ogy Development Co., Ltd., Beijing, China), an ultrasonic sensor (MB7092-101, MaxBotix,
Inc., Brainerd, MN, USA), and a microprocessor control board (STM32F4 development
board, Guangzhou Xingyi Electronic Technology Co., Ltd., Guangzhou, China).

The simulated canopy had a similar leaf distribution and leaf area density to the tree
target; it was designed for the laboratory-simulated canopy experiment. The ultrasonic
sensor refresh rate was 10 Hz, and it had one pin for the analog voltage envelope output
with the acoustic waveform. The maximum measurement range was 7.65 m, and the
diffusion angle of the ultrasonic sensor was about 14◦ [24]. The USB data acquisition card
was used to convert the analog voltage envelope output into a digital signal, which had a
12-bit ADC conversion chip to achieve a maximum conversion rate of up to 500 KHz in data
receiving and transferring, and the conversion rate used in this system was 125 KHz. An
operating software installed in the computer was used to save the digital signal information
from the USB data acquisition, the start and stop of the data acquisition task could be
manually controlled in the experiment process, and the digital signal sampling frequency
and the sampling times could be set through the operating software according to the
experimental requirements. The microprocessor control board was supplied by a 12V DC
power unit and offered stable voltage input for the ultrasonic sensor, which means that the
system is available in the laboratory and outdoor conditions.

The simulated canopy was composed of a steel profile frame, simulated leaves, and
nylon wires, the diameter of the nylon wire was 0.468 mm, and it was less than the
wavelength of the ultrasonic sensor, so it barely affects the ultrasonic propagation, which is
also adopted in reference [24]. The size of the steel profile frame (length × width × height)
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was 200 cm × 90 cm × 110 cm, and due to the steel profile frame boundary, the size of the
simulated canopy was about 140 cm × 75 cm × 80 cm, and the simulated leaf used in the
experiments was heart-shaped, and the average area was about 44 cm2. The simulated
canopy had 2, 3, 4, or 5 planar leaf layers in the experiments, each layer had many simulated
leaves, which were fixed on the nylon wires, and the nylon wires were arranged up and
down in the steel profile frame. The nylon wires are moveable in the simulated canopy,
which is convenient for adjusting the simulated canopy thickness and leaf area density,
similar to the experimental setup used in reference [21]. The leaves on the nylon wires
are basically evenly arranged along the wires according to the number of leaves. The
temperatures ranged from 20 to 25 ◦C, and the humidity ranged from 38 to 50%.

Figure 1. Simulated canopy leaf area density detection system.

2.2. Canopy Leaf Area Density Estimation Equations

The pesticide application with canopy leaf-area-density detection is an effective way
for pesticide rate control and reduction. Canopy leaf-area density ρs refers to the sparse-
ness of leaves in the tree canopy, which is an important parameter in describing canopy
characteristics and pesticide application target volume assessments. The canopy leaf area
density ρs can be expressed as follow:

ρs =
S
V

=
∑n

i=1 Ai

V
(1)

In Equation (1), ρs (m2m−3) is the canopy leaf area density, n is the total number of
leaves in the canopy space, S (m2) is the total area of leaves in the canopy space, V (m3)
is the space volume of the canopy space, i is the number of the leaf, Ai (m2) is the area of
the leaf.

Ou et al. [24] found out that the ultrasonic echo signal is mostly affected by the
detection distance, canopy density, and geometric dimension, and the ultrasonic echo signal
contains multiple echo peaks, which are directly related to the leaves in the ultrasonic waves
propagation path, and this study indicated that there are multiple reflections happening
when the ultrasonic waves pass the tree canopy. Zhai et al. [22] proposed a time-domain
energy analysis method that considered the whole range of ultrasonic echo signals in the
canopy leaf area density estimation, and there is a correlation between the echo energy
and canopy leaf area density; nevertheless, there is also a relative error in the verification
results. Based on the former studies and data results, considering the ultrasonic waves
propagation process and characteristics in the tree canopy, in order to predict the canopy
leaf area density with higher accuracy, this article proposed three parameters (Va, Vb
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and Vc), which are calculated by the ultrasonic echo peaks to estimate the canopy leaf
area density. Parameters Va, Vb, and Vc have different expression equations, as shown in
Equations (2)–(4). V1, V2, V3··· , Vn are the value of peaks in the ultrasonic echo signal, as
shown in Figure 2, and the parameters were processed using the MATLAB 2015b software
(Math Works, Natick, MA, USA).

Va = max(V1, V2, ···, Vn). (2)

Vb = max(V1, V2, ···, Vn)× n (3)

Vc =
V1 + V2 + V3 · · ·Vn

n
(4)

Figure 2. Schematic of ultrasonic return wave.

In Equations (2)–(4), Va, Vb and Vc (Voltage) are the proposed parameters for canopy
leaf-density estimation, V1, V2, V3···,Vn (Voltage) are the peaks values in the ultrasonic
echo signal, and n is number of the peaks in the ultrasonic echo signal.

2.3. Experiment to Establish Canopy Leaf Area Density Model
2.3.1. Orthogonal Regression Experiment Design

Based on the former studies used in canopy information estimation, this article used
the orthogonal regression central composite experiment setup in the experiment design,
which selects the representative experimental points in the multi-factor and multi-level
experimental conditions. Through the analysis of orthogonal experimental results, the
relationship between the factors and variables based on the experimental results can be
concluded, which reduces the work and cost of the experiments compared to full-scale
experiments, it also improves the work efficiency, and saves time [22]. In order to conclude
the canopy leaf area density model, the experimental factors were canopy leaf area density
and the detection distance. The detection distance is the distance between the ultrasonic
sensor and the target canopy along the ultrasonic wave direction, as shown in Figure 1,
parameters Va, Vb and Vc are the experimental result values.

According to the normal orchard plant mode and pesticide application requirements,
the detection distance in this experiment ranged from 0.5 to 1.5 m, and the canopy leaf
area density ranged from 0.54 to 5.4 m2m−3. The total number of experiments N in this
experiment consisted of three parts: the number of orthogonal experiments mc, the number
of zero-level repeated experiments m0, and the number of axial experiments mr, where p is
the number of experimental factors.

mc = 2p (5)

mr = 2p (6)
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N = mc + mr + m0 (7)

In this experiment, the number of experimental factors p is 2, and the number of
zero-level repeated experiments m0 is 3. According to Equation (7), the total number of
experiments is 11. Another important parameter, γ, in the experiment is the star arm
parameter, γ = 1.13 obtained by Equation (8).

γ =

√
−2p−1 + (2p + 2p + m0)

1
2 × 2

p
2−1 (8)

In this experiment, the detection distance (m) and canopy leaf area density (m2m−3)
were selected as the experimental factors, which were denoted as x1 and x2. The factor levels
coding were as shown in Table 1, and the experimental scheme was designed according to
this table, as shown in Table 2. The normative variables of the regression equation were z1
and z2.

Table 1. Factor levels coding.

Code
Factors

x1 x2

−r 0.5 0.54
−1 0.55 0.79
0 0.9 2.95
1 1.25 5.09
r 1.3 5.4

Table 2. Binary quadratic regression orthogonal combination design coding.

Number Z1 Z2 x1 (m) x2 (m2m−3)

1 0 0 0.9 2.95
2 −r 0 0.5 2.95
3 0 r 0.9 5.4
4 1 1 1.25 5.09
5 1 −1 1.25 0.79
6 0 0 0.9 2.95
7 0 −r 0.9 0.54
8 0 0 0.9 2.95
9 r 0 1.3 2.95
10 −1 −1 0.55 0.79
11 −1 1 0.55 5.09

2.3.2. Detection Points Arrangement

The ultrasonic sensor aimed at the simulated canopy direction was installed in front of
the simulated canopy, as shown in Figure 1, and the detection point was the position where
the ultrasonic wave passes through the simulated canopy. There were 9 detection points
arranged in front of the simulated canopy, as shown in Figure 3, and in order to avoid the
influence of the steel profile frame boundary during the ultrasonic detection, the left and
right edge detection points were 70 cm away from the frame boundary horizontally, and
the upper and lower edge points were 30 cm away from the frame boundary vertically.
The horizontal spacing between the detection points was 30 cm, and the vertical spacing
between the detection points was 20 cm, at each of the 9 detection points, the values
of parameters Va, Vb and Vc were obtained by three replicated measurements, and the
average values were used as the experimental results. During the experiment period, the
environmental temperatures ranged from 20 to 25 ◦C, and the relative humidity ranged
from 40 to 51%.
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Figure 3. Detection points in front of Simulated canopy.

2.4. Laboratory-Simulated Canopy Verification

To verify the accuracy and applicability of the canopy leaf area density model equa-
tion under laboratory-simulated canopy conditions, this article designed nine verification
conditions with different distances and canopy leaf area densities, which were different
to the conditions in Table 2. The verification experiments were also carried out with the
laboratory-simulated canopy experimental system stated in Section 2.1.

The canopy leaf area density of the nine verification conditions were 0.98, 2.95,
4.92 m2m−3, respectively, and the detection distances were 0.8, 1.0, 1.2 m, respectively.
The detection points were selected as described in Section 2.3.2, and each point was also
measured three times.

2.5. Outdoor Tree Canopy Verification

To verify the accuracy and applicability of the canopy leaf area density model equation
under outdoor tree canopy conditions, three Osmanthus trees were selected as the exper-
imental objects in place (32◦12′22′′ N,119◦31′14′′ E) on April 2022, as shown in Figure 4.
The environmental temperature ranged from 10 to 20 ◦C, and the relative humidity ranged
from 45 to 57%. There were 15 detection points that were arranged in front of the canopies
randomly. The calculation formula of canopy leaf area density in experiments is expressed
in Equation (10) according to former studies and ultrasonic wave propagation law in
reference [24].

Vt = πr2D (9)

ρS =
S ×Ni

Vt
(10)

where, Vt is the volume within the effective detection range (m3); r is the lower radius of
the effective area (m); D is the ultrasonic penetration of canopy distance along the detection
direction (m); ρs is the canopy leaf area density by manual measurement (m2m−3); S is
the average leaf area (m2); and Ni is the total number of leaves in the effective volume.
According to the definitions, there were 30 leaves collected from the upper, middle, and
lower locations of the tree canopy, respectively. Commercial image analysis code IPP
(Image Pro Plus, Meyer instruments, Inc., Houston, TX, USA) was used to measure the leaf
area after leaf scanning. The average leaf area S was about 1.55× 10−3 m2, and the canopy
leaf area density of the selected detection points ranged from 1.80 to 5.88 m2m−3.
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Figure 4. Osmanthus trees for outdoor verification.

3. Results
3.1. Mathematical Model Analysis

The laboratory-simulated canopy experimental results based on the parameters Va,
Vb, and Vc are shown in Table 3, these results could be used to analyze the relationships
between the canopy leaf area density, detection distance, and the parameters.

Table 3. Laboratory-simulated canopy experimental results.

X1 (m) X2 (m2m−3) Va (v) Vb (v) Vc (v)

0.90 2.95 1.95 4.51 1.83
0.50 2.95 2.14 5.41 1.96
0.90 5.40 1.94 5.05 1.81
1.25 5.09 1.90 4.11 1.79
1.25 0.79 1.70 2.47 1.65
0.90 2.95 1.94 4.53 1.84
0.90 0.54 1.59 1.97 1.57
0.90 2.95 1.96 4.52 1.82
1.30 2.95 1.86 3.74 1.76
0.55 0.79 1.82 3.62 1.71
0.55 5.09 2.11 5.25 1.92

The regression statistics of canopy leaf area density models based on the three pa-
rameters are shown in Table 4. All the coefficient R2 of the models are larger than 0.90,
which means the experimental and predicted values of the three parameters are in good
agreement. The p-values are all smaller than 0.05, which means the three canopy leaf area
models are significant; meanwhile, only the Lack of Fit p-value of Vc is bigger than 0.05,
which means that the canopy leaf area model based on parameter Vc is more suitable for
estimating the canopy leaf area density.

Table 4. Analysis of model results.

Va (v) Vb (v) Vc (v)

p value 0.0005 0.0023 0.0003
R2 0.97 0.95 0.93

Lack of Fit p value 0.0461 0.0005 0.0722

The analysis of variance of the canopy leaf density model based on Vc is shown in
Table 5, the F value of the model is 29.80, and the p-value is 0.0010, which indicate that
the mathematical model of the canopy leaf-area density is very significant. The F value of
the lack of fit is 13.01, and the p-value is 0.0722, which indicate that the lack of fit of the

72



Agriculture 2022, 12, 1569

canopy density model is not significant. The p-value of X1 × X2 is 0.2745, which indicates
that X1 × X2 is not significant in the mathematical model equation and could be ignored in
the model equation.

Table 5. Analysis of variance of the mathematical model based on Vc.

Source Sum of Squares df Mean Square F Value p Value

Model 0.12 4 0.024 29.80 0.0010
X1 0.026 1 0.026 32.24 0.0024
X2 0.060 1 0.06 73.26 0.0004

X1 × X2 1.235× 10−3 1 1.235× 10−3 1.50 0.2745
X2

1 4.085× 10−3 1 4.085× 10−3 4.98 0.0461
X2

2 0.032 1 0.032 39.33 0.0015
Residual 5.340× 10−3 6 8.210× 10−4

Lack of Fit 5.140× 10−3 4 1.300× 10−3 13.01 0.0722
Pure Error 2.000× 10−4 2 1.000× 10−4

Cor Total 0.13 10

After removing X1 × X2 from the mathematical model equation, the new analysis of
variance of the canopy leaf-density model based on Vc is shown in Table 6, the F value
of the model is 34.01, and the p-value is 0.0003, which indicate that the mathematical
model of canopy leaf area density is very significant. The F value of the lack of fit is
12.85, and the p-value is 0.0735, which indicate that the lack of fit of the canopy density
model is not significant, and the mathematical model could be used in canopy leaf area
density prediction. Based on the above analysis, the model equation is expressed with
Equation (11).

y = 1.9− 0.688x1 + 0.169x2 + 0.281x2
1 − 0.021x2

2 (11)

where, y is the value of predicted parameter Vc (V), x1 is the detection distance (m), and x2
is the canopy leaf area density (m2m−3).

Table 6. Analysis of variance of the regression equation.

Source Sum of Squares df Mean Square F Value p Value

Model 0.12 4 0.030 34.01 0.0003
X1 0.026 1 0.026 29.77 0.0016
X2 0.060 1 0.060 67.57 0.0002
X2

1 4.085× 10−3 1 4.085× 10−3 4.59 0.0449
X2

2 0.032 1 0.032 36.28 0.0009
Residual 5.340× 10−3 6 8.900× 10−4

Lack of Fit 5.140× 10−3 4 1.285× 10−3 12.85 0.0735
Pure Error 2.000× 10−4 2 1.000× 10−4

Cor Total 0.13 10

The scatter plot of the observed versus the predicted parameter Vc from the laboratory-
simulated canopy experimental result is shown in Figure 5, which reflects the fitting degree
of the mathematical model equation to the experimental data, and the value of predicted
parameter Vc was calculated with Equation (11). There is a smaller systematic estimation
error between the observed and the predicted parameter Vc, compare with the mean echo
voltage parameter used by Nan et al. [23], and there is no systematic underestimation
situation in the results shown in Figure 5. Meanwhile, this result showed a stronger
linear (R2 = 0.96) than the results in reference [23] (R2 = 0.944), the agreement between
the predicted and the observed Vc showed potential for parameter and canopy leaf-area
density prediction.
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Figure 5. Scatter plot of observed vs. predicted parameter Vc.

3.2. Laboratory-Simulated Canopy Verification Results

The laboratory-simulated canopy verification experiment was carried out, and the
results are listed in Table 7. There were nine conditions under three different detection
distance and canopy leaf area density, the detection distance range from 0.8 to 1.2 m, the
canopy leaf area density ranged from 0.98 to 4.92 m2m−3, these experimental conditions are
consistent with the real situation of some orchard pesticide applications. The relative error
between the observed and predicted Vc is listed in Table 7, and the observed Vc values
were calculated from the experimental results according to Equation (4), and the predicted
Vc values were calculated according to Equation (11). The maximum absolute value of
the relative error is 8.61%, the minimum absolute value of relative error is 3.21%, and the
absolute value of the mean relative error is 5.37%. The mean relative errors under the
detection distance 0.8, 1.0 and 1.2 m conditions are 4.47%, 4.15%, and 2.49%, respectively,
and the mean relative errors under canopy leaf-area density 0.98, 2.95, and 4.92 m2m−3

conditions are 6.29%, −0.99%, and 5.82%, respectively.

Table 7. Laboratory-simulated canopy verification experiment results.

Detection
Distance (m)

Canopy Leaf Area Density
(m2m−3)

Predicted Vc
(V)

Observed Vc
(V)

Relative
Error

0.8 0.98 1.67 1.60 4.37%
1.0 0.98 1.64 1.51 8.61%
1.2 0.98 1.62 1.53 5.88%
0.8 2.95 1.85 1.77 4.52%
1.0 2.95 1.81 1.87 −3.21%
1.2 2.95 1.79 1.87 −4.28%
0.8 4.92 1.85 1.77 4.52%
1.0 4.92 1.82 1.70 7.06%
1.2 4.92 1.80 1.70 5.88%

Zhai et al. [22] established the model equation for canopy-density estimation through
similar laboratory-simulated canopy experiments, and the results showed that the max-
imum and minimum absolute value of relative error are 29.92% and 1.23%, respectively,
and the absolute value of the mean relative error was 13.4%. Compared to the results
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from reference [22], the maximum absolute value, mean value, and value variable based
on parameter Vc are much smaller. These results indicated that the equation based on
parameter Vc has better applicability and accuracy in laboratory-simulated canopy leaf-area
density detection.

3.3. Outdoor Tree Canopy Verification Results

The outdoor tree canopy verification experiment was carried out, and the results are
listed in Table 8. There were 15 detection points results with different detection distances
and canopy leaf-area densities, and the detection distances were calculated by the time
difference between the transmitted wave and peak value V1, according to the ultrasonic
distance measurement principle, and considering the real situation of some orchard pes-
ticide applications. The canopy leaf-area density ranges from 1.80 to 5.88 m2m−3. The
maximum absolute value of the relative error is 14.71%, the minimum absolute value of
relative error is 0.56%, and the absolute value of mean relative error is 2.84%.

Table 8. Outdoor tree canopies verification experiment results.

Detection
Point

Detection
Distance (m)

Canopy Leaf Area
Density (m2m−3)

Predicted Vc
(V)

Observed Vc
(V)

Relative
Error

1 1.05 2.11 1.75 1.73 1.36
2 0.88 2.05 1.77 1.76 0.73
3 0.90 2.63 1.81 1.65 9.32
4 1.06 3.27 1.82 1.83 −0.79
5 1.04 1.80 1.72 2.02 −14.71
6 1.02 5.60 1.78 1.84 −3.27
7 1.11 4.71 1.81 1.91 −5.25
8 1.11 5.28 1.79 1.82 −1.91
9 1.10 5.88 1.75 1.76 −0.56

10 1.11 5.41 1.78 1.92 −7.03
11 1.02 4.82 1.82 1.93 −6.04
12 1.04 5.38 1.79 1.82 −1.46
13 1.08 4.71 1.82 1.99 −8.56
14 1.07 4.82 1.81 1.86 −2.36
15 1.11 5.40 1.78 1.82 −2.06

Nan et al. [23] conducted similar outdoor tree-canopy detection experiments with dif-
ferent model equations, and the results showed that the maximum and minimum absolute
value of relative error are 35.5% and 0.23%, respectively, and the absolute value of mean rel-
ative error is 15.7%. Compared with the results from reference [23], the maximum absolute
value, mean value, and value variable based on parameter Vc are much smaller. The out-
door tree canopy verification experiments also proved that the equation based on parameter
Vc has better applicability and accuracy in tree canopy leaf-area density detection.

As shown in Table 8, these results verified the accuracy and applicability of the model
equation based on parameter Vc, and indicated that the model equation has good potential
in canopy leaf-area density prediction and detection for pesticide application in orchards.

4. Discussion

Previous researchers studied and verified the quantitative relationship between the
canopy characteristics and the ultrasonic echo signals, compared with the previous method
of canopy leaf area-density detection in reference [19,22,23], this article studied new pa-
rameters for the detection and prediction of canopy leaf-area density based on the peaks
value of an ultrasonic echo signal. Some previous articles demonstrated that the ultrasonic
echo signal was affected by the detection distance and canopy leaf-area density, the peaks
in the echo signal were affected and coursed by the canopy targets, such as leaves and
branches, and the ultrasonic multiple reflection phenomenon was confirmed and studied
before. In order to study the detail of the echo signal, Ou et al. [24] proposed a new theory
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about canopy thickness detection and verified the canopy-thickness calculation formula;
the results proved that the peaks in the echo signal were coursed by the ultrasonic multiple
reflection phenomenon on the ultrasonic waves propagation path, the peaks indicated
that the leaves, branches, or other objects when the ultrasonic sensor was used in canopy
detection, this ultrasonic multiple reflection phenomenon provided the theoretical basis for
the canopy information detection with ultrasonic sensor.

Previous researchers used average or time-domain parameters of the ultrasonic echo
signal in the canopy leaf-area density estimation equations; nevertheless, they require the
identification of the echo signal boundary and to process more voltage data out of the
echo signal. Considering the theory basis of echo signal in canopy detection, this article
proposed parameter Va, Vb and Vc, which are directly calculated by ultrasonic echo peaks
for canopy leaf-area density estimation. Compared with the parameters calculated with a
whole ultrasonic echo signal, parameters Va, Vb, and Vc require fewer signal data and could
be suitable in real-time detection. The orthogonal regression analysis of the parameters
based on laboratory-simulated canopy experiments showed that the model equation based
on parameter Vc is significantly more suitable for canopy leaf-area density estimation,
and the interaction factor of the detection distance and the canopy leaf-area density has
no significant influence on the parameter Vc prediction. The scatter plot of the observed
versus predicted parameter Vc from the laboratory-simulated canopy experiment proved
that the predicted and the observed parameter Vc were in good agreement within the
experimental conditions.

The laboratory-simulated canopy leaf area density verification results showed that
Equation (11) could be used to predict parameter Vc within a good accuracy, the absolute
value of the mean relative error is 5.37%, and the maximum absolute value of the relative
error is 8.61%. The mean relative errors under the canopy leaf-area density of 0.98 and
4.92 m2m−3 conditions are 6.29% and 5.82%, respectively, which are larger than the mean
relative error under 2.95 m2m−3, this is a result of the ultrasonic wave penetration effect, and
the leaves on the ultrasonic waves propagation path have major and complex influences on
parameter prediction. When the canopy leaf area density is lower, the ultrasonic wave will
pass through the canopy, and when the canopy leaf area density is higher, the penetration
distance of the ultrasonic wave is smaller than the canopy thickness, and the ultrasonic echo
signal in lower or higher canopy leaf-area density has different reflection characteristics,
and the penetration distance changes are mainly affected by the canopy leaf area density.

The outdoor tree canopy leaf area density verification results showed that the absolute
value of mean relative error is 2.84%, which is lower than the laboratory-simulated canopy
verification result. The maximum absolute value of relative error is 14.71%, which is
larger than the laboratory-simulated canopy verification result, which could result from the
branches in the tree canopy, which were different from the laboratory-simulated canopy
conditions. The branches in the tree canopy will also cause some echo peaks in the ultrasonic
echo signal. Even though the ultrasonic echo signal intensity is basically affected by the
size of the obstacle in the ultrasonic wave’s propagation path, the shape difference between
the leaves in the laboratory and field experiments could also cause some additional data
errors. For specific target crop detection, the shape characteristics of the leaves could be
considered in the model-building experiments. For agriculture pesticide application, these
errors are acceptable to some extent, and these results showed good applicability in canopy
leaf-area density detection for Osmanthus trees.

Compared with the previous verification results from reference [22,23], the maximum
absolute value, mean value, and value variable based on parameter Vc are much smaller
than the previous results in reference [22,23]. These results indicated that the equation based
on parameter Vc has better applicability and accuracy in canopy leaf-area density detection.

This article analyzed and established the mathematical model equations for canopy
leaf-area density detection with an ultrasonic sensor and studied the relative errors under
laboratory-simulated canopy and outdoor trees conditions, and the results showed that
the model equations based on parameter Vc have a good accuracy and applicability for
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real-time canopy leaf-area density estimation in the pesticide application field. For the next
development plan, the variable-rate spray system based on the canopy leaf area density
detection using ultrasonic sensors is available, and in order to achieve higher accuracy, the
leaf area and branch factors should also be considered and studied in future experiments.

5. Conclusions

This article proposed and analyzed three new parameter model equations for canopy
leaf-area density estimation, the orthogonal regression experiment based on laboratory-
simulated canopy indicated that the model equation based on parameter Vc is suitable for
parameter and canopy leaf area density predictions.

The laboratory-simulated canopy and outdoor tree canopy leaf area density verifi-
cation experiments were carried out within the designed conditions, and these results
indicated that the absolute value of the mean relative error is 5.37% in the laboratory-
simulated canopy experiment and 2.84% in the outdoor tree experiment, and the maximum
absolute value of the relative error is 8.61% in the laboratory-simulated canopy experiment
and 14.71% in the outdoor tree experiment, these results proved the applicability of this
model equation for pesticide application detection.

The laboratory-simulated canopy verification experiment showed that the relative
errors were affected by leaf area density, and the relative errors became larger under
higher and lower density conditions; nevertheless the relative error values are acceptable in
practice. When using the model building method proposed in this article, it is recommended
to consider the characteristics of the target plant species and the leaves, which will improve
the accuracy of the model building.

According to the studies above, the model equation based on parameter Vc showed
better potential and accuracy for canopy leaf-area density estimation than previous model
equations. The previous study demonstrated that the peak values in an ultrasonic echo
signal could be used in canopy thickness estimation within an acceptable accuracy [24].
These studies revealed the ultrasonic wave multiple reflection phenome and law in canopy
detection and proved that the echo peaks are mostly caused by the leaves and branches in
the canopy.

This study established and proved the mathematical models of canopy leaf-area
density detection using an ultrasonic sensor and expanded the capability and function of
ultrasonic sensors in agriculture pesticide applications. For future research, considering
both the canopy thickness and leaf-area density information could be calculated from
ultrasonic echo peaks with good accuracy, combining ultrasonic detection and variable-rate
spray systems in advanced orchard sprayer development will be one of the most effective
ways to reduce chemical usage in orchard management.
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Abstract: A tractor electro-hydraulic hitch system is considered one of the most important systems
that play a strategic role in the power transmission and operation depth control of a tractor’s field
operation. Its performance directly affects the operation quality of the whole work unit of the
tractor. Furthermore, a tractor electro-hydraulic hitch system has gained the interest of many in the
agricultural machinery sector because of its stable performance, high production efficiency, good
operation quality and its low energy consumption. To fully benefit from the potential of the tractor
electro-hydraulic hitch system, it is significant to understand and address the problems and challenges
associated with it. This study, therefore, aims to contribute to the development of the tractor electro-
hydraulic hitch system by investigating the research methods, technical characteristics and emerging
trends in three key aspects that include the tillage depth adjustment method, the tillage depth control
algorithm and the core components of the electro-hydraulic hitch system. The characteristics and
applicable conditions of the different tillage depth adjustment methods of the electro-hydraulic hitch
system were summarized. The realization methods and the control characteristics of the different
algorithms were elaborated and discussed for both the PID control algorithm and the intelligent
control algorithm. The working characteristics of the core components of the electro-hydraulic hitch
system were analyzed based on the hydraulic control valves and sensing elements. The results have
shown that the multi-parameter tillage depth adjustment method met the operation quality standard
while taking the engine load stability and traction efficiency into account, and it has a greater research
significance and value. The working quality can be improved effectively by introducing the intelligent
algorithm. In addition, the study of smart valves with built-in sensing elements and how to improve
the anti-interference ability of sensing elements, are the aspects that requires further consideration.
Aiming to improve the working quality and reduce energy consumption, further research into the
tractor electro-hydraulic hitch system is necessary. The results of this comprehensive review provide
a reference for the intelligent operation of tractors under the precision agriculture.

Keywords: tractor; electro-hydraulic hitch system; tillage depth adjustment; tillage depth control
algorithm; key components

1. Introduction

Precision agriculture is a modern agricultural management concept developed in the
1990s, based on a series of high-tech technologies, such as modern information technol-
ogy, biotechnology and engineering equipment technology. It has great advantages in
improving the agricultural output, making efficient use of agricultural resources, promot-
ing agricultural sustainable development and protecting the ecological environment [1,2].
Among these, engineering equipment technology plays an important role as the premise
and basis for realizing the whole system of precision agriculture [3,4]. A tractor hitch
system is the core component to complete the connection between the tractor and the
agricultural machinery. On the one hand, it transmits the power of the tractors, and on
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the other hand, it performs the lifting and attitude control of the agricultural machinery.
The tractor completes different field operations and uses different machinery to complete
different field operations through the use of the hitch system. The plough unit, combined
with the suspension plough, is a typical example. With the development of electrome-
chanical integration technology, electro-hydraulic proportional control technology, sensing
technology, CAN bus technology and microcomputer technology, these technologies are
gradually being applied to the tractor hydraulic hitch system, which promotes the transfor-
mation of the traditional mechanical hydraulic hitch system into a more intelligent system.
However, due to the complexity of the field environment and the diversity of operation
types, the tractor causes large disturbances and has a strong nonlinearity in its working
process [5,6]. Therefore, there are still many problems in introducing intelligent technology
into agricultural production [7,8].

As an indispensable operation in agricultural production, tillage is one of the main rea-
sons for energy consumption [9–11]. Plowing takes up more traction energy than the other
operations involved in tilling [12]. Compared with the traditional mechanical hydraulic
hitch system, the tractor electro-hydraulic hitch system has more working adjustment
modes, which can reduce the energy consumption of the tractor ploughing unit in oper-
ation, reduce the use of fuel and improve the operation efficiency [13–15]. In addition,
due to the use of the automatic control method of the working depth, combined with the
high precision sensor unit, the CAN bus technology and other information technologies
eliminate the use of suspension operating handles on the original tractor and these are
removed. Therefore, it greatly reduces the labor intensity of drivers, improves the level
of intelligence and the automation of tractors, and makes tractors more suitable for the
development requirements of fine agriculture, in the future [16,17].

Operation quality is an important index to evaluate the control performance of a
tractor electro-hydraulic hitch system. At present, the method of improving the control
performance of a tractor electro-hydraulic hitch system by optimizing the control method,
has been widely criticized. Based on the analysis of the development status and research
progress of the tractor electro-hydraulic hitch system in the world, this study aims to
contribute to the development of the tractor electro-hydraulic hitch system by investigating
the research methods, technical characteristics and emerging trends in three key aspects,
including the tillage depth adjustment method, the tillage depth control algorithm and the
core components of the electro-hydraulic hitch system. Different adjustment methods can
meet the complex the constraints of the working terrain and soil conditions in different
regions. Using modern control theory and technology to control the operation depth, is
conducive to improving the response performance of the control system. In addition,
the continuous development of modern sensor detection technology and valve control
technology are important means to accomplish the real-time feedback and precise control.
The integration of the abovementioned technologies contributes greatly to the improvement
of the operation quality and the reduction of energy consumption.

The goal of this study was to comprehensively review the existing literature related
to the tractor electro-hydraulic hitch system and its key technologies. This article was
based on the following aspects and organized as follows. Section 2 states the research
status of the tractor electro-hydraulic hitch system at home and abroad, commenting on
different types of tractor electro-hydraulic hitch systems. Then, Sections 3 and 4 discuss
the development status of the different tillage depth adjustment methods and the tillage
depth control algorithms. Section 5 provides a review of the key components of the tractor
electro-hydraulic hitch system. Finally, in Section 6, the future development trends are
given for the tractor electro-hydraulic hitch system.

2. Development Status of the Tractor Electro-Hydraulic Hitch System

In the early days, tractors completed operations through agricultural tools with traction
units. Prior to 1933, the Irish scholar Harry Ferguson invented the three-point hitch device
that has been widely recognized all over the world. The system is still being used and has
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become the standard in the industry [18]. The traditional mechanical hydraulic hitch system
is a mechanical-hydraulic integrated product which makes full use of the characteristics and
advantages of the hydraulic transmission. The driver adjusts the position of the distributor
by operating the handle to control the direction and flow of the hydraulic oil to adjust the
lifting and lowering of the agricultural machinery. It has the advantages of low design and
manufacturing costs [19,20]. The structure principle is shown in Figure 1.

Figure 1. The structure principle of the traditional mechanical hydraulic hitch system.

However, due to the complex structure of the system, it is not only difficult to as-
semble, but also difficult to maintain once damage occurs. Furthermore, because of the
deformation of the mechanical mechanism and the hysteresis of the elastic element itself, it
is unable to ensure a good quality of operation, and does not adapt to the developing trend
of precision agriculture. With the development and maturity of electronic technology and
microcomputer technology, scholars in China and abroad began to study the tractor based
on the integrative technology of mechanics-electrics-hydraulics. The traditional mechan-
ical hydraulic hitch system is gradually being replaced by the modern electro-hydraulic
hitch system. Figure 2 shows the structural principle of the modern electro-hydraulic
hitch system.

Figure 2. The structure principle of the modern electro-hydraulic hitch system.

2.1. Basic Types of Hitch Systems

The tractor hitch system is mainly composed of an oil pump, a distributor (hydraulic
control valve) and a hydraulic cylinder. According to the installation positions of the three
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main hydraulic components, they are divided into three types: split type, integral type and
semi-split type [21]. Table 1 shows the comparison of the different hitch systems

Table 1. Comparison of different hitch systems.

Type Layout Characteristics Advantages Disadvantages Application of the Tractor

Split

Pumps, distributors
(hydraulic control valves)

and cylinders are installed at
different locations

Flexible layout, Easier
maintenance, Easy to

be standardized

Complex connection
pipeline, Easy to leak

Dongfanghong-75 (YTO,
Luoyang, China)

TN-55 (TT, Tianjin, China)
M1304-R (LOVOL, Weifang, China)

Semi-split

Distributor (hydraulic
control valve) and cylinder

installed together, pump
arranged separately

Compact structure Inconvenient to
fault check

TM130 (New Holland, WI, USA)
800 (CF, Changzhou, China)

Integral

Oil pump, distributor
(hydraulic control valve) and

oil cylinder are installed
together

Compact structure,
good sealing

Complex structure,
big volume, Difficult

to standardize

T8000 (New Holland, WI, USA)
35 (FS, Shanghai, China)

2.2. Development Status of the Electro-Hydraulic Hitch System in Foreign Countries

Foreign scholars began to study the electro-hydraulic hitch system in the 1970s. In 1978,
Germany’s Mercedes Benz first applied the electro-hydraulic hitch system to its agricultural
tractor, marking the successful application of the electro-hydraulic control technology in
the field of agriculture [22]. Subsequently, the Toshiba Corporation of Japan developed
an IC electro-hydraulic hitch control system with the position regulation function. This
system can not only adjust the depth of the rotary tillage operation, but also automatically
adjusts the posture of the agricultural machinery in order to reduce the influence of the left
and right tilts of the agricultural tools on the quality of its operation [23]. In 1986, Bosch
developed the CAN bus technology and for the first time it was applied to the tractor
control system by Scarlett in the early 1990s, which effectively improved the quality of
the tillage depth and reduced the operating intensity of the tractor drivers [24,25]. Major
foreign universities have also conducted in-depth research into the electro-hydraulic hitch
system, they have designed electro-hydraulic hitch systems to meet different needs, and
have verified the feasibility of their design scheme through experiments. For instance,
Kyoto University in Japan, the University of the Witwatersrand in South Africa and The
Technical University of Braunschweig in Germany [26–28].

The tractor electro-hydraulic hitch systems designed in foreign countries after years
of development, have formed a more mature product. Major companies such as Bosch–
Rexroth [29], Walvoil [30] and Danfoss [31] have launched similar electro-hydraulic hitch
systems. At present, the leading position in the foreign market is the tractor electro-
hydraulic hitch control system (EHC) introduced by Bosch–Rexroth. This system is mainly
composed of a controller, operating panel, hydraulic pump, hydraulic cylinder and a
solenoid valve. With a wheel speed sensor, force sensor, displacement sensor, pressure
sensor, radar and other sensors. Each electronic control unit on the tractor transmits data
through the CAN bus, which makes the tractor have a high operation efficiency and good
operation coordination ability. This system meets various functions such as force control,
position control, pressure control, slip rate control and force-position integrated control.
Drivers only need to select the appropriate working mode through the operating panel
according to the actual operating requirements. Experiments show that compared with the
existing mechanical hydraulic control system, the slip rate achieved using the EHC system
is reduced by 7–30%, the energy consumption of the whole machine is reduced by 2–3%
and the work efficiency is improved by 3.4–3.8% [18]. Therefore, at present, most tractors
in western countries have applied the system from companies such as John Deere, DEUTZ,
New Holland, etc.

82



Agriculture 2022, 12, 1547

2.3. Development Status of the Electro-Hydraulic Hitch System in China

Due to the late start of the tractor industry in China, the tractor hitch technology is
relatively backward. In the 1980s, foreign famous brands of tractors, such as John Deere,
Fiat and so on, were introduced in China. The tractor hitch technology in China has since
improved. Following the 1990s, with the rapid development of electronic technology, many
universities in China began to study the electro-hydraulic hitch system of tractors.

Zhan et al. [32] used a single chip microcomputer for the control of the tractor hitch
system. Taking the tractor ploughing unit as the research object, the mathematical model of
each part was established, and the simulation operation was completed. In this study, sev-
eral problems regarding the digital simulation of the tractor electro-hydraulic hitch system
through the use of a microcomputer were discussed. Fang et al. [33] changed the valve core
of the Jangsu-50 tractor (YTO, Luoyang, China) distributor into an electromagnetic drive
and established a closed-loop feedback control system by installing angle sensors. The
accuracy of the control system was proved using the comparison test with the traditional
mechanical feedback system.

In the 21st century, more new technologies, such as electronic technology and computer
control technology, have been applied to the tractor electro-hydraulic suspension system.
China has achieved fruitful results in the study of the tractor electro-hydraulic suspension
control system. Xie et al. [34] reformed the traditional mechanical hydraulic hitch system,
replaced the distributor with electro-hydraulic proportional valve and achieved the digital
control through a single chip microcomputer. The good performance of the improved
suspension system was verified through an experiment. Later, Xie et al. [35] also carried
out the research on the application of the CAN bus in the electro-hydraulic hitch system.
At the same time, large tractor enterprises in China also carried out a series of studies for
the tractor hitch system. For example, YTO, Lovol and Dongfeng et al. have launched
intelligent tractor products with a variety of working modes. The technical characteristics
of the hydraulic suspension type of some tractors are shown in Table 2.

Table 2. Types and Technical Characteristics of Hydraulic Suspension Systems in China.

Model Company Type Adjustment Mode Maximum Lifting Force (kN)

M604-E LOVOL semi-split Position, Draft, Mixed draft-position adjustment ≥10.1
LF1504 YTO semi-split Position, Draft, Height, Mixed draft-position adjustment ≥28

M2204-R LOVOL split Position, Height, adjustment ≥39
CFK1804 Changfa split Position, Draft, Height, Mixed draft-position adjustment ≥42

3. Research Progress into the Tillage Depth Adjustment Methods

Due to the complexity and diversity of the tractor field working environment, it is
often necessary to adjust the tillage depth repeatedly to obtain a stable and uniform tillage
depth. Therefore, the development of the tillage depth adjustment method is a necessary
means to obtain an accurate and efficient adjustment. In the early stage, the mechanical
hydraulic hitch system was generally adjusted manually by adjusting the operating handle,
which was not only inefficient but also poor in quality. With the development of the electro-
hydraulic hitch system, the tillage depth adjustment method has gradually changed from
the manual adjustment to the automatic adjustment. Currently, there are three major ways
to adjust a tractor’s tillage depth: by a single parameter adjustment, mixed draft-position
adjustment and mixed draft-position-slip adjustment.

3.1. Method of the Single Parameter Adjustment

The single parameter adjustment method adjusts the position of the three-point hitch
device with a single parameter as the main control index, so as to obtain the desired
effect. This way can be well targeted for different terrain characteristics. At present, there
are two kinds of single parameter adjustment methods: the position adjustment and the
draft adjustment.
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According to the position regulation principle of the tractor electro-hydraulic hitch sys-
tem, Chen et al. [36] designed the position regulation controller based on a microcontroller
and a displacement sensor and verified it on the simulation test bench. The experimental
results showed that the system had an anti-disturbance ability and could achieve auto-
matic control. However, this study only carried out the position adjustment control in
the simulation state, and the control effect needs further experimental verification [36].
Based on the CAN bus technology, Zhang et al. [37] proposed an adjustment scheme with
the PLC as the core, according to the technical requirements of the system. In order to
verify the feasibility of the scheme, the lifting and lowering experiments were carried out
by using Simulink. However, the simulation test condition in this study were too ideal
to consider the interference problem in the actual operation process. In addition, Lee
et al. [38,39] and Xia et al. [40], based on the displacement sensor feedback of the tillage
depth for the position adjustment, also increased the inclination sensor to measure the
attitude of the farm tool. In the study by Xia et al. [40], the test results showed that the
maximum coefficient of variation of the tillage depth under each working condition was
4.28%. This method had a good correction effect on the tillage depth error caused by uneven
road surfaces.

Hao et al. [41] built a tractor electro-hydraulic hitch system model based on AMESIM
and ADAMS. The force regulation simulation was carried out under soil disturbance
conditions. The simulation results showed that the adjustment error of the hitch system is
within 1.7%. It provided a reference for the construction of the joint simulation platform.
However, the accuracy of the simulation model still lacks verification. Chen et al. [42],
Wang et al. [43] and Xu et al. [44] analyzed the advantages and disadvantages of the
original mechanical hydraulic hitch system with the draft adjustment method, proposed
the draft adjustment scheme of the electro-hydraulic hitch system based on a single chip
microcomputer, and built the indoor bench to test and verify the feasibility of the scheme.
However, due to the limited conditions, there was a certain deviation between the simulated
loading and the actual working conditions of the loading system, which needs to be further
improved, according to the field test. Zhang et al. [45] studied the prediction of the tillage
resistance in the process of the draft adjustment. Aiming at the problem of a low prediction
accuracy of the tillage resistance in the process of the draft adjustment, the nonlinear
modeling method based on ANFIS was used to construct the prediction model of the tillage
resistance in the process of operation, and the adaptive adjustment was realized. The
accuracy of the method was verified by field experiments.

3.2. Method of the Mixed Draft-Position Adjustment

The mixed draft-position adjustment is a comprehensive adjustment method that
combines the uniformity of the tillage depth of position adjustment and the stability of
the engine traction load with the draft adjustment. At present, the mixed draft-position
adjustment method generally adopts two forms, the switching method and the weighted
coefficient method. The former allows to switch between the position adjustment and
the draft adjustment, according to soil changes, and the latter adds the two adjustment
methods according to a certain weight.

Shang et al. [46] applied the switching method and the weighted coefficient method to
the comprehensive adjustment of the force and position. Through a simulation verification,
it was concluded that the weighted coefficient method had more long-term research and
application value. Zhao et al. [47], Xu et al. [48] and Guo et al. [49] studied the weight
coefficient of the mixed draft-position adjustment method, but they were limited to the
comparative analysis of the artificially set weight coefficient.

Li [50] proposed a mixed draft-position adjustment scheme with variable weights
(Figure 3). In the adjustment process, the weight of the initial draft adjustment was preset by
the driver, and then the weight was corrected according to the actual operation situation. In
the areas with uniform soil change, the weight of the draft adjustment is reduced to ensure
the tillage quality of tractors. Conversely, the weight is increased to ensure that the tractor
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can pass in the areas with large soil changes. The effectiveness of the scheme was verified
by simulation and experiment. However, since the initial weight and weight adjustment of
the scheme still need to be set manually by the driver, the adjustment efficiency is not high.

Figure 3. Mixed draft−position adjustment scheme with variable weights.

Based on the consideration of the influence of the soil specific resistance on the weight
coefficient, Wang et al. [51] established the relationship model between the weight co-
efficient and the soil specific resistance. Then, a variable weight mixed draft-position
adjustment method based on the soil specific resistance was designed. According to the
simulation data and a large number of field operations, the approximate relationship be-
tween the weight coefficient and the soil specific resistance was obtained. This method
can automatically adjust the weight coefficient according to the soil specific resistance,
which improves the operation effect of the tractors in areas with large changes in soil
specific resistance.

3.3. Method of the Mixed Draft-Position-Slip Adjustment

The three-parameter comprehensive adjustment of the draft-position-slip is a kind of
adjustment method that introduces the sliding rate on the basis of the mixed draft-position
adjustment. On the one hand, this method can obtain a stable power output on the basis
of ensuring the tillage depth uniformity; on the other hand, because of the high traction
efficiency of the tractor, it can obtain a good fuel economy [52]. At present, there are two
forms of the method of the mixed draft-position-slip adjustment, the weighted coefficient
method and the logic threshold method.

Gao [53] designed a three-parameter comprehensive adjustment scheme based on the
weight coefficient method. The adjustment logic is shown in the Figure 4. In his research, the
output of the draft-position adjustment and the slip adjustment were weighted according
to a certain proportion to form a total output. Adjusting the weight of the two ratios can
change the ratio of resistance, position and slip in the adjustment process. The proportion
of the draft, the position and the slip involved in the adjustment process can be changed by
adjusting the weight of the two proportions. The principle of this method is simple, but the
weights of the two proportions are subjectively set by the driver, and the adjustment has a
certain randomness.
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Figure 4. Three−parameter comprehensive adjustment scheme based on the weight coefficient. a.
Weight of position adjustment; b. Weight of slip adjustment.

Ma et al. [52], Mu et al. [54] and Bai et al. [55], designed a three-parameter compre-
hensive adjustment scheme based on the logic threshold method. The adjustment logic is
shown in the Figure 5. The principle of this scheme is that in the tillage process, the system
will calculate the slip rate in real time, and when the slip rate is within the set threshold
range, the system enters the mixed draft-position adjustment; When the slip ratio exceeds
the set threshold range, the system enters the slip adjustment until the slip ratio is adjusted
to the optimal range and then enters the mixed draft-position adjustment again, so the
different adjustment modes are switched in this cycle. The results showed that this scheme
not only ensured the traction efficiency of the tractor, but also obtained good uniformity of
the tillage depth [52]. However, in the actual operation process, it is difficult to achieve a
real-time accurate measurement of the slip rate due to the complex force of the tire and the
sensitive change of the slip rate.

Figure 5. Three−parameter comprehensive adjustment scheme based on the logic threshold.
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In summary, the method of the single parameter adjustment is simple and convenient,
but it is difficult to ensure the quality of the operation for the complex and changeable
field working conditions. For example, in the uneven terrain area, the position adjustment
does not have a profiling function; the draft adjustment causes a poor stability of the tillage
depth in areas with large soil changes. Compared with the method of the single parameter
adjustment, the method of the mixed draft-position adjustment can adapt to a variety
of working environments and improve the working quality. Among them, the weighted
coefficient method has more long-term research and practical value. However, there are
still some problems, on the one hand, the weighting coefficient is affected by human factors,
on the other hand, the adhesion conditions in the process of the tractor operation are not
considered. In addition, although the method of the mixed draft-position-slip adjustment
combines the advantages of the different methods, due to the difficulty in the real-time
measurement and the calculation of the slip rate of the driving wheel in complex working
environments, and whether the method of the mixed draft-position-slip adjustment can
achieve seamless coupling, remains to be verified. This method needs further research [56].
Different adjustment methods have their own advantages and scopes for use, but they also
have their own shortcomings. In order to understand the characteristics of the different
adjustment methods more intuitively, the comparison table of the different adjustment
methods is shown in Table 3.

Table 3. Comparison of the different tillage depth adjustment methods.

Item Position Adjustment Draft Adjustment Draft-Position
Mixed Control

Draft-Position-Slip
Mixed Control

Engine load stability Bad Best Good Best
Traction efficiency Bad Good Good Best

Operation quality on different soils Good Bad Good Best
Operation quality on rough surface Bad Good Good Best

Application Shallow tillage Deep tillage All operation All operation

4. Research Progress of the Tillage Depth Control Algorithm

In order to improve the stability and accuracy of the tillage depth control of the tractor
electro-hydraulic hitch system, researchers also tried to start from the control algorithm and
achieved certain results. The current research is mainly divided into the classical control
algorithm represented by the PID control and the intelligent control algorithms.

4.1. PID Control Algorithm of the Tillage Depth

The PID control is one of the earliest developed control algorithms. It is widely used in
the industrial controls because of its simple structure and strong adaptability [57]. The key
to the creation of the PID control algorithm lies in the establishment of the mathematical
model of the control system and the tuning of the PID parameters.

The essence of the tractor electro-hydraulic hitch control system is to control the spool
displacement of the hydraulic valve so as to achieve the lifting and lowering of the agricultural
tools. So, the mathematical model of the hydraulic system can be used to analyze the
characteristics of the PID controller. Relevant scholars established the general transfer function
of the tractor electro-hydraulic hitch system, as shown in Equations (1) and (2) [34,58–60].
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Among it: Y is the displacement of the hydraulic cylinder, m; X is the displacement of
the spool, m; FL is the external load; Kq is the valve flow co-efficient; A is the area of the
hydraulic cylinder, m2; M is the inertia mass, kg; Vt is the fluid volume, m3; Kce is the total
leakage co-efficient; βe is the bulk modulus of the oil, Pa; Bp is the viscous co-efficient of
the fluid, N·s/m.

Zhang [37] took the hydraulic hitch system of a DF354 tractor (DFAM, Changzhou,
China) as the research object and established the mathematical model. Then, the step
response characteristics were simulated and analyzed (1) without the use of a PID control,
(2) with a proportional controller, (3) with a proportional-integral controller and (4) with a
PID controller. Finally, the response rise time of the system was 0.0298 s, and the adjustment
time to reach the set value was 0.179 s. This study provides a theoretical basis for the design
of the actual system. However, the system only performs a simulation verification under
the position adjustment, thus lacking any field test verification and the interference problem
in the actual operation process was not considered.

Li et al. [61] and Li et al. [57] took the tillage depth control system of the rotary
cultivator as the research object, and the simulation model of the electro-hydraulic hitch
system was built using the SIMHYDRAULIC module in MATLAB. Aimed at solving
the problem concerning the system’s overshoots and oscillation, an integral separation
PID control system was proposed and simulated. The simulation results showed that
the amount of time to achieve the stability using the integral separation PID control
algorithm, was 3.6 s less than that without the PID control. Zhou et al. [62] introduced a
neural network algorithm to design the variable-gain single-neuron PID controller for the
conventional PID controller that has no self-learning and adaptive abilities. In the face of
the strong time-varying field conditions, the PID parameters can be adjusted according to
the environmental changes. The robustness and adaptability of the tillage depth control
system were greatly enhanced.

4.2. Intelligent Control Algorithm of the Tillage Depth

Zadeh first proposed the concept of the membership function in his ‘fuzzy sets’ and
created the fuzzy set theory in 1965 [63]. The British scholar Ebrahim Mamdani applied
the fuzzy set theory to the steam engine control, and built one of the first fuzzy control
systems to control a steam engine together with a boiler, in 1974 [64]. It was a modern intel-
ligent control algorithm with artificial thinking based on the fuzzy mathematics language.
Pang [65] first introduced the fuzzy control into the tractor electro-hydraulic hitch control
system. The integrated control simulation model, based on the engine load rate, driving
wheel slip rate and operating resistance was established and the discontinuous variables
and continuous variables of the fuzzy control algorithms were designed, respectively. It
was verified by comparison that the automatic control was more accurate than the manual
experience control.

In order to improve the accuracy of the tillage depth of the control system, Lu et al. [66]
designed a tractor tillage depth fuzzy controller and developed a fuzzy control rule table
of the electronically controlled hydraulic hitch system. Figure 6 shows the fuzzy control
principle diagram of the tillage depth. The bench verification results showed that the
response time of the tillage depth to the specified target was less than 1.7 s, and the
maximum error of the tillage depth was ±1cm. This method reduces the influence of
surface roughness disturbance and the parameter variation on the control effect. The
feasibility of applying the fuzzy controller to the tractor electro-hydraulic hitch system
was verified.
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Figure 6. Principle diagram of fuzzy control algorithm.

Serhat et al. [67] took the slip rate of the driving wheel as the system input, and
designed a tractor slip rate controller based on the fuzzy control. Then, the adjustment
of the tillage depth was determined based on the fuzzy rules, and the effectiveness of
the control system was verified by field experiments. Han et al. [68] proposed a draft-
position mixed control strategy for the electro-hydraulic hitch system and designed a
fuzzy controller based on a Jinma 1204 tractor (Yueda, Yancheng, China). The experimental
results showed that the ploughing depth error was less than ±2 cm, but the system response
time was 4.8 s. However, the designed controller’s processing speed needs to be further
improved. Tan et al. [69] and Gao et al. [70] compared the PID controller and the fuzzy
controller. In the study by Tan [69], the PID control was more accurate than the fuzzy
control, but the system was always within regulation and unstable. The fuzzy control
did not adjust when the deviation was small, which was beneficial to the system energy
saving. However, this conclusion lacks the verification of field experiments. Using a
Dongfanghong-1604 tractor (YTO, Luoyang, China), an experiment verification was carried
out by Gao et al. [70]. The results showed that the tillage depth error was controlled within
2 cm. Compared with the PID control, the fuzzy control had a shorter response time and a
smaller response curve amplitude. However, they only studied the position control, and
did not consider the influence of the road roughness and soil specific resistance.

Shafaei et al. [71] developed a tractor fuzzy draft-position control system and wrote a set
of instructions containing four fuzzy rules. In order to verify the characteristics of the control
system, the field experiments were designed at three tillage depth levels (10, 20, 30 cm), three
forward speeds (2, 4, 6 km/h) and with three plow types (plow plate, disc plow, chisel plow)
and compared their results with the original MF399 tractor control system. The test results
showed that the application of the fuzzy control increases both the tractor traction efficiency
and the overall energy efficiency by up to 20% and 73%, respectively, the tillage depth error,
the driving wheel slip rate, and the fuel consumption were decreased by 53%, 34% and 34%,
respectively. In addition, the study showed that the tillage depth and plow type have no effect
on the control performance, and the forward speed had an effect on the control performance
of the system (p ≤ 0.01). Therefore, in future studies of the electro-hydraulic hitch system, the
working speed of the tractor needs to be considered.

In order to combine the advantages of the different algorithms, Li et al. [72] introduced
the fuzzy control theory into the PID control and designed a fuzzy PID adaptive controller.
As shown in Figure 7, the principle was to calculate the PID parameters by fuzzy inference,
and then output the control signal by the PID. The simulation and experimental verifications
were carried out under the position control and the draft control. The simulation results
showed that the transition time of the fuzzy PID adaptive control was reduced by 15.5 s
compared with the conventional PID under the position control, and the system had no
overshoot. Under the draft control, the transition time of the fuzzy PID adaptive control was
reduced by 2.8 s compared with the conventional PID, and the system changed smoothly
without oscillation. The experimental results showed that the fuzzy PID adaptive control
effect was basically consistent with the simulation in the position control, but it was worth
noting that the overshoot of the system reached 25% in the position control mode.
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Figure 7. Principle Diagram of the Fuzzy−PID Control Algorithm.

Wang et al. [73] introduced the variable universe fuzzy PID control in the tillage depth
control. The simulation platform of the draft-position mixed control was established based
on MATLAB and the system characteristics when using a PID controller, a fuzzy PID
controller and a variable universe fuzzy PID controller were simulated and compared. The
results showed that the PID control results have 19.2% overshoot and the system response
time was 1 s. The fuzzy PID control results had no overshoot, and the response time was
reduced by 0.1 s compared with the PID control. There was no overshoot in the variable
universe fuzzy PID control, and the response time was reduced by 0.44 s compared with
the fuzzy PID control. This study provided a method for the selection of the initial domain
in the fuzzy control. However, due to the constraints of the conditions, the experiments
were carried out only under one single soil specific resistance, and there was a lack of
verification of the simulation results.

In addition to the above algorithm, Zhang et al. [74] introduced a more advanced
sliding mode variable structure controller algorithm. The dynamic model of the tractor
ploughing unit was established, and a comprehensive control strategy of the slip rate, based
on the tractor traction characteristics, was proposed. The comparison with the fuzzy PID
control showed that the average absolute deviation of the tractor slip rate, the variation
of the tillage depth adjustment and the variation of the draft adjustment were reduced by
27%, 27% and 42% when using the sliding mode variable structure controller algorithm.
The control performance and superiority of this way were verified. There was a concern in
this study. The derivation of this method involved many physical quantities, and most of
them were difficult to obtain directly through measurement. However, it should be worth
noting that this study was an exploration of the application of future intelligent algorithms
in electro-hydraulic hitch systems.

In summary, with the continuous development and maturity of the advanced control
theory, in the study of the tractor tillage depth control algorithm, researchers have not
only been limited to the simple PID control, but also transformed it into a control mode
combining multiple control algorithms. With the introduction of intelligent algorithms,
the response characteristics and control accuracy of the tillage depth control system are
greatly improved.

5. Research Progress of Key Components of the Electro-Hydraulic Hitch System

Compared with the traditional mechanical hydraulic hitch system, in order to obtain a
good working quality and to reduce energy consumption, the electro-hydraulic hitch system
not only adopts advanced control methods, but also constantly updates and develops the
composition hardware. Among them, the control valves and sensing elements, as the core
components, have attracted wide attention from scholars in China and abroad.

5.1. Hydraulic Control Valve

The hydraulic control valve is the core component of the tractor electro-hydraulic
hitch system. The early commonly used control valve is the mechanical control valve,

90



Agriculture 2022, 12, 1547

generally of the slide rod type, through which the operation handle drives the slide rod
movement, so as to realize the oil circuit connection and closure. With the development of
the electro-hydraulic proportional control technology, the electro-hydraulic proportional
valve is gradually used in the tractor electro-hydraulic hitch system. A large number
of research results on the design of hydraulic control valve of tractor electro-hydraulic
hitch system have been accumulated by relevant scholars. A comparison of several typical
schemes is shown in Table 4.

Table 4. Comparison of the hydraulic control valves with different principles.

Scheme Structure Control Mode Features

1 [75] Rotary type Motor control Proportional valve, Single-acting

2 [41,76,77] plate design Direct electromagnetic actuation Proportional valve, Single-acting,
With load sensitive

3 [78] threaded cartridge Pilot control Proportional valve, Single-acting,
With load sensitive, With position feedback

The scheme 1 consists of a three-position four-way directional valve and a safety valve.
The working oil port is connected with the hydraulic cylinder. The pressure relief valve is
used to control the maximum working pressure of the whole system and improve the safety
of the system. Three four-way directional valve to change the flow direction of oil, and the
lifting and lowering of the agricultural machinery are controlled by the motion of the oil
cylinder. The structure and principle of scheme 1 is simple, but the tractor electro-hydraulic
hitch system using this scheme needs a separate oil supply, which cannot carry out the
simultaneous operations of the multiple actuators. The scheme 2 chooses to realize the
lifting and lowering of the agricultural machinery through two valves separately, and adds
a pressure compensator and shuttle valve to the system. Pressure compensator is used
to maintain the stability of the pressure difference in the process of operation, so that the
flow of the control valve is only related to the opening of the valve port. Therefore, the
operation depth of tractor electro-hydraulic hitch system can be controlled by controlling
the displacement of spool. The shuttle valve can be matched with a load sensitive pump
to achieve the function of the load sensitive. On the one hand, the flow can be adjusted
on demand through the system pressure change fed back by the shuttle valve, so that the
energy loss of the whole system is reduced. On the other hand, the load independent flow
distribution can be realized, which can work with other actuators and does not require a
separate oil supply. The scheme 3 is a hydraulic control valve based on pilot control, which
can meet the demand of large flow control. At the same time, this scheme is equipped with
a spool displacement sensor in addition to the load sensing function. The spool stroke is fed
back to the control unit through the displacement sensor, and the control unit controls the
spool position through the current of the pilot valve, which improves the control accuracy
of the entire control valve.

Scholars have also invested a lot of theoretical research on hydraulic control valves.
Li et al. [79] designed the proportional lift valve of the electro-hydraulic hitch system of
the high-power tractor, and the flow characteristics of four different types of regulator
orifices were analyzed. The results showed that the valve core with the half-round regulator
orifice had a shorter travel and better low-flow rate characteristics. Zhao et al. [80] took the
multi-way reversing valve as the research object. Then, the state equation of the multi-way
reversing valve was establish based on the theoretical analysis and the performance of the
multi-way reversing valve was verified by building a hydraulic system test platform, based
on closed-center load sensing. Based on the state space method of the modern control
theory, Hua et al. [81] established the nonlinear mathematical model of the proportional
lift valve. The performance was verified by simulation and bench tests, which provided a
reference for the theoretical research method of the control valve of the electro-hydraulic
hitch system.
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5.2. Sensor

The sensor is an essential detecting element for the tractor electro-hydraulic hitch
system. As the key component of the control system, the sensors provide feedback signals
for the control system, so as to realize the closed-loop control of the tillage depth. Therefore,
the type and performance of the sensors directly affect the performance of the control
system. For the different control modes, the types of sensors selected are also different. At
present, there are two kinds of sensors most widely used in the tractor electro-hydraulic
hitch system: the displacement sensor and the draft sensor. Figure 8 shows the schematic
illustration of the installation of the sensors.

Figure 8. Schematic illustration of the installation of the sensors.

5.2.1. Displacement Sensors

The displacement sensors are mainly used to feedback the tillage depth in real time
in the process of controlling the operation depth by the electro-hydraulic hitch system.
Currently, there are mainly two different types according to the measurement method:
contact and non-contact.

Adamchuk et al. [82] and Li et al. [83] used a non-contact ultrasonic displacement
sensor to feedback the tillage depth. The sensor mainly uses the uniform transmission of
sound waves to obtain the measured distance by calculating the time interval and sound
velocity between the sound waves emitted and received. The study by Li [83], compared
the resistance displacement sensor with the accuracy of the ultrasonic displacement sensor,
which was higher than that of resistance displacement sensor.

A swinging arm type of frame height sensor was designed to measure the distance
variation between the soil surface by Mouazen et al. [84]. The sensor was mainly composed
of a metal wheel and a linear variable displacement sensor connected with the metal wheel
shaft. An analytical–statistical hybrid model was developed based on the kinematics
analysis and the tests were performed on four surfaces: asphalt road; rough dirt track;
and agricultural silty clay loam soil (bare soil and soil with stubble present). The results
showed that compared with the ultrasonic sensor, the sensor can reduce the influence of
plant residues and stubble on the measurement results. However, due to the existence of a
certain weight of the metal wheel, there would be subsidence in the wet and soft ground,
which affects the accuracy of the measurement results.

MacQueene et al. [85] used inductive linear displacement sensors to obtain the tillage
depth. The inductive linear displacement sensor is an electromagnetic inductive displace-
ment measuring element, its principle mainly uses the self-inductance or mutual inductance
of the coil inside the sensor to convert the displacement signal of the measured object into
an electrical signal for the output [86]. In this study, a cam disc was installed on the lifting
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arm to convert the rotation angle signal into a linear displacement signal, and then the
inductive displacement sensor was used to measure the stroke of the cam. According to the
kinematic relationship between the rods of the three-point suspension device, the rotation
angle of the lifting arm was converted into the height of the farm tool. The principle of this
method is simple, but the installation position of the cam and the adjustment convenience
of the linear displacement sensor should be considered in the use process. Cai et al. [87]
replaced the linear displacement sensor with the angular displacement sensor based on sim-
ilar principles to measure the angle of the lifting arm directly. Due to its simple installation
and accurate measurement, it is widely used in current research.

5.2.2. Draft Sensors

The draft sensors are designed to measure the draft exerted by farm implements
on the tractor drawbar. According to the different measurement positions, these are
grouped into two major categories: the drawbar dynamometers and the three-point hitch
dynamometers [88].

Zhang et al. [89] and Bentaher et al. [90] used the upper link with a pull-pressure
sensor and an angle sensor to replace the original upper link of the tractor and to it connect
with agricultural machinery. Then, the horizontal and vertical drafts can be obtained by the
force and angle of the upper link. Kumar et al. [91] and Roul et al. [92] installed an annular
sensor based on the principle of strain gauge and a rotary potentiometer to achieve the
draft measurements. However, the above studies need to reform the upper link, so it has
not been widely applied. Bhondave et al. [93] directly used the sense implement load via
the top link of the three-point linkages by the axial pin draft sensor. This method is more
convenient because it does not need to modify the structure of the upper link. However, it
should be worth noted that Gao et al. [94] studied the characteristics and the quality of the
draft signals in two sensing methods of the upper links and lower links under different
tillage conditions. The dynamic model of the three-point hitch mechanism was analyzed,
and the results showed that the absolute error of the lower link measurement was smaller
than that of the upper link measurement. Therefore, the lower links measurement method
should be used to improve the measurement accuracy.

A draft sensing pin was used to attach the lower links to the implement by Singh
et al. [95] The principle of the sensor is to use the deformation of the resistance strain gauge
inside the sensor to generate the differential pressure signal, so as to convert the force
signal of the measured object into an electrical signal for the output. Li et al. [96] proposed
a special sensor to achieve the draft measurements for the electro-hydraulic hitch system of
the high horsepower tractor. The sensor was based on the magneto-strictive effect. When
the sensing element is subjected to force, the internal permeability changes to produce
voltage. Compared with the strain gauge sensor, the sensor has a good anti-interference
ability. However, the sensors can only withstand the shear force in one direction. Therefore,
the accuracy of the measurement results may be affected by the direction offset when the
three-point hitch mechanism moves. Based on Li’s study, Li [97] designed a new kind of
structure which changed the excitation magnetic core from columnar to cruciform. For
the design, the mechanical dimensions were changed from 2D to 3D which can be more
adaptable for a bad working environment.

Kheiralla et al. [98] and Al-Jalil et al. [99] designed a three-point hitch dynamometer
with a similar structure. The force sensor consists of three sliding arms, which can adjust
the position by sliding. There is an inverted U-shaped cantilever beam at the end of each
sliding arm, and the two strain gauges are installed on each cantilever to form a Wheatstone
bridge. The dynamometer was used to connect the tractor to farm implements, so as to
measure the horizontal and vertical drafts of the farm implements.

In the existing electro-hydraulic hitch control system, the angular displacement sensor
and shaft pin force sensor are widely used because of their low cost, simple working
principle and convenient installation. However, there are still some problems. The accuracy
and stability of the force sensor will be affected by the harsh working conditions in the field,
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the vibration of the farm implements, the weight of the hitch system and the asymmetry
of the force. In addition, the angular displacement sensor converts the angle of the lifting
arm into the tillage depth, but there are still many connecting links of the three-point hitch
system between the lifting arm and the farm implements. The driver may adjust the length
of the connecting links in the actual operation process, so that the geometric parameters of
the three-point hitch system are changed, resulting in inaccurate results of the tillage depth.
Therefore, more exploration is needed to find more suitable methods.

6. Conclusions and Prospects

The tractor electro-hydraulic suspension system can reduce labor intensity and im-
prove comfort. The tractor can work in the best conditions by automatically adjusting the
tillage depth of the machine of the tractor electro-hydraulic hitch system according to the
different land conditions. A large number of studies have been carried out to improve
the working quality of the tractor electro-hydraulic suspension system and reduce energy
consumption. A systematic literature review discussing the prevailing state of the tractor
electro-hydraulic hitch system in the agriculture sector was presented in this study from
three aspects: the tillage depth adjustment method, the tillage depth control algorithm and
the key components of the tractor electro-hydraulic hitch system. Conclusions were drawn
as follows:

(1) The single-parameter adjustment method does not conform with the high-standard
tillage quality requirements of modern precision agriculture. the coupling mech-
anism between the different adjustment parameters should be paid attention to
in further research.

(2) The integration of intelligent control algorithms can effectively improve the quality of
work, but the impact of the different soil environments on the control system is not
clear, and more field experiment tests will be required.

(3) In terms of hardware, it is necessary to put forward higher design requirements for
the key components of the electro-hydraulic hitch system. It is necessary to develop
more intelligent control valves and strong anti-interference ability sensing elements.

Therefore, aiming at the key technology of the tractor electro-hydraulic hitch system,
the following subsections briefly highlight future emerging trends of the tractor electro-
hydraulic hitch system.

6.1. Tillage Depth Adjustment Methods

At present, the tillage depth adjustment methods of the tractor electro-hydraulic hitch
system are mainly based on the position adjustment, draft adjustment and mixed draft-
position adjustment. There are relatively few studies on slipping, and they are mainly
concentrated in single soil conditions and in a single ploughing mode. In the future, the
comprehensive adjustment method based on slipping should be explored, so as to improve
the applicability under the different operating modes and operating environments.

In addition, in the current multi-parameter adjustment method, the slip rate is more
frequently used as a threshold to achieve switch control. Therefore, carrying out research
on the coupling mechanism between the multi-parameters based on position, force and slip
rate to achieve seamless switching between multi-parameters is also an aspect that most of
the current research needs to further consider.

6.2. Tillage Depth Control Algorithm

With the continuous development and maturity of the advanced control theory, in
order to realize the optimal tillage depth control of the tractor electro-hydraulic hitch
system, more advanced intelligent algorithms should be explored in combination with
the characteristics of the tractor electro-hydraulic hitch system. Intelligent algorithms
such as the neural network, sliding mode variable structure control can adapt well to the
nonlinear tillage depth control system, so as to improve the robustness and accuracy of the
control system.
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In addition, in the study of the tractor tillage depth control algorithm, researchers
have not only been limited to a single algorithmic control, but they also transformed a
control mode into combining multiple control algorithms to adapt well to the different
control needs.

6.3. Key Components of the Electro-Hydraulic Hitch System

While the tillage depth adjustment method and the tillage depth control algorithm
are continuously studied, in order to achieve the required control effect, higher design
requirements should be put forward for the key components of the electro-hydraulic hitch
system. The intellectualization and digitization of the hydraulic control valves are the trend
of future development. Through the built-in sensing elements and the application of the
electro-hydraulic digital control, the hydraulic system and control technology can be better
combined to improve the control performance of the hydraulic control valves.

For the sensing element, further exploration of new functional materials, such as
magnetorheological fluid, magnetostriction material, piezoelectric material, etc., in order
to achieve new characteristics and improve the reliability of the sensing element, so as to
adapt well to the harsh working conditions, is necessary. In addition, with the development
of high-tech, such as autonomous driving and positioning navigation, the research on the
multi-sensor fusion technology should be committed and combine with intelligent control
algorithms to achieve precision operations.
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Abstract: China has had the highest fertilizer use rate in the world for years, but today a large
number of farmlands still use traditional manual fertilizer application methods, which rely entirely
on personal experience and not only cause the waste of fertilizer and water resources but also make
the local ecological environment polluted. This paper researches and designs a BP neural network
PID controller based on PSO optimization to address the above problems. The PSO algorithm is used
to optimize the initial weights of the BP neural network, and then optimize the control parameters of
the PID to achieve accurate control of the liquid fertilizer flow. A precision fertilizer control system
based on the STM32 microcontroller was also developed, and the performance of this controller was
verified in tests. The results showed that compared with the conventional PID controller and BP
neural network-based PID controller, this controller had good control accuracy and robustness, the
average maximum overshoot was 6.35%, and the average regulation time was 41.17 s; when the
fertilizer application flow rate was 0.6 m3/h, the shortest adjustment time is 30.85 s, which achieves
the effect of precise fertilizer application.

Keywords: precision fertilizer application; BP neural network; PSO optimization algorithm;
PID control

1. Introduction

China has a serious shortage of water resources, and agricultural irrigation water is
generally wasted and underutilized. Some remote areas still use the traditional manual
fertilization method, which relies solely on personal experience and is a huge waste of
fertilizer and may even cause harm to the land. Water-fertilizer integration technology is a
highly efficient, water- and fertilizer-saving agricultural technology recognized worldwide
today, which can mix liquid fertilizer with irrigation water and deliver it evenly, regularly,
and quantitatively to the crop root zone through drip irrigation pipelines, which not only
greatly reduces water pollution caused by excessive fertilizer application, but also has
many advantages such as improving soil environment and crop quality [1,2].

However, the process of regulating water and fertilizer flow in precision agriculture
has volume delays in the transmission pipeline, which leads to time-varying, hysteresis,
and non-linear characteristics of the system, so quick and effective regulation of water and
fertilizer flow during fertilizer application is a hot issue in water and fertilizer integration
technology today. Xiuyun Xue et al. [3] designed a variable-speed liquid fertilizer appli-
cator based on ZigBee technology for deep fertilization. The liquid flow information was
collected through a flow meter, and the frequency of the inverter was dynamically adjusted
using an incremental PID control algorithm to accurately achieve the set liquid fertilizer
flow rate, and field trials were conducted. The results showed that the fertilizer applica-
tion accuracy could reach 99.52%, and the maximum flow output difference was within
0.2 L/min for fertilizer application depth variation. Yingzi Zhang et al. [4] designed a slave
computer control system for applying variable-speed liquid fertilizer, using SMC as the core
processor and an electronically controlled pressure regulator as the actuating component,

Agriculture 2022, 12, 1395. https://doi.org/10.3390/agriculture12091395 https://www.mdpi.com/journal/agriculture
99



Agriculture 2022, 12, 1395

and obtained the characteristic equations of the system using classical control theory and
verified the performance of the slave computer by bench testing. The results showed that
the fertilizer application error was less than 0.9 and the fertilizer application accuracy was
greater than 97%. Zhiyun Zou et al. [5] proposed a new nonlinear Hammerstein MAC algo-
rithm and compared it with linear MAC and PID controllers in simulations. The simulation
results showed that the nonlinear Hammerstein MAC algorithm still had good stability and
robustness even in the case of large modeling errors. Zhounian Lai et al. [6] used a fuzzy
adaptive controller to approximate the system parameters to achieve control in a delay-free
model while introducing an extended Smith predictor variable to compensate for the time
delay of the system. The effectiveness of the control strategy was verified experimentally,
and the results showed that the controller had good control performance.

The emergence of many emerging algorithms and theories also brings more effective
solutions for precision fertilization. Yuhong Dong et al. [7] proposed a wavelet-BP neural
network-based method for accurate fertilization of maize, which effectively extracted in-
formation about soil nutrients, fertilization, and yield from the original signal by wavelet
transform, and combined wavelet analysis with an optimized BP neural network to achieve
better accuracy of fertilization prediction. Guozeng Feng et al. [8] proposed a BP neural
network-based valve-opening prediction model and tested the prediction of the model under
different conditions. The results showed that the approximation capability of the neural
network model can be used to directly output the position of the demand valve at the VAV
terminal, reducing the convergence time and stabilization time. Isabel S. Jesus et al. [9] used
Smith-fuzzy fractional order control to solve the time lag of the system. The fuzzy controller
was embedded in the Smith predictor structure and its parameters were tuned by a genetic
algorithm to evaluate the performance of the algorithm with two different approximation
models. The algorithm showed excellent control in nonlinear, time-lagged systems compared
to traditional integer-order control schemes. Jinbin Bai et al. [10] proposed a variable-speed
fertilizer-application-control system for liquid fertilizer based on the beetle tentacle search
algorithm, optimized three parameters of PID using the search algorithm, analyzed the re-
sponse time and overshoot of the system by software simulation, and experimentally verified
the control effect of the control system. The results showed that the actual response time of
the variable-speed fertilizer-application-control system based on the beetle tentacle search
algorithm could reach 2 s, and the average relative error could reach 1.27%. Qiang Fu et al. [11]
used a fuzzy clustering algorithm with Particle Swarm Optimization (PSO) to delineate soil
nutrient management areas and analyzed actual sample soil nutrient data from each manage-
ment area using one-way ANOVA. The delineation results showed that the fuzzy clustering
algorithm of PSO optimization had good performance in delineating the management areas
and provided a basis for variable fertilization techniques.

In this paper, a BP neural network PID control algorithm based on PSO optimization
is designed, which can make fast and effective regulation of fertilizer flow and reduce the
influence of time lag and nonlinearity in the flow regulation process.

Section 1 of this paper introduces the current research status of water-fertilizer in-
tegration technology; Section 2 introduces the working principle of precision fertilizer
application control system and establishes the mathematical model of the system; Section 3
derives the principles of PID algorithm, BP neural network algorithm, and Particle Swarm
Optimization algorithm and analyzes their advantages and disadvantages; Section 3 es-
tablishes simulation models for each of the above three algorithms using Matlab software
and analyzes the simulation results; Section 3 carries out experimental verification of the
dynamic performance of the controller; and Section 4 summarizes the conclusions obtained.

2. Materials and Methods
2.1. Precision Fertilization Control System Structure Composition

Figure 1 shows the structure of the precision fertilization control system. The system
consists of a reservoir, fertilizer tank, filter, solenoid valve, flow sensor, pressure gauge,
hose pump, and other devices, which can be opened and closed by the corresponding
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solenoid valve to achieve irrigation, or irrigation and fertilization at the same time. Among
them, pressure gauges were installed at each end of the filter of the fertilizer tank, and
the clogging of the filter is judged by the before and after values of the pressure gauges to
regularly clean and replace the filter to prevent solid deposits in the fertilizer from clogging
the pipe. The irrigation main was equipped with a pressure regulator to ensure stable
pressure in the pipeline during irrigation; one-way valves were installed in the irrigation
mains and fertilizer mix output pipes to prevent backflow of irrigation water and fertilizer
mix and two flow meters were installed in front of the main valve to monitor the supplied
irrigation water flow and the fertilizer application flow. When solenoid valves 13, 14, 16,
and 19 are opened, independent irrigation can be performed, and when solenoid valves 13,
14, 16, 17, and 18 are opened, irrigation and fertilization can be performed simultaneously.
The hose pump was chosen as the conveying device of the fertilizer application system. The
three-phase asynchronous motor was connected with the pump body of the hose pump,
and the material to be conveyed is surrounded by the hose without contact with other
parts. When the rotor rotates, the hose is compressed and rebounded as the position of the
roller changes, causing the pump to produce suction and pressure out effects to achieve the
purpose of fertilizer delivery. The system precisely regulates the fertilizer application flow
rate at the hose pump outlet by changing the frequency of the inverter connected to the
hose pump.
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Figure 1. Structure diagram of precision fertilization control system: 1. Reservoir; 2. Fertilizer tank;
3. Filter; 4. One-way valve; 5. Pressure regulator; 6. Flow sensor; 7. Pressure gauge; 8. Mixing tank;
9. Agitator pump; 10. Y-filter; 11. Hose pump; 12. Pressure holding valve; 13. Master valve;
14. Branch valve; 15. Drip irrigation belt; 16–19. Solenoid valve.

The STM32F103ZET6 microcontroller was selected as the control element, and the BP
neural network PID control algorithm based on PSO optimization was written into the
microcontroller, with the set fertilizer flow rate as the desired value and the actual flow
rate collected by the flow sensor as the feedback value, and the corresponding control
quantity was calculated to control the motor speed in the hose pump [12] to finally realize
the accurate control of the fertilizer flow rate.

When irrigation and fertilizer application are carried out, the set fertilizer flow rate
will be input into the system, the solenoid valve at the reservoir and fertilizer storage tank
will be opened at the same time, and the hose pump will pump water and fertilizer into the
mixing tank respectively according to the proportion, and in the process of fertilizer mixing,
the agitation pump will be used to mix the fertilizer and water evenly, when the flow
sensor monitors the deviation of the fertilizer flow rate from the set value, the system will
automatically adjust the hose pump flow rate at the outlet of the mixing tank to maintain a
stable state.

Since the object of this paper is the fertilization control system, it is necessary to obtain
the mathematical model of this system, and according to the fertilization characteristics
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and the complexity of the system, the first-order inertia plus delay link transfer function
was chosen to describe the mathematical model of the fertilization control system [13].

G(s) = Ke−τs

Ts+1 (1)

The expected value of fertilizer application flow rate was used as the input of the
open-loop system with a sampling interval of 1 s to obtain the data on flow rate variation.
The first-order approximation method was used to fit the data in Matlab software, the gain
coefficient K of the system was obtained as 1, the delay time τ as 11 s, and the time constant
T as 3.63. The mathematical model of the fertilization control system was obtained above.

2.2. BP Neural Network PID Controller Design Based on Particle Swarm Optimization
2.2.1. Conventional PID Controller Design

The conventional PID controller consists of three units: proportional, integral, and
differential, which have the advantages of simple and reliable operation, high robustness,
and can solve most practical applications in the industry [14]. The structure of the PID
controller in this paper is shown in Figure 2.
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In the controller, the set value r(t) is compared with the measured value y(t) to obtain
the deviation e(t) = r(t)− y(t). The control law gives the control quantity u(t) according
to the deviation e(t), and the control quantity u(t) is applied to the controlled object as a
way to correct and regulate the response of the control system. The control quantity u(t) is
specifically expressed as:

u(t) = Kp[e(t) + 1
Ti

∫ t
0 e(τ)dτ + Td

de(t)
dt ] (2)

where Kp is the scaling factor.
Ti is the integration time constant and Td is the differential time constant.
The above equation describes a continuous PID control algorithm, but in a real control

system, the deviation value e(t) needs to be obtained by sampling, so Equation (2) needs
to be discretized. Assuming that the sampling period is T and a total of k samples are
taken, the integral part of the control algorithm can be represented by Equation (3) and the
differential part can be represented by Equation (4).

∫ t
0 e(t)dt ≈ T

k
∑

j=0
e(j) (3)

de(t)
dt ≈

e(kT)−e[(k−1)T]
T =

ek−ek−1
T (4)

Bringing Equations (3) and (4) into Equation (2), the PID control algorithm expression
is obtained.

u(k) = Kpek + Ki
k
∑

j=0
ej + Kd(ek − ek−1) (5)
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where Kp is the proportionality factor, Ki is the integration factor and Kd is the differentiation
factor; Ki = Kp

T
Ti

, Kd = Kp
Td
T .

In this paper, the incremental PID control algorithm is used to operate on the variation
of the control quantity ∆u(k), which can be obtained recursively according to Equation (5):

u(k− 1) = Kpek−1 + Ki
k−1
∑

j=0
ej + Kd(ek−1 − ek−2) (6)

Equation (6) is subtracted from Equation (5) to obtain:

∆u(k) = Kp(ek − ek−1) + Kiek + Kd(ek − 2ek−1 + ek−2) (7)

Thus, the control quantity u(k) can be expressed as:

u(k) = u(k− 1) + ∆u(k) (8)

The parameter tuning of the PID controller is the core content of control system design,
which determines the proportionality coefficient, integration time, and differentiation time
of the PID controller according to the characteristics of the controlled process. At present,
the main methods are the Cohen–Coon method, critical proportionality method, decay
curve method, and other rectification methods. The common point of these methods is
that the controller parameters are adjusted by test and then according to the engineering
experience formula, which is simple and easy to master.

The Cohen–Coon method is used to initially rectify the three parameters KP, Ti, and Td.
The Cohen–Coon method is mainly used to obtain the optimal PID parameter rectification
value by configuring the dominant pole of the system so that the transition curve of the
object decays at a decay rate of 4:1 [15]. The rectification equation is shown in Equation (9).





Kp = T
Kτ

(
4
3 + τ

4T

)

Ti = τ

(
32+ 6τ

T
13+ 8τ

T

)

Td = τ

(
4

11+ 2τ
T

) (9)

The mathematical model of the control object is shown in Equation (1), and the
corresponding parameters are brought into Equation (1) to obtain Kp = 0.69, Ki = 0.05, and
Kd = 1.78.

Although PID control can solve most engineering problems, it also has shortcomings,
for example, the control parameters of conventional PID cannot follow changes dynamically,
so it is difficult to obtain better control results when it is applied to complex systems [16].

2.2.2. BP Neural Network-Based PID Controller Design

The BP neural network-based PID controller can dynamically adjust the parameters of
the PID through the autonomous learning capability of the neural network, thus replacing
the human empirical values and making the parameters achieve the best control according
to the changes in the environment [17,18].

According to the characteristics of cooperation and constraints of three parameters
Kp, Ki, and Kd of PID control, the mapping ability of the BP neural network to nonlinear
functions is used to obtain the optimal solution for the nonlinear combination of the three
parameters. The structure of the BP neural network-based PID controller is shown in
Figure 3.
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The structure is divided into two parts. Bulleted lists look like this:

1. Conventional PID controller generates control quantities through Kp, Ki, Kd output
from BP neural network to realize feedback control of controlled objects.

2. The BP neural network provides optimal parameters for the PID controller based on
the system operating state and the learning algorithm.

The network structure is shown in Figure 4.
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The input of neurons in the input layer of the neural network is the output:

Oj
(1) = x(j) (j = 1, 2, . . . , M) (10)

where M is the number of input layer variables of the neural network, which can be
adjusted according to the complexity of the controlled object, and the input layer variables
in this paper are expected value, actual value, error, and network threshold.

The input and output of the implicit layer neurons are:

neti
(2) = ∑M

j=0 wij
(2)Oj

(1) (11)

O(2)
i (k) = f

(
net(2)i (k)

)
(i = 1, 2, . . . , Q) (12)

where Q is the number of neurons in the hidden layer, which is set to 5 in order to simplify
the complexity of the system and accelerate the learning speed. wij

(2) denotes the weight
between the ith neuron in the hidden layer and the jth neuron in the input layer, and the
continuous function can be approximated with arbitrary accuracy in the neural network
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using the Sigmoid function, so the transformation function of the hidden layer is chosen as
the positive and negative symmetric Sigmoid function, as in Equation (13).

f (x) = ex−e−x

ex+e−x (13)

The output layer neuron inputs and outputs are:

netl
(3)(k) = ∑Q

i=0 wli
(3)Oi

(2)(k) (14)

O(3)
l (k) = g

(
net(3)l (k)

)
(l = 1, 2, 3) (15)

where wli
(3) denotes the weight between the lth neuron of the output layer and the ith

neuron of the input layer, and the three outputs of the output layer correspond to the three
adjustable parameters Kp, Ki, and Kd of the PID controller, respectively. Since Kp, Ki, and
Kd cannot be negative, the transformation function of the output layer neurons is taken as
a non-negative Sigmoid function, as in Equation (16).

g(x) = ex

ex+e−x (16)

To ensure the real-time performance of the system, the online learning method is used,
and the quadratic of the error is used as the performance indicator, so the performance
indicator function is chosen as:

E(k) = 1
2 [r(k)− y(k)]2 (17)

The gradient descent method is used to adjust the weights of each layer of the BP neural
network in the direction of the negative gradient of E [19]. To improve the convergence
speed, the inertia term with α as the inertia factor is added.

∆w(3)
li (k) = −η

∂E(k)

∂w(3)
li

+ α∆w(3)
li (k− 1) (18)

where η is the learning rate and α is the inertia factor, according to the chain rule we get:

∂E(k)

∂w(3)
li

= ∂E(k)
∂y(k) ×

∂y(k)
∂∆u(k) ×

∂∆u(k)

∂O(3)
l (k)

× ∂O(3)
l (k)

∂net(3)l (k)
× ∂net(3)l (k)

∂w(3)
li (k)

(19)

After simplification and approximation, the final amount of regulation between the
weight of the lth neuron in the output layer and the ith neuron in the hidden layer after
learning is obtained as:

∂E(k)

∂w(3)
li

= ∂E(k)
∂y(k) ∗

∂y(k)
∂∆u(k) ∗

∂∆u(k)

∂O(3)
l (k)

∗ ∂O(3)
l (k)

∂net(3)l (k)
∗ ∂net(3)l (k)

∂w(3)
li (k)

(20)

∆w(3)
li (k) = α∆w(3)

li (k− 1) + ηδ
(3)
l O(2)

i (k) (21)

δ
(3)
l = e(k)sgn

(
∂y(k)

∂∆u(k)

)
∂∆u(k)

∂O(3)
l (k)

g′
(

net(3)l (k)
)

(l = 1, 2, 3) (22)

Similarly, the amount of weight regulation between the ith neuron in the hidden layer
and the jth neuron in the input layer can be obtained as:

∆w(2)
ij (k) = α∆w(2)

ij (k− 1) + ηδ
(2)
i O(1)

j (k) (23)

δ
(2)
i = f ′

(
net(2)i (k)

) 3
∑

l=1
δ
(3)
l w(3)

li (k) (i = 1, 2, . . . Q) (24)
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In summary, Equations (20) and (22) are the calculation equations for the regulation
amount of the weight coefficients of each layer of the network. The BP neural network
algorithm flow is shown in Figure 5.
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The inclusion of the BP neural network algorithm in the PID controller enables the
dynamic regulation of the PID parameters, but due to the gradient descent method, the BP
neural network converges more slowly and is prone to local minima when trained in places
where the error curve is flat [20]. Therefore, this paper makes use of the global optimum
and fast convergence of the Particle Swarm algorithm to improve the BP neural network
and optimize the initial weights of the BP neural network, to overcome the defects that the
neural network is prone to fall into local minima and slow convergence speed.

2.2.3. BP Neural Network PID Controller Design Based on PSO Optimization

The Particle Swarm Optimization (PSO) algorithm, first proposed by Eberhart and
Kennedy in 1995, is an intelligent algorithm designed by simulating the predatory behavior
of a flock of birds. Its basic core is to use the sharing of information by individuals in the
group to continuously update their position and velocity information, thus making the
motion of the whole group produce an evolutionary process from disorder to order in the
problem-solving space, and finally obtaining the optimal solution of the problem [21,22].

The structure of the BP neural network PID controller based on PSO optimization is
shown in Figure 6.
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The PSO algorithm is described in detail as follows:
In the PSO algorithm, each particle possesses two attributes: velocity V and position

X. V represents the speed of particle movement, and X determines the direction of particle
search. Assume that in a D-dimensional search space, a population X = (X1, X2, . . . , Xn)
is composed of n particles, and the position and velocity of the ith particle are denoted
as follows:

Xi = (xi1, xi2, . . . , xiD) (i = 1, 2, . . . , n) (25)

Vi = (vi1, vi2, . . . , viD) (i = 1, 2, . . . , n) (26)

where Xi represents not only the particle position, but also a potential solution to the prob-
lem, i.e., the initial weights of a set of BP neural networks. The fitness value corresponding
to each particle position can be calculated by substituting Xi into the fitness function.

The current individual optimal solution Pbest of the particle, and the current global
optimal solution gbest of the whole particle population will be used as the basis for updating
V and X in the optimization search process.

Pbest = (Pi1, Pi2, . . . , PiD) (i = 1, 2, . . . , n) (27)

gbest = (g1, g2, . . . , gD) (28)

V and X of the particle are updated by Equations (28) and (29), respectively.

vk+1
id = wkvk

id + c1r1

(
Pk

id − xk
id

)
+ c2r2

(
gk

d − xk
id

)
(29)

xk+1
id = xk

id + vk+1
id (30)

where d = 1, 2, . . . , D; i = 1, 2, . . . , n; k is the number of current iterations; wk is the inertia
weight; c1, c2 are learning factors, generally take c1 = c2 =2; r1, r2 are generally taken as
random numbers in the range of [0, 1].

The inertia weight wk decreases as the number of iterations increases.

wk = ws − (k− 1) (ws−we)
Tmax

(31)

where ws and we are the upper and lower bounds of inertia weights in the range of [0.4, 0.9],
respectively, and Tmax is the maximum number of iterations.

In this paper, Equation (17) is used as the fitness function of the PSO algorithm, and
since the optimization object is the weight of the BP neural network and the neural network
structure is 4 − 5 − 3, the dimension D is set to 4 × 5 + 3 × 5 = 35, the maximum number
of iterations is set to 50, the particle swarm size is taken as 20, and the initial weights of
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20 groups of BP neural network are generated randomly. To prevent the particles from
searching blindly, the position X and velocity V are limited to a certain range. The PSO
optimization algorithm flow is shown in Figure 7.
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3. Results
3.1. Analysis of Simulation Results

Matlab software was used for simulation, and three different control methods were
used in the simulation experiments, namely: conventional PID control, BP neural network-
based PID control (BP-PID control), and PSO optimization-based BP neural network PID
control (PSO-BP-PID control). The unit step was used as input signal, respectively, and the
simulation time was 100 s. The simulation results are as follows:

Figure 8 shows the iterative process of the PSO algorithm under unit step response, and
the optimal individual adaptation value was obtained after 50 iterations. Figure 9 shows the
comparison of the control effects of the three controllers under the unit step response.

The dynamic performance index was used to evaluate the control effect of the con-
troller, where the rise time indicates the time when the system is excited by the step signal
and reaches the steady-state value for the first time; the peak time indicates the time when
the system is excited by the step response and reaches the peak; the regulation time indi-
cates the time required for the system to reach stability, i.e., to enter the error tolerance
range; the maximum overshoot reflects the controller control process stability. The dynamic
performance of the three controllers is shown in Table 1.
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Table 1. Dynamic performance of the three controllers.

Controller Type Rise Time(s) Peak Time (s) Regulation
Time (s)

Maximum
Overshoot

PID 12.41 13.62 25.07 58.53%

BP-PID 14.69 16.73 19.68 20.74%

PSO-BP-PID 11.97 12.31 11.77 3.19%

From Figure 9 and Table 1, it can be seen that the conventional PID controller produced
larger oscillation and overshoot, with 58.23% overshoot and longer regulation time although
the rise time was shorter; compared with the conventional PID controller, the BP-PID

109



Agriculture 2022, 12, 1395

controller had a longer rise time and peak time but the overall response was relatively
stable and the overshoot was reduced to 20.74%; the PSO-BP-PID controller compared with
the other two controllers, the dynamic performance has been significantly improved, not
only were the rise time and regulation time shortened to 11.97 s and 11.77 s, respectively,
but also the overshoot amount was 3.19%, and the response was more rapid and smooth.

3.2. Precision Fertilizer Control System Flow Regulation Test
3.2.1. Testing Device and System Design

To verify the practical performance of the PSO-BP-PID algorithm, a corresponding flow
rate regulation test platform was built for this paper. Using the STM32F103ZET6 microcontroller
as the control element, the signal from the flow sensor received at the I/O port was calculated
inside the microcontroller and converted into a variable voltage signal to adjust the output
frequency of the inverter and finally changed the fertilizer flow rate at the outlet of the mixing
tank. The maximum conveying flow of the hose pump is 1 m3/h, rated power is 1.5 kW, and
rated voltage is 380 V. The frequency converter is rated at 2.2 kW, with an output frequency
between 0 and 400 Hz and a rated voltage of 380 V. The flow sensor was selected from the
stainless-steel electromagnetic flowmeter of Meacon China, model LDG-MIK, with an accuracy
of 0.5%. The volume of liquid in the mixing tank was kept at 50 L during operation. The flow
rate regulation test platform is shown in Figure 10.
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Figure 10. Flow regulation test platform.

The USB-1252A data collector from Smacq was used to collect the data needed in the
test. The collector has an advanced measurement and control system with 16 analog input
channels, 12-bit vertical resolution, and up to 500 kSa/s analog acquisition capability. The
schematic diagram of the data acquisition and control system is shown in Figure 11.
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3.2.2. Analysis of Test Results

The fertilized crop in this paper is cotton, and since the fertilizer flow rate is determined
by the fertilizer demand of the crop, the fertilizer demand of cotton is different in different
growing periods. The flow rate of the hose pump at the outlet of the mixing tank was set
to 0.4 m3/h, 0.6 m3/h, and 0.8 m3/h in turn, and the performance of the three controllers
was tested. The test results are shown in Figures 12–14, and the performance indexes of the
three controllers are shown in Tables 2–4.
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Table 2. Comparison of the dynamic performance of three controllers at fertilizer application flow
rate of 0.4 m3/h.

Controller Type Rise Time (s) Peak Time (s) Regulation
Time (s)

Maximum
Overshoot

Root Mean
Square Error

PID 21.33 34.97 90.51 61.95% 0.058

BP-PID 54.88 87.47 43.10 9.55% 0.015

PSO-BP-PID 46.27 68.37 31.36 4.08% 0.004

Table 3. Comparison of the dynamic performance of three controllers at fertilizer application flow
rate of 0.6 m3/h.

Controller Type Rise Time (s) Peak Time (s) Regulation
Time (s)

Maximum
Overshoot

Root Mean
Square Error

PID 21.22 36.05 115.86 65.27% 0.084

BP-PID 50.13 77.97 112.52 13.15% 0.028

PSO-BP-PID 37.53 53.36 30.85 6.23% 0.014

Table 4. Comparison of the dynamic performance of three controllers at fertilizer application flow
rate of 0.8 m3/h.

Controller Type Rise Time (s) Peak Time (s) Regulation
Time (s)

Maximum
Overshoot

Root Mean
Square Error

PID 20.80 34.97 155.83 80% 0.125

BP-PID 43.50 74.94 131.46 23.75% 0.070

PSO-BP-PID 32.76 48.64 61.30 8.75% 0.027

The results in Tables 2–4 showed that the performance of the three controllers also
changed with the increase in fertilizer flow rate. The conventional PID controller had
the fastest rise time at all three fertilizer flow rates, but the overshoot was large and the
flow rate had large fluctuations and could not reach the desired value quickly; the BP-PID
controller had significantly less overshoot compared with the conventional PID controller,
but the response speed was slower; the PSO-BP-PID controller had the minimum overshoot
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and root-mean-square error at all three fertilizer flow rates, and could balance the response
speed and stability of the control process at higher flow rates with good robustness to meet
the control requirements in practical applications.

In recent years, the need to improve water use efficiency in irrigated agriculture has
attracted a great deal of attention from researchers. The PSO-BP-PID controller developed
in this paper uses a closed-loop intelligent irrigation feedback control strategy to greatly
improve the efficiency of irrigation water use in the field and provide ideas for future
water sustainability.

4. Conclusions

In this paper, the precision fertilizer control system was studied, its mathematical
model was fitted, and the transfer function of the system was obtained. Based on the BP
neural network PID adaptive control, a PSO optimization algorithm was added to optimize
the initial weights of the neural network, and a BP neural network PID controller based
on PSO optimization was designed, and the dynamic performance of the three controllers,
PID, BP-PID, and PSO-BP-PID, were compared and analyzed.

The test results showed that the PSO-BP-PID controller was significantly better than
the other two controllers in terms of control accuracy and adjustment time. At the fertilizer
application flow rate of 0.4 m3/h, 0.6 m3/h, and 0.8 m3/h, respectively, the set value was
reached quickly with an average maximum overshoot of 6.35% and an average adjustment
time of 41.17 s. Among them, the shortest adjustment time was 30.85 s when the fertilizer
application flow rate was at 0.6 m3/h. This indicates that the controller has the best control
of irrigation fertilization at this flow rate.

The BP neural network PID control algorithm based on PSO optimization can adjust
the PID parameters online according to changes of the environment, which improves the
decision making of the controller. The algorithm reasonably determines the initial weights
of the BP neural network; it solves the problems that the BP neural network easily falls into
local minima and converges slowly; and not only approximates the control target faster,
but also has a shorter response time; thus providing a feasible method for the control of
nonlinear time-lag systems.

Author Contributions: Conceptualization, Z.M. and L.Z.; software design, Z.M.; software validation,
H.W., X.M. and H.L.; resources, Z.M.; data curation, Z.M.; writing—original draft, Z.M.; writing—
review and editing, H.W. and X.M.; project administration, H.L. and F.Z.; funding acquisition, X.M.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by National Natural Science Foundation of China, grant
number 52065055.

Institutional Review Board Statement: Not applicable.

Data Availability Statement: All relevant data presented in the article are stored according to
institutional requirements and, as such, are not available on-line. However, all data used in this
Manuscript can be made available upon request to the authors.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Silber, A.; Xu, G.; Levkovitch, I.; Soriano, S.; Bilu, A.; Wallach, R. High fertigation frequency: The effects on uptake of nutrients,

water and plant growth. Plant Soil 2003, 253, 467–477. [CrossRef]
2. Wang, H.; Li, J.; Cheng, M.; Zhang, F.; Wang, X.; Fan, J.; Wu, L.; Fang, D.; Zou, H.; Xiang, Y. Optimal drip fertigation management

improves yield, quality, water and nitrogen use efficiency of greenhouse cucumber. Sci. Hortic. 2019, 243, 357–366. [CrossRef]
3. Xiuyun, X.; Xufeng, X.; Zelong, Z.; Bin, Z.; Shuran, S.; Zhen, L.; Tiansheng, H.; Huixian, H. Variable Rate Liquid Fertilizer

Applicator for Deep-fertilization in Precision Farming Based on ZigBee Technology. IFAC-PapersOnLine 2019, 52, 43–50. [CrossRef]
4. Ying-Zi, Z.; Hai-Tao, C.; Shou-Yin, H.; Wen-Yi, J.; Bin-Lin, O.; Guo-Qiang, D.; Ji-Cheng, Z. Design and Experiment of Slave

Computer Control System for Applying Variable-rate Liquid Fertilizer. J. Northeast Agric. Univ. 2015, 22, 73–79. [CrossRef]
5. Zou, Z.; Yu, M.; Wang, Z.; Liu, X.; Guo, Y.; Zhang, F.; Guo, N. Nonlinear Model Algorithmic Control of a pH Neutralization

Process. Chin. J. Chem. Eng. 2013, 21, 395–400. [CrossRef]

113



Agriculture 2022, 12, 1395

6. Lai, Z.; Wu, P.; Wu, D. Application of fuzzy adaptive control to a MIMO nonlinear time-delay pump-valve system. ISA Trans.
2015, 57, 254–261. [CrossRef]

7. Dong, Y.; Fu, Z.; Peng, Y.; Zheng, Y.; Yan, H.; Li, X. Precision fertilization method of field crops based on the Wavelet-BP neural
network in China. J. Clean. Prod. 2020, 246, 118735. [CrossRef]

8. Feng, G.; Lei, S.; Gu, X.; Guo, Y.; Wang, J. Predictive control model for variable air volume terminal valve opening based on
backpropagation neural network. Build. Environ. 2021, 188, 107485. [CrossRef]

9. Jesus, I.S.; Barbosa, R.S. Smith-fuzzy fractional control of systems with time delay. AEU Int. J. Electron. Commun. 2017, 78, 54–63.
[CrossRef]

10. Bai, J.; Tian, M.; Li, J. Control System of Liquid Fertilizer Variable-Rate Fertilization Based on Beetle Antennae Search Algorithm.
Processes 2022, 10, 357. [CrossRef]

11. Fu, Q.; Wang, Z.; Jiang, Q. Delineating soil nutrient management zones based on fuzzy clustering optimized by PSO. Math.
Comput. Model. 2010, 51, 1299–1305. [CrossRef]

12. Navarro, J.L.; Díez, J.L.; Valera, A.; Valles, M. Remote Fuzzy Control of a DC Motor. IFAC Proc. Vol. 2008, 41, 13652–13658.
[CrossRef]

13. Estofanero, L.; Edwin, R.; Claudio, G. Predictive Controller Applied to a pH Neutralization Process. IFAC-PapersOnLine 2019, 52,
202–206. [CrossRef]

14. Zhao, C.; Guo, L. Towards a theoretical foundation of PID control for uncertain nonlinear systems. Automatica 2022, 142, 110360.
[CrossRef]

15. Joseph, S.B.; Dada, E.G.; Abidemi, A.; Oyewola, D.O.; Khammas, B.M. Metaheuristic algorithms for PID controller parameters
tuning: Review, approaches and open problems. Heliyon 2022, 8, e09399. [CrossRef]

16. Chang, W.-D.; Shih, S.-P. PID controller design of nonlinear systems using an improved particle swarm optimization approach.
Commun. Nonlinear Sci. Numer. Simul. 2010, 15, 3632–3639. [CrossRef]

17. Tang, G.; Lei, J.; Du, H.; Yao, B.; Zhu, W.; Hu, X. Proportional-integral-derivative controller optimization by particle swarm
optimization and back propagation neural network for a parallel stabilized platform in marine operations. J. Ocean Eng. Sci. 2022.
[CrossRef]

18. Li, H.; Zhen-Yu, Z. The application of immune genetic algorithm in main steam temperature of PID control of BP network. Phys.
Procedia 2012, 24, 80–86. [CrossRef]

19. Huang, G.; Yuan, X.; Shi, K.; Wu, X. A BP-PID controller-based multi-model control system for lateral stability of distributed
drive electric vehicle. J. Frankl. Inst. 2019, 356, 7290–7311. [CrossRef]

20. Huang, J.; He, L. Application of Improved PSO—BP Neural Network in Customer Churn Warning. Procedia Comput. Sci. 2018,
131, 1238–1246. [CrossRef]

21. Ren, C.; An, N.; Wang, J.; Li, L.; Hu, B.; Shang, D. Optimal parameters selection for BP neural network based on particle swarm
optimization: A case study of wind speed forecasting. Knowl. Based Syst. 2014, 56, 226–239. [CrossRef]

22. Zhang, J.-R.; Zhang, J.; Lok, T.-M.; Lyu, M.R. A hybrid particle swarm optimization–back-propagation algorithm for feedforward
neural network training. Appl. Math. Comput. 2007, 185, 1026–1037. [CrossRef]

114



Citation: Song, X.; Li, H.; Chen, C.;

Xia, H.; Zhang, Z.; Tang, P. Design

and Experimental Testing of a

Control System for a

Solid-Fertilizer-Dissolving Device

Based on Fuzzy PID. Agriculture 2022,

12, 1382. https://doi.org/10.3390/

agriculture12091382

Academic Editors: Muhammad

Sultan, Redmond R. Shamshiri,

Shamim Ahamed and

Muhammad Farooq

Received: 14 August 2022

Accepted: 1 September 2022

Published: 3 September 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

agriculture

Article

Design and Experimental Testing of a Control System for a
Solid-Fertilizer-Dissolving Device Based on Fuzzy PID
Xiuhua Song, Hong Li *, Chao Chen, Huameng Xia, Zhiyang Zhang and Pan Tang

Research Center of Fluid Machinery and Technology, Jiangsu University, Zhenjiang 212013, China
* Correspondence: hli@ujs.edu.cn; Tel.: +86-139-5289-1655

Abstract: To overcome the problem of poor uniformity of solid-fertilizer-dissolving devices due
to lag of fertilizer dissolution, a closed-loop control system based on fuzzy proportional-integral-
derivative (PID) was designed and tested. A fertilizer concentration regulation model was then
established according to the results. In this system, the control core was an STM32 used to feed back
the fertilization concentration by detecting the electrical conductivity. For real-time adjustment of the
fertilizer flow rate and water flow rate, a fuzzy PID control algorithm was utilized to compare the
detected concentrations with the set concentrations. The linear relationships between quantities such
as the fertilizer rate and PWM frequency, water flow rate and PWM duty ratio of the direct-current
pump, and fertilizer concentration and electrical conductivity were all established to calibrate the
system. The influence of the fertilizer flow rate and water flow rate on fertilizer concentration was
determined by the control variable test method. The results showed a positive linear relationship
between fertilizer concentration and fertilizer flow rate, while a reverse linear relationship was
established between fertilizer concentration and water flow rate. After the introduction of the control
system into the self-developed solid-fertilizer-dissolving device, the fertilizer concentration fluctuated
near the set concentration in a range of no more than 1 g/L. After the disturbance of the fertilization
device, the control system fine-tuned the device with a steady-state error of about 0.55 g/L after the
system reached stability. The control system designed in this study was shown to run normally with
good stability, speed, and accuracy, and with improved fertilization uniformity of the solid-fertilizer-
dissolving device. This study lays the foundation for further study of fertilization control systems. It
also provides a reference for the development of precise and intelligent fertigation.

Keywords: fertilization uniformity; closed-loop control; single-chip microcomputer; fuzzy PID;
solid-fertilizer-dissolving device

1. Introduction

Fertigation is a planting technology combining irrigation with fertilization to achieve
precise irrigation and uniform fertilization according to the soil conditions, water require-
ments, fertilizer requirements, and nutrient contents of different crops [1–3]. The fertigation
technology can greatly improve the conservation of water and fertilizer, as well as en-
hancing the quality and yield of crops [4,5]. With the continuous development of modern
agriculture, fertigation is developing towards low energy consumption and intelligence [6].

In recent years, various fertigation equipment and control systems have been devel-
oped based on many technologies [7]. For instance, Leedy et al. [8] designed a fertilizer
distribution device for a sprinkler irrigation system to achieve fertigation. However, their
system required prior mixing of water and fertilizer in the device. Zhang et al. [9] designed
a control system to detect the temperature, humidity, illumination, and substrate moisture
content of crops in a greenhouse with real-time feedback. Using multi-information data
fusion modeling, the authors then designed a device that could dynamically control irriga-
tion and fertilization and achieve accurate control of the ratio of liquid fertilizer and water.
Yang et al. [10] proposed a fertilization device combining allocation algorithm estimation
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and a precision fertilization control model to ensure an optimal control process. Anthony
et al. [11] designed a liquid fertilizer fully mixed with water injected into the pipeline of
the spraying system to achieve uniform distribution of the fertilizer in water flow.

In terms of fertigation control systems, Wang et al. [12] adopted a segmented control
strategy to solve problems, such as lag and instability of EC values in the detection of water
and fertilizer mixtures during vegetable production to effectively overcome overshoot. Bi
et al. [13] integrated fuzzy PID based on grey prediction to control the fertigation process
and achieve precision irrigation of water and fertilizer. Wang et al. [14] developed a remote
automatic irrigation control system for strawberries based on PLC and configuration
software. Zhang et al. [15] proposed an adaptive nonlinear model identification control
algorithm for the integrated irrigation of water, fertilizer, and medicine in a greenhouse.
Peng et al. [16] designed an intelligent fertigation system using the Internet of Things, big
data, and other technologies to combine expert experience and agricultural technology
for providing the optimal irrigation scheme according to the collected information and
experience. Sun et al. [17] designed an integrated control system for water and fertilizer
based on neural network prediction and fuzzy control.

The traditional water and fertilizer control system is often suitable for small lags.
However, the stability of the control system greatly affects control systems with severe
lags [18]. PID control has defects that are greatly influenced by the external environment,
and the parameter settings are often complex. However, the operation of proportional-
integral-derivative (PID) control is simple and widely used [19,20]. Fuzzy control does
not require the establishment of mathematical models, but needs control rules to be set
according to control experience. However, since no integral part exists, the steady-state
error is often difficult to eliminate [21,22]. Therefore, PID control and fuzzy control can be
combined to obtain an accurate water and fertilizer control system [23].

Current research dealing with fertigation control systems and equipment uses liquid
fertilizer or dissolves the solid fertilizer ahead of the application. In the present work,
a control system for the dissolution of solid fertilizer was designed using a fuzzy PID
algorithm to solve the lag of solid fertilizer dissolution. The control system was applied to
the self-developed solid-fertilizer-dissolving device to adjust the working parameters in real
time according to the set concentration. The results showed that the fertilizer concentration
could be stabilized around the set value, solving the problem of poor fertilizer uniformity
caused by the lag of solid fertilizer dissolution.

2. Design of the Solid-Fertilizer-Dissolving Control System
2.1. Structure and Working Principle of the Solid-Fertilizer-Dissolving Device

The structure of the dissolving device is shown in Figure 1. The system mainly consists
of the fertilizer-adding part, mixing part, and control part. The fertilizer-adding part is
mainly composed of a hopper, screw rod, and stepping motor, allowing the addition of
solid fertilizer according to the set rate. The mixing part consists of a direct-current motor,
a mixer, a filter, a mixing barrel, and a direct-current pump, all used to fully mix the
water and solid fertilizer. The filter is installed in the stirring drum and used to screen
the water-insoluble impurities in the solid fertilizer. The control part consists of a flow
sensor, EC sensor, and circuit board installed in the control cabinet. Meanwhile, the circuit
board in the control cabinet is used to control the stepping motor, direct-current motor,
and direct-current pump, as well as to process the signals collected by the flow sensor and
the conductivity sensor. Additionally, the water inlet pipe extends to the outer wall of the
filter through the mixing barrel. In this way, the water inlet pipe impacts the solid fertilizer
accumulated at the bottom to accelerate the dissolution of the fertilizer. On the other hand,
the fertilizer solution outlet pipe also extends to the outer wall of the filter through the
mixing barrel. The EC sensor is installed on the fertilizer solution outlet pipe to measure
the fertilizer solution’s concentration at the device outlet. Finally, a sewage outlet pipe is
used to discharge excess residual fertilizer solution.
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2.2. Design of the Control System
2.2.1. Design of the Hardware System

The main controller of the solid fertilizer dissolution control system was an STM32,
used for processing and sending signals [24]. The hardware design of the control system
included three parts: (i) fertilizer flow rate control, (ii) water flow rate control, and (iii) fer-
tilizer solution concentration detection. The fertilizer flow rate control was achieved by
changing the speed of the stepping motor. In other words, faster speeds of the stepping
motor would yield faster fertilizer flow rates. The stepping motor turned the electric pulse
signal into angular displacement through the driver. Therefore, a PWM wave with a duty
ratio of 50% and adjustable frequency was set as a pulse signal input to the front end of the
stepping motor’s drive circuit, and the output of multiple pulse numbers was determined
through interrupt counting. In addition, a timer function was used to stop and start the
stepping motor.

The adjustment of the water flow rate was achieved by changing the motor speed
of the direct-current pump. To solve the problem of insufficient driving ability of the
single-chip microcomputer’s output signal, a full-bridge driving circuit was employed
to control the speed of the direct-current motor, which then controlled the direct-current
water pump [25]. The flow of the direct-current water pump was regulated by a PWM
wave with different duty cycles given by the single-chip microcomputer. After completing
the water supply, the timer was turned off to stop the operation of the direct-current water
pump. An input-level sensor was also used in this design for real-time monitoring of the
height of the fertilizer solution present in the bucket [26]. When the liquid level in the
fertilizer barrel exceeded the preset dangerous liquid level, the power supply of the device
was cut off automatically to prevent the fertilizer from overflowing. This design indirectly
detects the concentration of the fertilizer solution by estimating the EC value of the fertilizer
solution exported by the device. The EC value of the fertilizer solution was measured by
the conductance electrode. The detection circuit was mainly composed of an RC oscillator,
Schmidt trigger, and binary divider.

2.2.2. System Software Design

In the second part, reserved for adding the fertilizer, a stepping motor was used to
adjust the amount of fertilizer in real time to achieve precise fertilizer allocation. The
stepping motor drive flowchart is provided in Figure 2.

The stepping motor drive functioned as a timer. Firstly, the timer was initialized, and
the count started after assigning the initial value. The output pulse wave drove the motor
to rotate, and the encoder fed back the motor speed. The control system then fine-tuned
the stepping motor according to the relationship between the stepping motor speed and
amount of added fertilizer to control the fertilizer flow rate. At relatively fast speeds of the
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stepping motor, the pulse frequency was reduced; otherwise, it increased. After complete
addition of the fertilizer, the timer was turned off, and the stepping motor stopped running.
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Figure 2. Stepping motor drive control process flowchart.

The direct-current water pump in the water supply section was adjusted by PWM
and enabled the signal given by the single-chip microcomputer. The current signal was
generated upon water flowing through the flow sensor, while the voltage signal was
obtained through the I/U conversion circuit. The single-chip microcomputer was used
to measure the average voltage after sampling several times, followed by converting the
water flow rate according to the relationship between voltage and flow rate. This would
adjust the PWM duty cycle, thereby controlling the water flow rate.

To produce signal acquisition conductance electrodes through the design of a signal
conditioning circuit and a stable output voltage signal, the ADC was sampled many times
by the single-chip microcomputer to calculate the average voltage. To reduce the error, the
EC value of the fertilizer solution was calculated according to the numerical relationship
between the voltage and the electrode range. Finally, the fertilizer solution concentration
was converted according to the functional relationship between the fertilizer solution
concentration and the electrical conductivity calibrated experimentally. The program
flowchart of fertilizer solution concentration detection is depicted in Figure 3.
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2.2.3. Design of the Closed-Loop Feedback System Based on Fuzzy PID

Since the dissolution and application of water and fertilizer occurred in real time,
great uncertainty should be expected. To obtain better control of the water and fertilizer
dissolution, a simplified dynamic model of dissolution was thus established to analyze
the changing characteristics of the dissolution process by ignoring other interfering factors
and assuming mixed fertilizer barrels with an unchanged liquid level. Moreover, the
liquid fertilizer product remained the same, and the input of the whole fertilizer mixing
process for solid fertilizer and water supply after the solid fertilizer and water were mixed
adequately yielded a uniform fertilizer solution concentration. The latter was used as the
output for the solution of mixed fertilizer. The dynamic model of the composting process
established in this paper is illustrated in Figure 4.
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According to the principle of fertilizer balance, Equation (1) can be obtained when
the system reaches dynamic equilibrium. This can be accomplished by following the
conservation of fertilizer quantity. Furthermore, Equation (2) can be obtained by following
the conservation of fertilizer solution volume in the fertilizer mixing barrel.

d[V(t)Cout(t + τ)]

dt
= Cq(t)− Qout(t)Cout(t + τ) (1)

dV(t)
dt

= Qin(t) + q(t)− Qout(t) (2)

Equation (3) consists of the following hypothetical condition:

Qin(t) + q(t) = Qout(t) (3)

After substituting Equations (2) and (3) into Equation (1), the dynamic expression of
the fertilizer mixing process can be obtained:

V(t)
dCout(t + τ)

dt
+ Qout(t)Cout(t + τ) = Cq(t) (4)

where Qin(t) is the water flow rate (m3/h), Q(t) represents the fertilizer addition rate
(kg/min), C is the nutrient content of the fertilizer, Qout(t) denotes the flow rate of the output
fertilizer solution (m3/h), Cout(t) is the concentration of the output fertilizer solution (g/L),
and V(t) refers to the volume of the fertilizer solution in the fertilizer mixing barrel (L).

Equation (4) is a simplified dynamic model of solid fertilizer dissolution and the
application process integrating water and fertilizer. Based on this model, PID control and
fuzzy control were further adopted in this study to set the control parameters of both
fertilizer flow rate and water flow rate in the software program, so as to accurately adjust
the fertilizer concentration at the outlet of the mixing equipment. Fuzzy control includes
three processes: (i) fuzzy, (ii) fuzzy control rules, and (iii) defuzzification [27]. Such a
design achieves several features: The first consists of fertilizer solution concentration values
as input variables in the system. The second concerns the preliminary test data as the
fuzzy rules to detect the fertilizer solution concentration as the feedback variable system.
The third deals with input variables after variable feedback by defuzzification to adjust
the fertilizer solution concentration until meeting the preset fertilizer solution density.
According to the deviation e(t) between the given value r(t) of the system and the output
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response c(t), the PID controller uses the PID algorithm to calculate the control quantity
and adjust the concentration of the fertilizer solution. The control law can be expressed
as follows:

U(t) = Kp

{
e(t) +

1
Ti

∫ t

0
e(t)dt + Td

de(t)
dt

}
(5)

among the following quantities:

e(t) = r(t)− c(t) (6)

where Kp is the proportional gain, Ti represents the integral time constant, Td is the differen-
tial time constant, e(t) refers to the control deviation (g/L), r(t) is the set fertilizer solution
concentration (g/L), and c(t) denotes the actual fertilizer solution concentration (g/L).

In the actual control process, sampling the concentration of the fertilizer solution at
different times was necessary to calculate the deviation in the concentration of the fertilizer
solution, as well as to calculate the control quantity to necessary achieve good control of the
system. Therefore, the above continuous formulae required discretization. The discretized
PID consisted of two forms: (i) position, and (ii) incremental [28].

• Position PID control algorithm
At extremely small sampling periods, multiple sampling time points kT were set to
replace the continuous time t. The sum of the deviation of all time points was replaced
by integration, and the deviation increment of adjacent time points was replaced by
differentiation. The results can be obtained using Equations (7) and (8):

∫ t

0
e(t)dt = ∑k

i=0 Te(i) (7)

de(t)
dt

=
e(k)− e(k − 1)

T
(8)

where T is the sampling period and k represents the sampling serial number.
Substituting Equations (7) and (8) into Equation (5) yields the position PID control
algorithm formula:

U(k) = Kp

{
e(k) +

T
Ti

∑k
i=0 e(i) +

Td
T
[e(k)− e(k − 1)

}
(9)

• Incremental PID control algorithm
The incremental PID only outputs the incremental ∆U(k) of the control quantity. The
output expression of (k − 1) times can be obtained from Equation (9):

U(k − 1) = Kp

{
e(k − 1) +

T
Ti

∑k
i=0 e(i) +

Td
T
[e(k − 1)− e(k − 2)

}
(10)

The incremental PID control algorithm formula can be obtained by subtracting
Equations (9) and (10):

∆U(k) = Kp[e(k)− e(k − 1)] + Kie(k) + Kd[e(k)− 2e(k − 1) + e(k − 2)] (11)

where Kp is the proportional gain, Ki represents the integral coefficient, and Kd is the
differential coefficient.

According to Equation (11), only e(k), e(k − 1), and e(k − 2) would affect the output of
delta ∆U(k) to reduce the influence of calculation error on the output control quantity. The
control quantity U(k) in the position algorithm corresponds to the state of the controlled
object. Upon disturbance of the control quantity and distortion of the signal, the controlled
object produces a large error. Therefore, the incremental PID control algorithm was adopted
in this paper. Fat-soluble solid fertilizer equipment, through the sensor detection and
feedback of fertilizer solution concentration information, was used to determine the current

120



Agriculture 2022, 12, 1382

time from the combination of fertilizer solution density deviation e and error change ec
as inputs. This was set according to the fuzzy controller to meet the requirements of
different PID parameter self-tuning times, real-time adjustment of the fertilizer flow rate,
and real-time control of the water flow rate. The actual fertilizer solution concentration was
then adjusted close to the preset value. The block diagram of the fuzzy PID control system
is shown in Figure 5.
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Figure 5. Fuzzy PID control system program diagram. 

3. Test Scheme and Methods 
The control system studied in this paper was designed to adjust the stepping motor 

speed by changing the PWM frequency. By varying the duty ratio of the PWM wave to 
adjust the water flow rate, the fertilizer solution concentration was determined by meas-
uring the electrical conductivity. To precisely control and detect the solid fertilizer disso-
lution and application device using the control system, calibration of the relationships 
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performance of the system. As shown in Figure 6b, a device performance test rig was built. 
A schematic diagram of the device performance test is shown in Figure 6a. 

The experiments were carried out in the Sprinkler Irrigation Laboratory of the Fluid 
Mechanical Engineering Technology Research Center of Jiangsu University. To facilitate 
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Figure 5. Fuzzy PID control system program diagram.

3. Test Scheme and Methods

The control system studied in this paper was designed to adjust the stepping motor
speed by changing the PWM frequency. By varying the duty ratio of the PWM wave to ad-
just the water flow rate, the fertilizer solution concentration was determined by measuring
the electrical conductivity. To precisely control and detect the solid fertilizer dissolution
and application device using the control system, calibration of the relationships between
the above parameters through experiments was necessary to establish the relationship of
the control program. Furthermore, a dissolution and application device equipped with
the control system was taken as the research object to analyze the control performance of
the system. As shown in Figure 6b, a device performance test rig was built. A schematic
diagram of the device performance test is shown in Figure 6a.
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filter. (b) Performance test bench of the solution applicator equipped with the control system. 
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control duty ratio was adjusted to 15%, 20%, 25%, 50%, 75%, and 100%. The time taken for 
the water in the water source bucket to be pumped out was tested under different duty 
ratios. Finally, the time was converted into water flow rate and analyzed as a function of 
the duty ratio. 

3.3. Calibration Testing of the Relationship between the Concentration and Conductivity of the 
Fertilizer Solution 

Figure 6. (a) Schematic diagram of the performance test of the dissolving device: (1) source of water;
(2) water pump; (3) flowmeter; (4) mixed fertilizer bucket; (5) fertilizer inlet; (6) stirrer; (7) stepping
motor; (8) water pump; (9) flowmeter; (10) fertilizer solution export; (11) control panel; (12) filter.
(b) Performance test bench of the solution applicator equipped with the control system.

The experiments were carried out in the Sprinkler Irrigation Laboratory of the Fluid
Mechanical Engineering Technology Research Center of Jiangsu University. To facilitate the
observation, both the outlet pump and the inlet pump used direct-current water pumping.
The white plastic bucket on the left-hand side stored the water for supply. The solid
fertilizer was then added to the funnel of fertilizer inlet, followed by installing the sensors
and control components, as well as other equipment. Next, the device was checked to
ensure that it was in good condition, and then tested to confirm the relevant operation state.
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3.1. Calibration Testing of the Fertilizer Addition Rate

In a previous study [29], the following formula was proposed to calculate the fertil-
izer rate:

q = 0.304πρ1.036(D2 − d2)
0.932

n0.948L0.964 × 10−9 (12)

where q is the fertilizer flow rate (kg/min), ρ represents the fertilizer bulk density (kg/m3),
n is the motor speed (r/min), D is the outer diameter of the screw (mm), d is the internal
meridian of the screw (mm), and L denotes the screw pitch (mm).

In Figure 6b, the outer diameter, inner diameter, and pitch of the screw in the test bed
are set to 25 mm, 12 mm, and 18 mm, respectively. As a result, the fertilizer flow rate in the
testing bed can be calculated as follows:

q = 4.43 × 10−6ρ1.036n0.948 (13)

For the same fertilizer, the fertilizer flow rate was only related to the speed of the
stepping motor, which can be adjusted through frequency. Therefore, calibration tests were
carried out on the relationship between the speed of the stepping motor and the frequency.
Here, the single-chip microcomputer sent PWM waves with frequencies of 120, 180, 240,
300, 360, 420, 480, 540, and 600 Hz. The number of turns driven by the motor to rotate the
screw within 2 min was tested.

3.2. Calibration Testing of the Water Flow Rate

The water source bucket was filled with water. Moreover, the direct-current pump’s
control duty ratio was adjusted to 15%, 20%, 25%, 50%, 75%, and 100%. The time taken for
the water in the water source bucket to be pumped out was tested under different duty
ratios. Finally, the time was converted into water flow rate and analyzed as a function of
the duty ratio.

3.3. Calibration Testing of the Relationship between the Concentration and Conductivity of the
Fertilizer Solution

In this experiment, two different kinds of fertilizer were tested to calibrate the test of
the fertilizer solution concentration: the first consisted of potassium chloride (total nutrient:
K2O ≥ 60%; average particle size: 0.60 cm), and the second was a compound fertilizer
(N-P2O5-K2O: 17-5-7, total nutrient ≥ 24%, average particle size: 0.45 cm). Their saturated
solubility at 20 ◦C was 0.230 and 0.922 g/cm3, respectively. Briefly, 1 L of water was put
into the bucket, and 10 g of each fertilizer was poured in sequence and left to dissolve
in the water. After even mixing, the EC value of the fertilizer solution was recorded
after each dissolution. According to the scattered points of the recorded test data, the
relationship between the concentration of fertilizer solution and the EC value was fitted
through regression.

3.4. Effects of the Fertilizer Flow Rate and Water Flow Rate on the Fertilizer Solution Concentration

The changes in the fertilizer solution concentration under different fertilizer flow rates
and water flow rates were investigated. Additionally, the variations in the fertilizer solution
concentration after adding the control system were compared. According to Equation (13),
stepping motor speeds of 60, 30, and 15 r/min led to corresponding fertilizer addition rates
of 0.26, 0.13, and 0.07 kg/min, respectively. The respective water flow rates were 1.5, 1.0,
and 0.5 m3/h. The fertilizer flow rate and water flow rate were tested in pairs, and the
results are listed in Table 1.

Table 1. Combined experiments of different fertilizer flow rates and water flow rates.

Pattern A B C D E F G H I

Water flow rate/m3 h−1 1.5 1.5 1.5 1.0 1.0 1.0 0.5 0.5 0.5
Fertilizer flow rate/kg min−1 0.26 0.13 0.07 0.26 0.13 0.07 0.26 0.13 0.07
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The mean deviation was used to measure the dispersion degree of a set of data, but
the stability of the fertilizer solution’s concentration required evaluation in this study [30].
Hence, Equation (14) was developed in this paper to calculate the fertilization uniformity
coefficient of this system:

DS
∗ = (1 − A.D.

C
)× 100% (14)

where DS* is the uniformity coefficient of fertilization (%), A.D. represents the average
deviation of the concentration data (g/L), and C is the arithmetic mean value of the
data (g/L).

To determine the long-term working state of the device, the dissolution and application
time of each combination test was extended to 110 min. The fertilizer was then continuously
added for the first 90 min and stopped for the last 20 min. After obtaining a stable test
bed, the control variable test method was used for testing, and data under combined tests
were obtained.

3.5. Control System Performance Testing

In practical applications, the fertilizer would take some time to dissolve completely.
Thus, the control system developed in this study fine-tuned the fertilizer flow rate and water
flow rate through fuzzy PID control to yield a stable concentration of fertilizer solution
in the fertilizer application device. For this reason, the control performance of the control
system was tested on the test platform (Figure 6b). Potassium chloride was employed as the
test fertilizer; the initial water flow rate was set to 2 m3/h, and the fertilizer flow rate was
0.5 kg/min. The concentrations of the fertilizer solution were fixed at 2, 4, 6, 8, and 10 g/L.
The electrical conductivity in the mixing barrel of the device equipped with a control system
was converted into concentration. After completion of the setting, the test stand was started,
and fertilizer was supplemented to the hopper at all times. The data were measured every
1 min from the start of the process, and the experiment lasted 90 min. The change in the
fertilizer solution’s concentration in the mixed fertilizer barrel over time was plotted for
analysis. The control system was evaluated in terms of three performance indicators (i.e.,
stability, rapidity, and accuracy) to analyze its performance. The three indicators of the
control system were represented by specific parameters: Stability consisted of the time
taken by the control system to return to the set value after adjusting the concentration of
the fertilizer solution when interference was recorded as the adjustment time. Rapidity
represented the time required for the fertilizer solution’s concentration to reach the set
value from the beginning, denoted as the response time. Accuracy was the absolute value
of the difference between the output value and the set value when the concentration of the
fertilizer solution became stable, denoted as the steady-state error (Equation (6)).

4. Results and Analysis
4.1. Relationship between Fertilizer Flow Rate and PWM Wave Frequency

The relationship between speed and PWM wave frequency after testing is shown
in Figure 7. An obvious linear relationship between motor speed and PWM wave fre-
quency was observed. After fitting, the relationship between motor speed and PWM wave
frequency can be expressed by Equation (15):

n = f /4 (15)

where n is the stepping motor speed (r/min) and f represents the pulse frequency (Hz).
Substituting Equation (15) into Equation (13) yields the relationship between fertilizer

flow rate and frequency:
q = 1.19 × 10−6ρ1.036 f 0.948 (16)
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4.2. Relationship between Water Flow Rate and PWM Duty Cycle

The relationship between water flow rate and PWM wave duty cycle after testing is
shown in Figure 8. After fitting, the relationship between the flow rate and PWM duty
cycle can be expressed as follows:

q = 0.014DC − 0.05 (17)

where q is the water flow rate (m3/h) and DC refers to the duty ratio.
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The experimental results showed a linear relationship between the water flow rate
and PWM duty cycle.

4.3. Relationship between the Concentration of Fertilizer Solution and Electrical Conductivity

The experimental relationship between the concentrations of the potash fertilizer and
compound fertilizer solution and the EC values is illustrated in Table 2. After fitting, an
obvious linear relationship between the concentration of the fertilizer solution and the
EC value was observed [31]. The relationship between the concentration of the fertilizer
solution and the conductivity of the two fertilizers can be further obtained by Equations (18)
and (19):

CK = 0.48EC − 2.5 (18)

CF = 0.92EC − 0.92 (19)
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where CK represents the concentration of the potash fertilizer solution (g/L), CF is the
concentration of the compound fertilizer solution (g/L), and EC is the conductivity value
of the fertilizer solutions (mS/cm).

Table 2. Test data sheet of the relationship between the concentration of fertilizer and the conductivity.

Fertilizer Solution
Concentration (g/L) 0 10 20 30 40 50 60 70 80 90 100

EC of K2O (mS/cm) 0.6 34.42 46.67 68.27 90.12 111.3 131.02 151.18 171.7 189.49 207.2
EC of N-P2O5-K2O (mS/cm) 0.58 14.14 25.13 35.34 43.1 62.83 59.1 68.06 77.61 95.78 115.89

After fitting, the correlation coefficients of the potash fertilizer solution concentration,
compound fertilizer solution concentration, and EC value were estimated to be 0.999, 0.96,
and 0.97, respectively. The linear relationship between the concentration of the potash
fertilizer solution and the EC value was the best. Therefore, the potash fertilizer was used as
the test fertilizer in subsequent experiments to improve the control accuracy of the fertilizer
solution concentration. The control system of the designed fertilizer solution concentration
detection process only required conversion of the EC value of the fertilizer solution to yield
the concentration of the fertilizer solution.

4.4. Influence of the Control System on Fertilizer Solution Concentration

The variation curves of fertilizer concentration over time, with or without a control
system, in different modes, are depicted in Figures 9 and 10. In different modes and after
some time, the concentration of the solution reached a stable value. When the concentration
of the fertilizer solution changed greatly, the control system adjusted to ensure the stability
of the concentration of the fertilizer solution. Comparing Figures 9 and 10, it can be seen
that the uniformity and stability of the fertilizer solution’s concentration were significantly
improved using the control system.
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Based on Equation (14), the fertilization performance parameters of the dissolution
and application device were obtained when the control system was adjusted (Table 3).
According to the uniformity coefficient of fertilization, the stability of the fertilizer solution’s
concentration was significantly improved when the fertilizer was regulated by the control
system. The uniformity coefficient of fertilization in each mode reached more than 65%,
with an average of 69.16% and a maximum of 74.58%. Using the control variable method,
A-B-C, D-E-F, and G-H-I were divided into three groups. When the water flow rate was
constant, the concentration of the fertilizer solution increased with the fertilizer flow rate
until reaching a stable value, with an approximately positive linear relationship. A-D-G,
B-E-H, and C-F-I were divided into three groups. When the rate of fertilizer addition was
constant, the change trend of the fertilizer solution’s concentration was similar, while the
stable value appeared different. The fertilizer solution concentration increased as a function
of the decrease in the water flow rate until reaching a stable value, with a negative linear
relationship.

Table 3. Fertilizer performance parameters of the solution application device under different fertilizer
flow rates and water flow rates.

Different Patterns A B C D E F G H I

Fertilizer solution concentration at
stabilization/(g/L) 4.78 2.64 1.21 6.89 3.36 1.41 9.08 4.07 1.68

The average concentration of the fertilizer
solution/(g/L) 4.01 2.21 1.03 5.70 2.71 1.17 7.53 3.30 1.37

Coefficient of evenness of fertilization/(%) 71.10 71.36 74.58 68.66 65.13 69.18 69.72 65.71 66.96

4.5. Control System Performance

After setting the target fertilizer concentration at the outlet of the fertilizer mixing
barrel, the actual fertilizer concentration was measured, and the change curve of fertilizer
concentration was obtained. In Figure 11, A, B, C, D, and E represent the fertilizer solution
concentration change curves with the set values of 2, 4, 6, 8, and 10 g/L, respectively. It
can be seen that the export of fertilizer solution concentration reached a set value after a
certain time to prevent any further rise in the fertilizer solution concentration, which would
yield excessive overshoot. Thus, the software program limited the range within ±1 g/L,
so that the fertilizer solution concentration under the adjustment of the control system
slowly became close to the set value. Over time, the concentration of the fertilizer solution
fluctuated less from the the set concentration.
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The related performance indices of the control system are shown in Table 4. The con-
centration of the fertilizer solution changed stably after controlling the solution application
device with the automatic control system and fuzzy PID control algorithm. After setting
the target concentration of the fertilizer solution, the control system quickly responded to
the target value, with a response time of about 10 min. After reaching the target value, the
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fluctuation range of the fertilizer solution’s concentration did not exceed 1 g/L, leading to
a time of about 10 min from the addition of the fertilizer to its complete dissolution. After
interference, the system was fine-tuned. The adjustment time from the beginning to the
dissolution and stabilization of the fertilizer solution was 20 min, with a steady-state error
of about 0.55 g/L. After about 1.5 h, the concentration of the fertilizer solution became
consistent with the set value. Overall, the design of the control system showed good
stability, speed, and accuracy.

Table 4. Performance indices of the mixed application control system.

Different Patterns A B C D E

The set value/(g·L−1) 2 4 6 8 10
Average fertilizer solution

concentration/(g·L−1) 1.92 3.82 5.72 7.63 9.52

Stability: adjust the time/min 20.16 20.23 20.31 20.46 20.57
Speed: the response time/min 10.63 10.71 10.89 10.91 10.98

Accuracy: the steady-state error/(g·L−1) 0.55 0.53 0.57 0.54 0.56

5. Discussion

In order to solve the problem of poor fertilization uniformity caused by the decompo-
sition hysteresis of solid fertilizer, a system combining fuzzy PID control with a fertilization
device was proposed, and achieved continuous and stable output of the fertilizer solution,
which was verified by tests to have good fertilization uniformity. This paper explores
the relationship between fertilizer flow rate and pulse-width-modulated wave frequency.
The results were consistent with those of Mirzakhaninafchi et al. [32], who used a PWM
valve to change the speed of a hydraulic motor and then adjust the feeding amount. The
relationship between the concentration of fertilizer solution and the electrical conductivity
was also investigated. Saiful et al. [33] tested the relationship between the volume of liquid
fertilizer and the EC value, and obtained the same linear fitting relationship as in this
study. The control system was evaluated in terms of stability, speed, and accuracy, and its
superiority was verified. This study lays the foundation for further study of fertilization
control systems. It provides a reference for the development of precise and intelligent
fertigation. In future research, it will be possible to develop more intelligent and widely
applicable systems. For example, the control system of the Internet of Things could be
applied in fertigation, enabling greater efficiency.

6. Conclusions

In this study, a solid fertilizer dissolution and application control system based on a
fuzzy PID algorithm was designed and tested as a self-developed fertigation device. The
control system consisted of the control of fertilizer flow rate and water flow rate, and the
detection of fertilizer concentration. The precise adjustments of fertilizer flow rate and
water flow rate were achieved. The fertilizer flow rate and water flow rate were changed in
real time to ensure the uniform and adjustable concentration of the fertilizer solution at the
outlet of the mixing equipment.

The relationship between fertilizer flow rate and PWM wave frequency, water flow
rate, and PWM wave duty ratio, as well as the relationship between the concentration of the
fertilizer solution and the electrical conductivity of two common solid fertilizers, was deter-
mined to provide theoretical guidance for the improvement of the control system program.

Using the control system, the uniformity of fertilization reached more than 65%, with
a maximum of 74.58%. The dissolving device with the control system quickly responded to
the target value, and the fertilizer concentration fluctuated within the range of the set value
(at most ±1 g/L). The response time from the beginning of the system to the complete
dissolution of fertilizer was about 10 min, and the adjustment time from the fine-tuning of
the system to the stabilization was around 20 min. The steady-state error was estimated
to be about 0.55 g/L, showing good stability, speed, and accuracy. After verifying the
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regulation using the control system, the device had better fertilization uniformity, solving
the problem of solid fertilizer dissolution hysteresis.
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Abstract: A Venlo-type greenhouse with a continuous roof vent (CR-Venlo greenhouse) was proposed
by the Ministry of Agriculture, Food and Rural Affairs, South Korea (2019) for natural ventilation even
during summers. It is ventilated through the buoyancy effect of the heated air using the high eave
elevation. However, the CR-Venlo greenhouse was not distributed domestically, and its ventilation
efficiency was not quantitatively evaluated. We aimed to analyze the natural ventilation efficiency of
the greenhouse according to the eave height, using computational-fluid-dynamics. The simulation
model was analyzed for hot summer conditions. The target greenhouse is ventilated only through
the roof vent with all roof windows open; therefore, the air introduced through the roof window is
easily exhausted. To evaluate the efficiency of ventilation, the external air entering through the roof
window was calculated and evaluated. The amount of incoming air varied greatly with the location
of the span and average temperature of the greenhouse; The temperature of the crop zone decreased
lognormally with increasing height of the eave. Moreover, the ventilation efficiency of CR-Venlo
greenhouse could be increased by improving the ventilation structure such as a shape, position or
combination of roof window.

Keywords: computational fluid dynamics (CFD); eave height; natural ventilation; venlo greenhouse

1. Introduction

Crop production through facility cultivation has developed continuously over the
past several years by ensuring stable productivity and high-quality crops throughout the
year. Recent data from the Ministry of Agriculture, Food and Rural Affairs, South Korea
(MAFRA) indicated that the scale of production has been steadily increasing from the
1970s to the present; the area of domestic vegetable cultivation and total production were
54,443 ha and 2,441,000 tons in 2019, respectively [1]. Meanwhile, the domestic agricultural
population is steadily aging and declining, whereas the demand for agricultural products
has been growing. In addition, there is an increase in automation and the number of large-
scale greenhouses. The development of ICT technology and the expansion of investments in
smart farms are accelerating the enlargement of greenhouses. In particular, the area of multi-
span greenhouses in Korea increased from 5227 ha in 2012 to 7088 ha in 2019 [1]. A large
greenhouse enables easy automation and improved productivity. It has the advantage of
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relatively low heating cost in winter but, inevitably, the disadvantage of having a large
cooling demand in high-temperature environments in summer.

Therefore, a Venlo-type greenhouse with a continuous roof vent (CR-Venlo green-
house) has been developed by the MAFRA in 2019 to reduce high-temperature stress to
crops even in high-temperature environments in summer. The CR-Venlo greenhouse has a
structure similar to that of the conventional Venlo-type greenhouse (C-Venlo greenhouse).
Ventilation occurs due to the buoyancy effect of heated air inside the greenhouse in summer
due to the high eave height. Most of the roof area of the CR-Venlo greenhouse is designed
with roof vents; therefore, there is the possibility of wind ventilation using a large roof
vent. In particular, the temperature inside the greenhouse decreases as the elevation of the
eave increases [1]; therefore, the temperature difference between the inside and outside
of the greenhouse decreases. In this study, we evaluated a single-span greenhouse and
designed the opening angle of the roof window to be significantly large. In a single-span
greenhouse, the natural ventilation effect is greater than that in a multi-span greenhouse.
When the opening angle of the roof window is considerably large, the inflow of external air
into the greenhouse is smooth. Furthermore, in a single-span greenhouse, the influence
of side window ventilation is great. However, in a multi-span greenhouse, the ventilation
effect by the side windows decreases rapidly as the number of the multi-span increases.
Therefore, the ventilation through the roof window is highly important for the stagnant
area of the multi-span greenhouse. The roof vent window should be designed based on
the quantitative analysis of natural ventilation. The CR-Venlo greenhouse has a high venti-
lation efficiency due to the structural characteristics of the ventilation window; however,
its ventilation efficiency has not yet been quantitatively evaluated [2].

Changes in the thermal environment inside the greenhouse according to ventilation
design have been well studied [3–18]. Most studies analyze the horizontal temperature
distribution at a specific height, such as the height of a crop. Only a few studies have
been reported on the vertical temperature distribution inside the greenhouse for large,
high-altitude greenhouses. In a greenhouse with a high eave height, there is more space
for the heated air to rise from the bottom via buoyancy in summer; this results in a
vertical temperature deviation. In particular, the temperature at the height of the crop
zone could be lowered. It is necessary to quantitatively analyze the vertical temperature
distribution inside the greenhouse due to the buoyancy effect and to analyze the reduction
in temperature in the crop zone in summers, in the high-elevation greenhouse.

Therefore, in this study, the ventilation efficiency and temperature distribution in
a CR-Venlo greenhouse during summer were evaluated according to the eave height.
A computational fluid dynamics (CFD) program (FLUENT19.0, ANSYS, New York, NY,
USA) was used to analyze various environmental conditions, such as the external wind
speed. The internal air flow and ventilation efficiency of the CR-Venlo greenhouse were
evaluated according to the external wind speed and eave height of the CR-Venlo greenhouse.
This was followed by the evaluation of the ventilation effectiveness of a greenhouse with
a high lateral elevation. The CR-Venlo greenhouse has a roof vent with both windward
and leeward side openings; therefore, air flowing through the windward-side opening
easily flows out through the opposite leeward-side opening. Therefore, two efficiencies
were evaluated; one for air inflow through the roof vent and the other for air incoming into
the greenhouse. Furthermore, the average temperature of the entire greenhouse and at the
height of the crop zone was evaluated at varying external wind speeds and heights of the
greenhouse. Finally, improved models with higher ventilation efficiencies than those in
the CR-Venlo greenhouse are suggested based on ventilation efficiencies under the same
environmental conditions for the CR-Venlo and C-Venlo greenhouses.

2. Materials and Methods

Figure 1 displays the research flow chart for this study. A CFD simulation model was
designed to evaluate the ventilation efficiency of a CR-Venlo greenhouse. The standardized
design of the CR-Venlo greenhouse was disseminated only recently; therefore, there are no
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actual constructions. Lee et al. [14] evaluated the ventilation rate of the high-eave height
1-2W type 3-span Korean greenhouse in summer [14]. The CFD model information, such
as crop module, turbulence model, and external area information, from this report was
used in this study because both studies focus on the ventilation rate in greenhouses with
high eave height in summer. However, previous study focused on the 1-2W and 3-span
greenhouse, which is the most commonly used model in South Korea. Therefore, it was
necessary to verify whether the information from the CFD simulation model [14] could be
applied to other types of greenhouses; field experiments and verification of the simulation
model were performed. The CFD model of the CR-Venlo greenhouse was designed, and
the ventilation efficiency according to the eave height of the greenhouse was analyzed.
First, the amount of air inflow and outflow through the roof vent were calculated according
to the external wind speed and the eave height of the greenhouse were calculated. Next,
the thermal environment of the CR-Venlo greenhouse was evaluated by calculating the
average temperature of the entire greenhouse and the height of the crop zone. To address
the limitations of the ventilation structure that uses only the roof vent of the CR-Venlo
greenhouse, the possibility of improving ventilation efficiency by modulating the opening
and closing of the roof vent and auxiliary facilities was evaluated.
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Figure 1. Flow chart of the experimental procedure.

2.1. Target Greenhouse

The CR-Venlo greenhouse, the target facility of this study, is an even-span greenhouse
with a high eave height. It is like a C-Venlo greenhouse, but it has a large roof area
with continuous roof windows (Figure 2). In this greenhouse, both the windward and
leeward windows are open. It allows a lot of air to flow in and out through a large-area
roof window and has excellent heat buffering capacity because of its large volume and
ventilation rate due to a large-area roof window. Therefore, this type of greenhouse is
beneficial in the cultivation of paprika and tomatoes in all seasons. A standard design of
a CR-Venlo greenhouse has been developed; however, it has not yet been distributed to
actual farms because of the lack of quantitative-analysis data on its ventilation efficiency.
The CR-Venlo greenhouse in this study was designed based on the specifications presented
in 19-Yeondong-3 (MAFRA, 2019) of the internal type of standard design drawing. The
greenhouse length is 40.0 m; it is a 15-span greenhouse with a width of 8.0 m. The eave
height is 7.0 m, and the ridge height is 1.1 m higher than the eave height. The covering
of the greenhouse is 15.0 mm polyolefin film. The ceiling, side, front, and back of the
greenhouse are all covered with film, and the floor is concrete. The roof vent of the CR-
Venlo greenhouse is 1.0 m in width and 36.0 m in length. It has a large area of 39.4%
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compared to approximately 14.7% of the total ceiling area of a C-Venlo greenhouse of the
same volume. Ventilation is conducted by opening all roof windows by up to 45 degrees;
a separate ventilation system was not considered, including side windows. In addition,
a separate cooling system was not considered because the system was expected to have
excellent thermal buffering capacity due to the high structural feature of the side elevation.
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Tomatoes (Solanum lycopersicum), typically grown in domestic horticultural facilities,
were chosen for cultivation in the target greenhouse. Tomato is conducive to continuous
cropping through a hydroponics that reduces labor [19]. Five beds per span were arranged
at 1.6 m intervals with two rows per bed (Figure 3). The beds were placed at 0.7 m from the
ground; the width and height of the bed were 0.3 m and 0.15 m, respectively. A seedling
cube with a width of 0.3 m and a height of 0.15 m was placed on the bed. The shape of the
tomato crop was established as a cuboid with a width of 0.5 m and a height of 2.0 m.
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2.2. Computational Fluid Dynamics (CFD)

Computational Fluid Dynamics (CFD) is a numerical analysis tool that can analyze
fluid flow, heat transfer, and chemical action through computer simulation for a system
containing a fluid. CFD uses the Navier-stokes equation, a nonlinear differential equation,
as the governing equation. It is a tool for simulating numerical analysis using the finite
difference method. It is actively used in various fields, including machinery, aviation, chem-
ical engineering, manufacturing, civil engineering and construction, and environmental
studies. It is applied in the agricultural field to evaluated livestock facilities and greenhouse
environment [20–24].

In this study, a three-dimensional grid was designed using a commercial program for
CFD (ver. 18.2, ANSYSInc, Canonsburg, PA, USA) to analyze the ventilation efficiency of
the CR-Venlo greenhouse. The calculation was performed by setting boundary conditions
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for the target domain. Fluent is a program that numerically analyzes the flow of fluid
in an analysis space designed as a two- or three-dimensional grid, based on the law of
conservation of mass, energy, and momentum. The equations used in the calculation are
as follows:
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where ρ is the density of the fluid (kg·m−3),
→
v is the flow velocity of the fluid (m·s−1), P is

the static pressure (Pa),
→
τ is the stress tensor (Pa), and

→
g is the acceleration due to gravity.

(m·s−2),
→
F is the external force (N·m−3), Sm is the source term of the mass (kg·m−3), ke f f is

the effective conductivity (kg·m−2·s−1), T is the temperature (K), E is the specific enthalpy

indicating the enthalpy per unit mass (J·kg−1), t is the time (s),
→
Ji is the diffusion flux of

type i (kg·m−1·s−1), and Sh is the total enthalpy (kg·m−1·s−3).

2.3. Experimental Procedure
2.3.1. Field Experiment and Modelling for Validation of the CFD Simulation Model

A field experiment was conducted to verify the simulation model for a wide-span type
greenhouse using roof vents similar to those in the structure of the CR-Venlo greenhouse
(Figure 4). The target greenhouse is a 5-span wide type greenhouse located in Moga-
myeon, Icheon-si, Gyeonggi-do (37◦18′N, 127◦48′E). The dimension of the 1-span of target
greenhouse was a width of 9 m, a length of 30.0 m, an eave height of 3.5 m, and a ridge
height of 5.5 m. The tomato (Solanum lycopersicum) was grown hydroponically inside the
target greenhouse. The planting density was approximately 3 plants·m−2, and the plants
were cultivated in the one-stem attraction method. Tomatoes were approximately 60 days
old during the experiment. The cultivation environment was controlled by ventilation
using roof vents based on the values obtained using the central temperature sensor. The
temperature was maintained at 24–26 ◦C, which is the optimal growing temperature for
tomatoes. The field experiment was conducted on 8 July 2020, and the vertical temperature
distribution was measured for six points (0.8–4.8 m) at 0.8 m height intervals regarding
the central location of the greenhouse. The internal air temperature was measured at 1 s
intervals using a Type-T thermocouple; the measured data was processed to obtain a 10 s
average value.

The CFD model for validation was designed for the greenhouse on which the field
experiments were performed. The model information, including the turbulence model
and grid size, was like that of the CFD model of the CR-Venlo greenhouse. External
weather data, such as wind direction, wind speed, and air temperature, were obtained from
the Ochang Meteorological Observatory, the closest meteorological station. The external
weather data of the period in which the vertical wind (±15◦) blows against the sidewall of
the greenhouse, and the average values of the wind speed and air temperature were used.
Tomatoes in the mature stage exchange sensible and latent heat and act as resistance to
airflow. Therefore, the CFD model was designed based on the values of a previous study
for a mature tomato plant [25] (Table 1).
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Figure 4. Experimental greenhouse located in Moga-myeon, Icheon-si, Gyeonggi-do Province
(37◦18′N, 127◦48′E) and field experiment (a) External view of the experimental greenhouse, (b) Sensor
installation for measuring vertical air temperature, (c) Internal view of the experimental greenhouse
and (d) Sensor installation to avoid direct radiation.

Table 1. Values of the boundary condition of the CFD simulation model for validation.

Boundary Condition Input Values Reference

Outside air temperature (◦C) 27.4

Field experiment and
Ochang weather station
(Average value during

field experiment period)

Wind speed (m · s−1) 1.40

Wind direction (◦) 90

Greenhouse
wall

Temperature (◦C) 27.4

Thickness (m) 0.0001

Tomato

Latent energy sources (W ·m−3) −30.0

Lee [25]
Viscous resistance (m−2) 2.53

Inertial resistance (m−1) 1.92

Turbulence model Realizable k-ε

2.3.2. Design of External Domain and Wind Environment of the CFD Simulation Model

The external wind environment is an important factor in calculating the natural
ventilation rate. The wind speed and the turbulence distribution by height vary depending
on the stability of the atmosphere. Therefore, to apply these conditions to the CFD model,
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the average profiles of wind-speed, turbulence-energy, and turbulence-dissipation-rate
were calculated through the conditional equations reported earlier; a user-defined function
was created as a code and was reflected in the model [26,27]. The flow velocity profile and
turbulence profile applied to CFD in the external wind environment are as follows:

u(z) =
u∗ABL

k
ln
(

z + z0

z0

)
, (4)

ε(z) =
u∗ABL

3

k(z + z0)
, (5)

ω(z) =
ε

Cµk
, (6)

where u is the wind speed at height z (m·s−1), u∗ABL is the friction velocity (m·s−1), k is
the Kármán constant (dimensionless), z0 is the roughness length (m), ε is the turbulent
energy dissipation (m2·s−3), ω is the specific dissipation rate (s−1), and Cµ is the empirical
constant (dimensionless).

Until recently, there was no detailed standard for designing the external domain of a
3D computational fluid dynamics model; approximate values had been suggested through
empirical or experimental verification [28–30]. Kim et al. [31] proposed the minimum length
of the outer region where the atmospheric boundary layer reaches the center based on the
height of the target building, to prevent the internal boundary layer from continuously
growing [31]. The size of the entire computational domain can be determined by the height
of the study object. If there is an object larger than the study object, it should also be
considered. The vortex formed at the highest point dissipates at the farthest point within
the analysis domain.

Therefore, in this study, the external area for natural ventilation was designed based
on the results of previous research [31]; the length of the upstream section on the windward
side was set at 3H. The side and upper surfaces of the analysis area were designed to be 5H
each in a range where the vortex formed from the greenhouse does not affect them. The
length of the downstream section was designed to be 15H considering the convergence and
economic feasibility. The size of mesh inside the greenhouse was 0.3 to 0.5 m, and the total
number of meshes was approximately 8.1 million (Figure 5).
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2.3.3. Boundary Conditions of the CFD Simulation Model

The 3D simulation model of the CR-Venlo greenhouse was designed referring to the
19-Yeondong-3 model of the standard design [1] and was designed for five eave heights
to analyze the ventilation efficiency at different eave heights of the greenhouse. The
simulation target period was established for the hot summer season, the temperature of
the outside air was set to 35 ◦C, which corresponds to 1% of the TAC (Technical Advisory
Committee) temperature of the summer weather data (1990–2020) for the last 30 years in
Daegu. The turbulence model, the size of grid, and boundary conditions such as internal
ground temperature, sensible heat, and latent heat of tomato were designed referring to
the modeling conditions of a previous study [25] (Table 2).
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Table 2. Boundary condition values of the CFD simulation model for case study.

Boundary Condition Input Values Reference

Outside air temperature (◦C) 35.0 Weather station data
(1990-2020) and

Greenhouse wall
Temperature (◦C) 35.0

Thickness (m) 0.0001 MAFRA (2019)

Ground temperature inside the greenhouse (◦C) 45.0

Lee [25]

Ground temperature outside the greenhouse (◦C) 44.16

Tomato

Latent energy sources (W ·m−3) −30.0

Viscous resistance (m−2) 2.53

Inertial resistance (m−1) 1.92

Turbulence model Realizable k-ε

2.3.4. Analytical Conditions for Evaluation of Ventilation Efficiency

When the external wind speed is over 2.0 m·s−1, wind-driven ventilation is dominant;
when the external wind speed is less than 0.5 m·s−1, gravity with buoyancy driven venti-
lation is dominant [4,32]. Depending on the wind speed, there are variations in the main
factors that affect the ventilation efficiency of natural ventilation. The wind speed at which
wind-driven ventilation and buoyancy-driven ventilation are predominant differ with the
number and size of the peristaltic ventilation of the greenhouse. Therefore, in this study,
the external wind speed conditions at the height of the greenhouse eave were established
at 0.5, 1.5, and 3.0 m·s−1 to include both conditions where buoyancy-driven ventilation
and wind-driven ventilation are dominant for the CR-Venlo greenhouse. Wind direction
conditions were subjected to a 90◦ wind perpendicular to the length of the greenhouse.
To analyze the changes in the ventilation rate with the height of the CR-Venlo greenhouse,
15 case simulation models were analyzed for different measured heights of the greenhouse
(5, 6, 7, 8, and 9 m) (Table 3).

Table 3. Analysis cases for the evaluation of ventilation efficiency using the CFD simulation model.

Analysis Cases Conditions

Wind direction (◦) 90

Wind speed (m · s−1)
0.5, 1.5, 3.0

(at the roof height of the greenhouse model)
Rigid height of the greenhouse 5, 6, 7, 8, 9

Total 15 cases

The CR-Venlo greenhouse is expected to have high ventilation because of the large
area of the roof vent window. However, the inflow air immediately flows out because the
windward and leeward roof windows facing each other are open. Therefore, in wind-driven
ventilation conditions in which air inflow and outflow through the roof window are actively
performed, ventilation efficiency could be reduced. To overcome the limitations of the
ventilation structure, an improvement is proposed by analyzing the opening and closing of
each roof window in the CR-Venlo greenhouse and the natural ventilation efficiency, based
on the installation of auxiliary facilities under wind-driven ventilation conditions (3 m·s−1)
(Figure 6 and Table 4). To strengthen the main airflow according to the location of each span,
Case 1–3 models were proposed in which the roof windows in the windward and leeward
direction were all opened according to the location of the 15 span greenhouses. In addition,
the airflow toward the bottom of the greenhouse was strengthened by installing a virtual
windbreak at the mid-point of the roof window or by increasing the roof opening angle.
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Figure 6. Schematic depicting the improved model ventilation structure of the CR-venlo greenhouse
with continuous roof vents: (a) Case 0: CR-venlo greenhouse, (b) Case 1: Opening of windward roof
vents at 1–5 span and leeward roof vents at 11–15 span, (c) Case 2: Opening of windward roof vents
at 1–7.5 span and leeward roof vents at 7.5–15 span, (d) Case 4: Opening of all windward roof vents,
(e) Case 4: Windbreak installation in the center of all roof vents, (f) Case 5: Increasing the opening
angle of roof vents.

Table 4. Specifications of the modified CFD simulation model to improve ventilation rate.

Model
Installation of
Wind Break in

the Roof
Opening Condition of Roof Vents Opening Angle of

Roof Vents (◦)

Case 0 X All spans: Open on both windward
and leeward sides 45

Case 1 X

1–5 spans: Open on the windward side
6–10 spans: Open on both windward

and leeward sides
11–15 spans: Open on leeward side

45

Case 2 X 1–7.5 spans: Open on windward side
7.5–15 spans: Open on leeward side 45

Case 3 X All spans: Open on leeward side 45

Case 4 O All spans: Open on both windward
and leeward sides 45

Case 5 X All spans: Open on both windward
and leeward sides 75

2.3.5. Evaluation of Ventilation Efficiency and Thermal Environment

A large amount of fresh outside air should flow into the greenhouse, and the heated
air inside the greenhouse should be smoothly discharged to the outside. The CR-Venlo
greenhouse does not have a side window and can only be ventilated through the roof
window; the inlet and outlet have the same structure. In addition, the distance between
the roof windows is considerably short, and all the facing roof windows are open. The air
introduced through the roof window can immediately flow out through the facing roof
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window. Therefore, it is necessary to evaluate whether fresh air is introduced into the
greenhouse through the roof window and whether it replaces the air inside the greenhouse.

In this study, the ventilation efficiency through the roof window of the CR-venlo
greenhouse was evaluated by calculating the air inflow and outflow through the roof vent
of each span (Figure 7a). Based on the roof window surface of the greenhouse, the inside
direction was designated as ‘+’ and the outside direction as ‘−‘. Air inflow through the
greenhouse roof window (Airinflow) was calculated as the mass flow rate in the positive
direction (( 1©+ 2©)/2) and air outflow through the greenhouse roof window (Airoutflow) was
calculated as the mass flow rate in the negative direction (( 3©+ 4©)/2). The air introduced
through the roof window that flows into the interior space of the greenhouse was assessed
by defining a virtual reference plane parallel to the floor of the greenhouse in the area near
the roof of the greenhouse and by calculating the mass flow rate ( 5©) of the air that flows
into the interior of the greenhouse (Figure 7b). Figure 8 indicates the position of each span
where the ventilation efficiency was calculated.
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Figure 8. Region definitions for Korean Venlo-type greenhouses with continuous roof vents used to
evaluate ventilation efficiency.

The design of the CR-Venlo greenhouse is expected to decrease the temperature of the
lower part of the greenhouse by allowing hot air to rise to the upper part of the greenhouse
during summer due to the high elevation of the structure. Therefore, the reduction in
air temperature at different heights of the greenhouse was analyzed. The average air
temperature at different heights of the greenhouse, was also calculated, and the average air
temperature at the height of the tomato crop zone (0.7–2.7 m), which directly affects the
growth of the crops.

3. Results
3.1. Validation of the CFD Simulation Model

To verify the CFD simulation model, the changes in the vertical temperature inside
the greenhouse with changes in the external weather conditions were measured for a
wide-span greenhouse (Figure 9). In the case of the field experiment, the wind direction,
wind speed, and the external temperature continuously changed. The CFD model in this
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study analyzed the ventilation rate of the greenhouse for each wind direction and wind
speed condition; therefore, the analysis was performed assuming a steady-state. The data
measured at constant wind direction and blowing time among the experimental field data
were used for validation. The wind direction (246◦ ± 15◦) that is perpendicular to the
sidewall of the greenhouse, which can effectively influence the change in temperature
inside the greenhouse due to the inflow of external air, the blows, and the data for the time
(PM 12:20) of high external air was used. The external wind speed was 1.4 m·s−1.
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Figure 9. The outside air temperature and wind direction in the experimental greenhouse located in
Moga-myeon, Icheon-si, Gyeonggi-do Province (37◦18′N, 127◦48′E) during the experimental period
(July 2020).

The data measured through the field experiment change in real time despite using
10 s average data measured for 1 min for a relatively constant time under a specific wind
direction and speed; therefore, the changes in the internal vertical temperature profile with
the measurement time were evaluated (Figure 10). The temperature profile exhibited a
tendency to change the temperature at the top height. It was influenced by wind conditions
changing in real-time. According to the wind conditions, the influence of outside air
entering the greenhouse through the roof window was variable. In the CFD verification
model, the simulation was performed assuming a steady state; therefore, the location where
the outside air is introduced through the roof vent and the location where the air inside
the greenhouse flows out are divided according to the span location of the greenhouse.
A constant vertical temperature profile was calculated according to the span position
of the greenhouse. In the central position of the greenhouse, which is the verification
position, the internal temperature exhibited a tendency to increase as the height of the
greenhouse increased.

In field experiments and simulation results for comparative verification, because field
experiments were conducted at the central location of the greenhouse, the simulation calcu-
lation results of the same location were used. The CFD verification model was validated;
therefore, it exhibited a similar trend to the field test result and the shape of the vertical tem-
perature profile at the central location of the greenhouse (RMSE: 0.3 ~ 1.1 ◦C; R2: 0.88~0.99);
it predicted the vertical temperature inside the greenhouse by roof-window ventilation.
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Figure 10. Validation of the CFD simulation model for the vertical temperature in the greenhouse.
(The error bar of the field experiment in the unsteady state means the range of the maximum and
minimum values).

3.2. Evaluation of Air Inflow and Outflow Rate through Roof Vent According to Wind Speed
3.2.1. Analysis of Airflow Pattern According to Wind Speed

A single or multi-span greenhouse where the number of spans is not large is greatly
affected by wind ventilation when the external wind speed is 2.0 m·s−1 or higher, whereas
large-scale greenhouses with many spans are relatively less affected by wind ventilation [8].
The target is a large greenhouse with a high side elevation and 15 spans; therefore, the
conditions that predominantly affect ventilation according to the wind speed would be
different. In case of simulation calculations for a low wind speed (0.5 m·s−1), the flow
inside the greenhouse is formed according to the external air inflow and an upward airflow
from the floor is formed due to buoyancy. (Figure 11). Therefore, gravity with buoyancy
driven ventilation is dominant. With simulation results for high wind speed (1.5 and
3.0 m·s−1) there is no upward airflow due to buoyancy on the windward side. The flow of
air introduced from the roof window reached the bottom of the crop and greenhouse, and
the internal airflow was majorly formed.
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Figure 11. CFD computed airflow distribution at the center of the cross section of the greenhouse
according to the external wind speed (the external wind direction was fixed perpendicular to the side
window). (a) Airflow distribution in the eave height 7m and external wind speed 0.5 m · s−1 (Center
cross section of the greenhouse). (b) Airflow distribution in the eave height 7 m and external wind
speed 3.0 m · s−1 (Center cross section of the greenhouse).

Here, wind ventilation dominates, and below 0.5 m·s−1, gravity with buoyancy driven
ventilation dominates; as the number of spans increases, the effect of gravity with buoyancy
driven ventilation increases. In the greenhouse case of the inside on the downwind side, the
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influence of the air flowing in from the outside was relatively reduced; therefore, an updraft
was formed because of buoyancy. The ventilation efficiency of the Korean-style interlocking
greenhouse was evaluated according to the wind-environment conditions because the main
mechanisms affecting greenhouse ventilation varied with the wind speed conditions.

3.2.2. Estimation of Inflow/Outflow Rate at Roof Vent

The inflow/outflow rate through the roof vents of the CR-Venlo greenhouse according
to the external wind speed was quantified (Figure 12). The calculation of the airflow
rate passing through the roof vents of the CR-Venlo greenhouse under low wind speed
(0.5 m·s−1) conditions for each span revealed that the highest air inflow (Airinflow) was
in the first span on the windward side with 14.99 kg·s−1, and the air inflow gradually
decreased toward the leeward side. The air outflow (Airoutflow) through the greenhouse
roof vent in each span was greater on the windward side and decreased toward the leeward
side. Under low (0.5 m·s−1) and high wind speed (3.0 m·s−1) conditions, the coefficient
of variation (CV) for the air outflow through the greenhouse roof vents was 28.4% and
32.5%, respectively. Therefore, under low wind-speed conditions, the overall air outflow
is uniform for all spans, and indirectly indicates that the airflow inside the greenhouse is
predominantly influenced by gravity with buoyancy driven ventilation.
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The calculation of the flow rate for air passing through the greenhouse roof vents at
high wind speed for each span revealed that the first span on the windward side had the
highest air inflow (Airinflow) with 24.35 kg·s−1, and the air outflow (Airoutflow) was also
high with 28.53 kg·s−1. Except for the first span, little air flowed through the roof vents in
spans on the windward side, and after the span in the center of the greenhouse, air inflow
rate through the roof vents increased to approximately 80% of that of the first span. This
was because most of the air flowed in through the first span on the windward side, and
the airflow separation was largely generated by the greenhouse structure at first span. The
inflow through the roof vents gradually decreased toward the spans on the leeward side,
and the air outflow rate was greater than that of the inflow. In particular, the volume of
outflow from the last span on the leeward side was four times that of the inflow, indicating
that the outflow of internal air was dominant at the leeward side.

3.2.3. Estimation of Incoming Flow Rate

The volume of inflow and outflow through the roof vent indicates the ventilation
efficiency of the CR-Venlo greenhouse roof vent; however, it does not guarantee to increase
the ventilation rate at the height of the crop zone in the CR-Venlo greenhouse. Because
all facing roof vents on the same span are open and the distance between roof vents is
considerably short; most air escapes through the roof vent on the opposite side in the case of
ventilation under high external wind speed (Figure 13). Therefore, quantitative evaluation
of air inflow through the roof vent is necessary to determine if air actually flows into the
greenhouse. To quantitatively compare this, a CFD model for the general Venlo greenhouse,
which has the same shape as the CR-Venlo greenhouse but with a different roof vent,
was created. Ventilation efficiency was compared, and the volume replacement rate per
minute was calculated (Table 5). The volume replacement rate per minute in the CR-Venlo
greenhouse under low wind-speed conditions (0.5 m·s−1) was 0.17 AER min−1, which was
higher than that in the European-style Venlo greenhouse (0.10 AER min−1). The volume
replacement rate per minute of the CR-Venlo greenhouse under high wind-speed conditions
(3.0 m·s−1) was 0.28 AER min−1, which was lower than that in the European-style Venlo
greenhouse (0.49 AER min−1). The CR-Venlo greenhouse has a structure similar to that
of the European-style Venlo greenhouse, but the CR-Venlo greenhouse has a relatively
large area of roof window. It means that the large roof window area of the CR-Venlo
greenhouse helps gravity with buoyancy driven ventilation very efficiently under low wind
speed conditions. In high wind speed conditions, where the influence of wind-driven is
ventilation high, ventilation through the wide roof window area was not effective. This
result contradicts the results obtained when much of the external air flows through the roof
window of the CR-Venlo greenhouse, indicating that the influx of external air through the
roof window was ineffective.

The ventilation efficiency was evaluated considering the characteristics of a CR-Venlo
greenhouse vent; the total inflow of external air through the roof vent and actual air inflow
(Airincoming) into the greenhouse was assessed.

Table 5. CFD computed ventilation rates based on the MFR method of the CR-Venlo greenhouse and
C-Venlo greenhouse.

External Wind
Speed (m·s−1)

Air Exchange Rate Per Minute (AER min−1)
Venlo-Type Greenhouse with
Continuous Roof Vent Open

Conventional Venlo-Type
Greenhouse

0.5 0.17 0.10
3.0 0.28 0.49
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Figure 13. Airflow in middle span of the greenhouse with a ridge height of 7 m under the external
wind speed of 3 m·s−1. (a) Airflow pattern of Dutch Venlo-type greenhouse through the roof vents,
(b) Air flow pattern of Korean Venlo-type greenhouse through the roof vents.

The top graph in Figure 14a depicts the air inflow (Airinflow) through the roof vent at
various heights of the greenhouse at an external wind speed of 0.5 m·s−1, and the bottom
graph indicates the air inflow (Airincoming) through the roof window. On the top graph, the
efficiency of inflow of external air in each span in the greenhouse can be evaluated, and
on the bottom graph, the efficiency of the air flow out of the greenhouse can be evaluated.
The mass inflow rate (Airinflow) was higher in the span on the windward side, where the
inflow of external air begins. It gradually decreased toward the spans on the leeward side.
Air flowing into the greenhouse (Airincoming) was higher in the span on the windward side
and gradually decreased toward the spans on the leeward side. The air inflow in each span
changed gradually and the airflow separation in the first span in the greenhouse was not
severe. This could be attributed to the dominant gravity with buoyancy driven ventilation
because the external wind speed was relatively low. The air flow into the greenhouse,
compared to the mass inflow rate through the roof vent in the greenhouse, presented at
30.3–61.4% in most spans, except for the span on the windward side (81.0~100%).

Figure 14c depicts the air inflow (Airinflow) through the roof vent at different heights
of the greenhouse under an external wind speed of 3 m·s−1, as well as the air flow into the
greenhouse (Airincoming). With the first and second spans on the windward side, which
had high levels of mass inflow rate, most air did not flow into the greenhouse. The ratio of
air that actually flowed into the greenhouse was less than 2%, with most air (98%) flowing
out of the greenhouse. Furthermore, most of the spans, except for the first and second
spans on the windward side and the last span on the leeward side, exhibited an air inflow
efficiency of 12.55–34.41%. Therefore, although the mass replacement rate was high due to
the opening of all facing roof vents, the actual air inflow efficiency was not.

When the height of the greenhouse increased, the ratio of air that flowed into the
greenhouse improved by a maximum of 4.59% in the span at the center of the greenhouse.
This indicates that airflow separation that occurs on the sidewall on the windward side
was greater, and consequently, the air inflow efficiency in the span in the center of the
greenhouse increased. However, in most greenhouse spans, the improvement of air inflow
efficiency with the height of the greenhouse was minimal, ranging from 0.16 to 3.50%.
Therefore, improvements are necessary to allow a lot of air to enter the greenhouse through
the roof vent.
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Figure 14. Total inflow rate and incoming flow rate according to the eave height and external wind
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3.3. Evaluation of the Thermal Environment of the Greenhouse According to the Height of the Eave

The thermal environment analysis of the CR-Venlo greenhouse revealed that, except for
the first span, the temperature increased as the internal height of the greenhouse increased
in the spans on the windward side (Figure 15). The amount of air entering the roof vent is
small; however, the amount of internal air flowing out was dominant in these spans. For the
central span, the temperature increased with increasing internal height of the greenhouse;
however, the temperature decreased after a certain height. The inflow of air separated from
the sidewall on the windward side through the roof vent after the central span possibly
lowers the temperature at the top of the greenhouse. With the leeward side span, the higher
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the location inside the greenhouse, the higher the temperature. The dominant amount of
external air inflow in the central span of the greenhouse moving toward the spans on the
leeward side and flowing out through the roof vents have caused this.
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Analysis of average greenhouse temperature and crop zone temperature at different
heights of the CR-Venlo greenhouse revealed that the higher the height of the greenhouse,
the lower was the average greenhouse temperature and crop zone temperature, under
all wind conditions (Figure 16). This could be attributed to the increased volume of the
greenhouse, combined with the increase in the greenhouse height. This causes hot air to
move to the upper part of the greenhouse, resulting in the rapid removal of heat. These
results are in line with those in earlier reports [1]. However, when the external wind speed
was 1.5 m·s−1, the amount of temperature decrease with increasing greenhouse height
was reduced. The temperature of the crop zone decreased by 0.6 ◦C when the greenhouse
height was 6 m compared to that at 5 m; it decreased by 0.1 ◦C when the height was 9 m
compared to that at 8 m. This may be due to the low efficiency of the flow of external
air into the greenhouse because in the ventilation structure of the CR-Venlo greenhouse,
all facing roof vents are open. When the height of the greenhouse increases, the heated
air on the floor of the greenhouse should move up and escape to the outside through the
roof vent; the efficiency of hot air removal is influenced by the low efficiency of ventilation
through the roof vent. Consequently, the overall temperature of the internal greenhouse
and the crop zone decreased slightly with increasing height of the CR-Venlo greenhouse.
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Figure 16. Average temperature in the whole greenhouse and crop zone according to the eave height
of greenhouse (X-axis: eave height of greenhouse; Y-axis: Air temperature (◦C);
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3.4. Evaluation of the Ventilation Efficiency of the Improved Korean Venlo-Type Greenhouse with
Continuous Roof Vents

The height difference between the upper and lower parts of the CR-Venlo greenhouse
is sufficient due to the high eaves, and the buoyancy effect in hot summer is expected
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to be particularly large due to the temperature differences between the upper and lower
parts of the greenhouse. However, because the inflow and outflow of air occur through the
same roof vent, they move against each other, resulting in the decreased efficiency of the
greenhouse’s inflow of external air and outflow of internal air.

In the CR-Venlo greenhouse, most of the inflow air from the roof vent on the wind-
ward side escapes through the opposite roof vent on the leeward side; therefore, the actual
ventilation efficiency inside the greenhouse is considerably low. This phenomenon intensi-
fies with an increase in airflow speed and is especially noticeable when ventilation based
on external wind conditions is the dominant factor. Consequently, for wind ventilation,
we designed and analyzed an improvement plan that involves changing the method of
opening and closing the roof vents or opening the roof vent at a high angle, as well as
installing a virtual windbreak to induce air inflow into the greenhouse.

In the models for Cases 1 and 2, which improved the operation of the opening and
closing of the roof vents, the air inflow (Airincoming) increased by 43% and 68%, respectively,
compared to that in the existing model. In Case 3, the air inflow decreased by 35.6%.
In Cases 1 and 2, the air inflow (Airincoming) in the first span on the windward side increased
markedly; a lot of air entered to the greenhouse in the central span where the separated air
on the sidewall on the windward side entered the greenhouse. In Case 3, air inflow slightly
increased in the leeward side span compared to that in the existing model; however, the air
inflow (Airincoming) decreased in most other spans.

The roof vent on the windward side was closed, and only the roof vent on the leeward
side was open in Case 3; therefore, the air separated from the roof vent on the windward
side entered through the roof vent on the leeward side. This model had significantly little
air inflow (Airincoming) in the span on the windward side, the central span, and the spans
on the leeward side. In Case 3, the air separated at the roof vent on the windward side did
not efficiently enter through the roof vent on the leeward side due to the short distance
between the roof vents (Figure 17).
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In Case 4, where a virtual wall was installed on the roof vent of the CR-Venlo green-
house, the amount of air inflow (Airincoming) increased by approximately 43% compared
to that in the existing model. Air inflow (Airincoming) in the first span on the windward
side increased markedly (0.89 kg·s−1 → 20.87 kg·s−1). In Case 5, the amount of air inflow
(Airincoming) increased by approximately 95.9% compared to that in the existing model. Air
inflow (Airinflow) in the first span on the windward side increased markedly; the improve-
ment was the greatest in the spans after the central span. The flow of air was induced
toward the floor of the greenhouse due to the windbreak and the roof vent with a high
opening angle (Figure 18). The structure directs the external air entering the greenhouse
through the roof vent to the inside of the greenhouse. Therefore, a structure that effectively
directs the external air entering through the roof vent to the inside of the greenhouse is
important; in particular, the high opening angle of the roof vent is effective.
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Accordingly, the CR-Venlo greenhouse can replace a lot of air due to its large roof vent
area; however, the considerably short distance between the roof vents and the open roof
vents can cause a low ventilation rate; most of the air that enters through the roof vent
escapes through the roof vent on the opposite side. The improvement plans in this study
indicate that ventilation efficiency must be improved by managing the opening and closing
of roof vents and installing walls.

4. Conclusions

This study evaluated the ventilation efficiency of a CR-Venlo greenhouse using CFD.
Depending on wind speed, gravity with buoyancy driven ventilation and wind-driven
ventilation were the dominant factors considering the air flow pattern in greenhouse and
inflow/outflow rate. For an external wind speed of 0.5 m·s−1, gravity with buoyancy
driven ventilation was the dominant factor, whereas the dominant factor was wind-driven
ventilation, when the external wind speed was relatively fast at 1.5 and 3.0 m·s−1. In par-
ticular, when external wind ventilation was dominant, the air inflow (Airinflow) through
the roof vent was high, but the actual airflow rate into the greenhouse (Airincoming) was
significantly low, less than 30% in most cases.

The average greenhouse temperature and the average crop-zone temperature at vary-
ing heights of the CR-Venlo greenhouse revealed that, at a higher greenhouse height, the
average temperatures of the greenhouse and crop zone decreased lognormally; this is
consistent with the results of an earlier report [3]. Considering the exponential decrease
in temperature with the increase in the height of the greenhouse, a height of 6 m or
7 m is efficient. However, the cost of greenhouse construction and maintenance should
be considered.

In a CR-Venlo greenhouse, a lot of air flows in and out through the roof vent due to
its wide structure; however, the amount of air entering the greenhouse was considerably
low. Consequently, this study attempted to improve ventilation efficiency by managing
the opening and closing of the greenhouse roof vent according to airflow. Based on the
opening and closing of the roof vent, the air inflow rate (Airincoming) inside the greenhouse
either increased by 43 to 95.9% or decreased by 35.6%. Therefore, improving the ventilation
rate for the CR-Venlo greenhouse requires a thorough evaluation of various conditions of
the wind environment, conditions of opening and closing of the vent, and improvement
plans for the roof vent. It may be that a controller may adjust vent opening according to
wind speed and direction and thus improve ventilation efficiency.
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Abstract: Aiming at the serious problem of agricultural tractor emission pollution, especially the
limitation of nitrogen dioxide (NOx) and soot emissions, we took an agricultural diesel engine
as the research object, and a diesel engine combustion chamber model was established for both
simulated calculations and experimental verification analysis. The in-cylinder pressure and heat
release obtained from the combustion chamber model simulation calculations were within 6% error
of the experimental data. The overall trend of change was basically consistent. The established model
can simulate the working conditions of the experimental engine relatively well. An artificial neural
network (ANN) was also established as an agent model based on the indentation rate, tab depth, and
combustion chamber depth as the input, and NOx and soot as the output. The decision coefficients of
the ANN model were R2 = 0.95 and 0.93, with corresponding Mean Relative Error (MRE) values of
10.13 and 8.18%, respectively, which are within the generally required interval, indicating that the
obtained ANN model has good adaptability and accuracy. On the basis of the general particle swarm
optimization (PSO) algorithm, an improved PSO algorithm was proposed, in which the inertia factor
is continuously adjusted with the help of the skip line function in the optimization process so that
the inertia factor adapts to different rates and adjusts the magnitude of the corresponding values in
different periods. The improved PSO algorithm was used to optimize the optimal input parameter
matching of the agent model to form a new combustion chamber structure, which was imported
into CONVERGE CFD software for emission simulation and comparison with the emissions of the
original combustion chamber. It was found that the NOx reduction was about 1.21 g·(kW·h)−1, and
the soot reduction was about 0.06 g·(kW·h)−1 with the new combustion chamber structure. The ANN
+ PSO optimization method proved to be effective in reducing the NOx and soot emissions of diesel
engine pollutants, and it may also provide a reference and ideas for the design and development of
relevant agricultural engine combustion chamber systems.

Keywords: tractor; diesel engine; emission; artificial neural network; improved particle swarm algorithm

1. Introduction

With increasing levels of agricultural mechanization operations in China, the overall
quantity of agricultural machinery has also been increasing. By the beginning of 2022,
the total power consumption of agricultural machinery in China was 107,768.02 million
kilowatts, the total number of medium and large tractors was 477,737, and the number of
small tractors was 17,275,995 [1]. The vast majority of these tractors source their power from
diesel engines. Compared to gasoline engines, diesel soot (soot), and nitrogen oxide, (NOx)
emissions from diesel engines are significantly increased, which is a serious hazard in
respect of human health and the environment [2]. In China, in order to solve this problem,
the Ministry of Environmental Protection introduced emission regulations for non-road
mobile machinery (the “National IV” emission standards) on 1 December 2022, but the
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current emission levels of agricultural machinery in most regions are still dominated by
the National II and National III emission standards. In the face of increasingly stringent
emission regulations and serious energy and environmental issues, reducing the emission
of pollutants from agricultural machinery is of great significance to the stable development
of China’s economy and society and to environmental protection [3,4].

There are three mainstream methods used to reduce pollutants in diesel engines:
Pre-treatment technology (oil technology), in-cylinder technology (in-engine purification
technology), and post-treatment technology (off-engine exhaust after-treatment technol-
ogy) [5]. Internal optimization, such as combustion chamber system optimization, can
effectively improve the combustion efficiency of the engine and reduce pollutant emis-
sions [6]. As the main container for fuel mist formation and combustion, the combustion
chamber plays a key role in mixture formation and combustion. Different combustion
chamber structure designs can change the oil–gas mixture state in the cylinder and affect the
fluid motion state and combustion process in the cylinder [7]. An appropriate combustion
chamber design can enhance the interaction between vortex and turbulence in the cylinder,
accelerate the formation of the oil–gas mixture, and distribute it well in the cylinder, thus
improving the combustion efficiency of the whole engine and effectively reducing the gen-
eration of harmful emission gases. In this regard, a significant amount of research has been
conducted in China and abroad. The team of Su Wanhua of Tianjin University designed a
BUMP-type combustion chamber based on the phenomenon of convex ring stripping wall
jets [8–10], where a finite flow edge is set on the inner wall of the combustion chamber so
that a secondary jet is formed in the combustion chamber after the oil beam touches the
wall, which accelerates the mixture formation rate and improves the overall combustion
efficiency while reducing soot and NOx emissions. Rakopulos et al. [11] investigated the
effect of combustion chamber structure on diesel engine performance and emissions based
on a high-speed direct injection diesel engine and found that combustion chamber structure,
fuel injection, and airflow motion are the key factors affecting diesel engine performance
and emissions. Li et al. [12] investigated the effect of different combustion chamber crater
depths on diesel engine performance and emissions, and the results showed that indented
combustion chambers exhibit better oil–gas mixing and open combustion chambers exhibit
better combustion performance at low-speed operating conditions. Abdul et al. [13] inves-
tigated the effect of the swirl ratio on engine performance and emissions under different
combustion chambers and showed that a lower indentation rate leads to an increase in NOx
emissions and a decrease in soot emissions. Jafarmadar et al. [14] investigated the effect
of the piston combustion chamber structure on the swirl number and uniformity index
and found that a larger crater diameter generally has a higher swirl number and causes
lower soot emissions, while a smaller crater depth results in a stronger squeeze flow and
output power. Shahanwaz et al. [15] studied the effects of different combustion chamber
sizes and injection cone angles on engine emissions and found that an annular combustion
chamber structure with different injection cone angle couplings can enable oil and gas to
mix more fully and reduce carbon soot emission. At present, scholars at both domestic
and international levels mainly focus on two methods for combustion chamber design
and optimization. One involves designing and optimizing the traditional combustion
chamber shape, and the other involves developing new combustion chambers based on
new concepts. However, the common purposes of both are to improve the quality of the
oil–gas mixture in the combustion chamber, improve the combustion process, and reduce
pollutant emissions. The main research approaches include empirical formulations [16],
numerical simulations [17], and complete engine experiments [18,19]. However, most of the
methods have long working cycles, high costs, and high accuracy requirements in respect
of the experimental models. In recent years, the rise in popular computer technologies,
such as machine learning, has provided a new research idea for the rapid prediction of
combustion chamber emissions and the mining of new methods and new information [20].

Based on the above, in this study, we first established a diesel engine combustion
chamber model based on a YTO Company (China, Luoyang) agricultural tractor diesel
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engine for simulation, and the simulation model was then tested to enable validation and
analysis. The in-cylinder pressure and heat release values obtained from the simulation of
the combustion chamber model were within 6% error of the test data. The overall trend of
change was basically consistent. The simulation model can simulate the working conditions
of the test engine relatively well. Next, an artificial neural network was established as an
agent model based on the indentation rate, tab depth, and combustion chamber depth as
the input, and NOx and diesel soot emitted from the engine as the output. Subsequently,
based on the general particle swarm optimization (PSO) algorithm, an improved PSO
algorithm was proposed, which continuously adjusts the inertia factor with the help of
a skip line function during the optimization process, so that the inertia factor adapts to
different rates and adjusts the magnitude of the corresponding values in different periods,
thus facilitating the PSO in switching gradually from local optimization seeking to global
optimization seeking. The improved PSO algorithm was used to optimize the optimal
input parameter matching of the proxy model, and the new combustion chamber structure
was formed and imported into CONVERGE CFD (Convergent Science Company, Madison,
WI, USA) software for comparison with the original combustion chamber. It was found
that the new combustion chamber structure can effectively reduce diesel engine emission
soot and NOx, which provides suggestions and references for the development of relevant
engine combustion chamber systems.

2. Materials and Methods
2.1. Theoretical Modeling Basis

In this study, a typical fluid dynamics approach was used as the theoretical basis for the
gas flow model in the engine cylinder, and the laws of conservation of mass, conservation of
momentum, and conservation of energy were chosen as the theoretical basis for calculation.
The mass conservation equation is as follows:

∂ρ

∂t
+

∂(ρux)

∂x
+

∂
(
ρuy
)

∂y
+

∂(ρuz)

∂z
= 0 (1)

In Equation (1), ρ denotes density in kg/m3 and t denotes time in seconds; ux, uy, uz
are the components of the velocity vector u in the x, y, and z directions in units of m/s.
The mass conservation equation reflects the relationship between fluid motion and mass
and follows the law of mass conservation. That is, the increase in mass within the control
system is equal to the difference between the mass flowing into the control system and the
mass flowing out of the control system.

The conservation of momentum equation is as follows:




∂(ρux)
∂t + div(ρuxu) = − ∂p

∂x + ∂τxx
∂x +

∂τxy
∂y + ∂τxz

∂z + Fx
∂(ρuy)

∂t + div
(
ρuyu

)
= − ∂p

∂y +
∂τyx
∂x +

∂τyy
∂y +

∂τyz
∂z + Fy

∂(ρux)
∂t + div(ρuxu) = − ∂p

∂z + ∂τzx
∂x +

∂τzy
∂y + ∂τzz

∂z + Fz

(2)

In Equation (2), p is the surface force acting on the fluid micro-element in the cylinder
in N; τxx, τxy, τxz denote the components of viscous stress in the x, y, and z directions in Pa;
Fx, Fy, Fz denote the volume force acting on the micro-element in the x, y, and z directions
in N. The momentum conservation equation is the embodiment of Newton’s second law in
fluid mechanics, which means that the increased momentum in the control body is equal to
the difference between the inflowing momentum and the impulse produced by the surface
and volume forces. div denotes the divergence, and the divergence equation is shown in
Equation (3):

div(ρu) =
∂(ρux)

∂x
+

∂
(
ρuy
)

∂y
+

∂(ρuz)

∂z
(3)
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The momentum conservation equation is the embodiment of Newton’s second law in
fluid mechanics, i.e., the increased momentum in the control body is equal to the difference
between the inflowing momentum and the impulse produced by the surface and volume
forces. div denotes the scatter, and the scatter equation is shown in Equation (3).

The conservation of energy equation is as follows:
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∂x
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∂
(
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)
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∂y
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∂y
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]
+ ST (4)

In Equation (4), Cp denotes the constant pressure-specific heat capacity in J/(kg·K), T
denotes the temperature in K, h denotes the fluid heat transfer coefficient, and ST denotes
the viscous consumption term in J. That is, when the fluid is subject to viscous friction in
the flow process, the mechanical energy of the fluid is converted into thermal energy. The
conservation of energy equation is the application of the law of conservation of energy in
fluid mechanics, that is, the total energy of the fluid is equal to the sum of kinetic energy
and internal energy.

The turbulence model was selected as the RNGκ-εmodel in CONVERGE CFD because
it has good stability and convergence and can better reflect the effects of rotation, shock,
and stratification within the flow field. The turbulent kinetic energy equation is as follows:

1√
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The turbulent dissipation rate equation is as follows:
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where k is the turbulent kinetic energy in J,
√

g is the distance tensor determinant, xj
is the coordinate (j = 1,2,3), and uj is the velocity component in m/s in the x, y, and z
directions. η is the ratio of average flow to turbulent time scale, ui is the velocity compo-
nent in the direction of coordinate axis xi in m/s. cε1, cε2, cε3, cε4, σk, σh,t, cµ, and η0 are
empirical constants.

2.2. Building Geometric Models and Validation

A three-dimensional model was designed based on a YTO Company agricultural
tractor diesel engine combustion chamber. This engine is a four-stroke supercharged
intercooled diesel engine and is mainly used in agricultural machinery field operation
conditions. According to the engine parameters provided by YTO, the three-dimensional
model was drawn and imported into CONVERGE CFD software. The calibrated power
condition was selected, and the flow medium was air. The testing location was the Luoyang
Xiyuan Vehicle and Power Inspection Institute. The main technical parameters of the diesel
engine are shown in Table 1. The engine model used in the study includes intake and
exhaust pipes, intake and exhaust valves, cylinders, and a combustion chamber in-cylinder
geometry model, as shown in Figure 1. In CONVERGE 3.0 software, a combination of
adaptive encryption and fixed encryption was used to dynamically generate a hexahedral
mesh, and the base mesh size of the model was determined to be 8 mm × 8 mm × 8 mm,
with dynamic adaptive encryption according to the temperature and velocity gradient, and
the highest encryption level being 3. The smaller base mesh size and higher encryption
level allow the model calculation results to be more convergent. The initial conditions used
in the calculation are shown in Table 2.
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Table 1. Main technical parameters of diesel engine.

Parameters Value

Cylinder bore × stroke 105 mm × 125 mm
Total capacity 4.33 L
Rated power 73.5 KW
Rated speed 2200 rpm

Maximum torque 400 N·m
Maximum torque speed 1400–1600 rpm

Compression ratio 17.5
Combustion geometry ω-type
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Table 2. Calculation model initial conditions.

Condition Area Temperature/K Pressure/MPa

Initial conditions
Air intake tract 309 1.83
Exhaust tract 800 1.21

Combustion chamber 533 1.56

Boundary conditions

Air inlet 309 1.83
Exhaust port 800 1.20

Combustion chamber wall surface 433 —
Cylinder head bottom surface 525 —

Piston top surface 553 —

In order to verify the reliability of the model and calculation method, the in-cylinder
combustion process was simulated under the working conditions of the agricultural engine
with a speed of 2000 rpm/min and a torque of 305 N-m. Figure 2 shows the comparison
of the simulated calculation results for in-cylinder pressure and heat release with the test
data. The peak phase of in-cylinder pressure and heat release obtained from the simulation
is basically the same as that of the test data, and the error did not exceed 6%. The overall
trend of change is basically consistent, and the simulation model can simulate the test
engine conditions relatively well.
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2.3. Combustion Chamber Structure and Parameters

The geometric shape characteristics of the engine combustion chamber are defined
as shown in Figure 3. The parameters indentation rate δ and diameter-depth ratio γ are
introduced and calculated as:

δ =
dm − dk

dm
× 100% (7)

γ =
dm

H
(8)

where dm is the maximum diameter of the combustion chamber in mm, dk is the indentation
diameter of the combustion chamber in mm, H is the depth of the combustion chamber in
mm, and h is the depth of the tab in mm.
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The combustion chamber indentation rate has an important influence on the airflow
movement at the end of the compression process in the cylinder and also increases the
heat load inside the piston. The indentation diameter dk reflects the volume of the com-
bustion chamber, which in turn affects the formation and combustion of the oil and gas
mixture. As the diameter of the indentation increases, the oil–gas mixture and combustion
rate in the combustion process will increase, and the combustion temperature inside the
cylinder will increase, so there will be more areas in the cylinder in which to meet the
high temperature and sufficient oxygen conditions required for NOx generation, and NOx
will increase. However, as the temperature increases, it will accelerate some of the soot
oxidation, thus reducing the production of soot. If the diameter of the indentation is too
large, the combustion temperature decreases, and NOx generation decreases while soot
generation increases. The change in the indentation depth h affects the partition ratio of oil
and gas spray after hitting the wall in the cylinder, which has an impact on the combustion
process and combustion temperature and ultimately, on the emission generation. The
design of the combustion chamber depth H affects the height of the piston in the cylinder.
If the piston height is too large, the exhaust gas cannot easily be discharged from the
exhaust port, increasing the heat load in the combustion chamber, and leading to a series
of problems such as reduced piston life. Therefore, it can be seen that the combustion
chamber indentation rate, tab depth, and combustion chamber depth have an important
impact on the design of the combustion chamber system and are also important factors
for the optimization of agricultural diesel engine emissions. The airflow motion inside
the combustion chamber is mainly turbulent motion, which is a highly nonlinear type of
fluid motion. The traditional multi-objective optimization method for a diesel combustion
chamber cannot easily ensure a good optimization effect when the multi-objective problem
presents complex features such as nonlinearity and high dimensionality. Therefore, in this
study, the ANN-PSO approach was used to optimize the diesel engine combustion chamber
dimensions with the lowest NOx and soot emissions as the optimization objective and then
reduce the engine emissions.
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2.4. Construction of Artificial Neural Network (ANN) Model and Validation

In this study, the indentation rate, tab depth, and combustion chamber depth of the
combustion chamber were used as inputs, and the nitrogen oxide (NOx) and diesel soot
(diesel soot) emitted from the engine were used as outputs to build an artificial neural
network as an agent model. The structure of the model is shown in Figure 4, and consists
of an input layer, hidden layer, and output layer. Based on the premise of not changing
the overall structure of the original 3D model, 200 sets of random data were collected
for building the artificial neural network model by using CONVERGE CFD software to
randomly generate and collect sample points for three input quantities: Indentation rate, tab
depth, and combustion chamber depth. Approximately 75% of the data were used to train
the model, and 25% were used to test the model. The logistic sigmoid activation function
with distinguishable, continuous, and nonlinear advantages was chosen to formulate the
model [21,22]. In addition, gradient descent with momentum weights and a bias learning
function (LEARNGDM) was used to minimize the error [23].
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In order to ensure the adaptability and accuracy of an established ANN model, the
model is generally tested for significance, and the coefficient of determination (R2) and
MRE are often used to verify the accuracy of the model. Usually, the R2 value is required to
be between 0.9 and 1. The calculation formulas are shown in Equations (9) and (10):

R2 =
SSR
SST

=
SSR − SSE

SST
= 1− ∑n

i=1(ti − oi)
2

∑n
i=1 (oi)

2 (9)

MRE(%) =
1
n

n

∑
i

∣∣∣∣100
ti − oi

ti

∣∣∣∣ (10)

where SST is the total sum of squares, SSR is the regression sum of squares, SSE is the
residual sum of squares, n is the number of points in the information set, o denotes the
test data, and t denotes the actual data. Combined with the typical agricultural engine
operating conditions, the accuracy of the established ANN model was verified and the R2

values were calculated under a speed of 2200 rpm/min, as shown in Figure 5, and the R2

values were 0.95 and 0.93, MRE values were 10.13% and 8.18%, respectively, which are
within the generally required interval.
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2.5. Improved Particle Swarm Algorithm (PSO) Application

Particle swarm optimization was jointly proposed by Kennedy and Eberhart in 1995.
The particle swarm algorithm is an evolutionary algorithm inspired by the foraging behav-
ior of bird groups in nature and has been widely used in various complex experimental
tests and practical engineering applications in view of its simple implementation, efficient
searching, and fast convergence. Ven den Bergh [24] analyzed and proved the stability
and convergence of the PSO algorithm from a theoretical perspective. In 2002, Cello and
Lechuga [25] formally published the results of the multi-objective particle swarm optimiza-
tion algorithm. The particle swarm algorithm for solving multi-objective optimization
problems is called the multi-objective particle swarm optimization (MOPSO) algorithm.
With the PSO algorithm, the individual position or food of the flock is treated as the solution
to the optimization problem, and the information interaction between the individuals in
the flock and the optimal individual, and between the individuals, is used to guide the
individuals in the whole flock to converge toward the optimal individual of the flock while
retaining their own diversity information, and gradually find the optimal solution through
continuous updating. Individuals in the flock are abstracted as “particles”, ignoring their
mass and volume, and the topological structure determines that the particles are influenced
by the combined information of their own and group states in each iteration, i.e., the up-
date mechanism of particles is obtained by the organic combination of population history
optimal particles and individual history optimal particles. The particle update mechanism
is obtained through the organic combination of population history optimal particles and
individual history optimal particles, as shown in Figure 6. The current velocity vj(t) of
particle J, its own optimal position pbj(t), and the global optimal position gbj(t) determine
the velocity vj(t + 1) at the next moment, after which the particle moves from the original
position pj(t) to the new position pj(t + 1) with the updated velocity vj(t + 1). As the
number of iterations increases, the particle reaches the entire global optimal position by
continuously updating the speed and position, thus completing the search for the optimal
solution in space.
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The selection of the objective function mainly considers the emission performance
of the combustion chamber, where a better emission performance is defined in the PSO
algorithm as the emission of less NOx and soot. According to the analysis of previous
tests, different indentation ratios, tab depths, and combustion chamber depth dimensions
will affect the emissions of NOx and soot. Therefore, the objective function is shown in
Equation (11):

min f (a, b, c) = δ1NOx + δ2Soot (11)

where a, b, and c denote the indentation rate, tab depth, and combustion chamber depth,
respectively, NOx and soot are NOx emissions and soot emissions, respectively, and δ1 and
δ2 are their corresponding constant coefficients. Each particle in the PSO algorithm has two
attributes, velocity and position, and the velocity and position are iterated several times in
the optimization process, whose iterative formula is shown in Equation (12):

vj+1
i = wvi + c1r1

(
pbestj

i − pj
i

)
+ c2r2

(
gbestj

i − gj
i

)

pj+1
i = pj

i + vj+1
i

(12)

where w is the inertia factor, whose value is non-negative and represents the degree of
influence of the last velocity of the particle on the current particle. According to experience,
w is generally taken as 0.9. c1 and c2 are learning factors, usually taken as c1 = c2 = 2; r1
and r2 are random values whose values range from 0 to 1. In the general PSO algorithm,
the inertia factor is a constant because the inertia factor plays different roles in different
stages of optimization, which is to say, at the beginning of optimization, a larger inertia
factor can enhance the global search ability, but at the end of optimization, a smaller inertia
factor can enhance the local search ability. In general, PSO algorithms are influenced by
the “optimal” particles, and sometimes the population will converge too fast and lead to
“premature maturity”, and the particles will fall into the local optimum. Therefore, a larger
value of the inertia factor at the beginning of optimization and a smaller value at the end of
optimization can significantly improve the solving ability of PSO, and it has been found
that the rate of change of the inertia factor will also greatly affect the global optimal finding
ability of PSO. Based on the improved PSO algorithm proposed by Feng et al. [26], the
inertia factor is continuously adjusted during the optimization process with the help of the
skip line function so that the inertia factor takes a larger value and changes slowly at the
beginning of the iteration, and takes a smaller value and changes quickly at the end of the
iteration, which facilitates the gradual switch from local to global optimization in respect
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of PSO. The skip line function is shown in Equation (13). The second-order derivative of
Equation (13) is solved to obtain Equation (14).

y =
8a3

x2 + 4a2 (13)

y′′ =
−16a3(4a2 − 3x2)

(4a2 + x2)
3 (14)

From Equation (14), it can be derived that the coordinates of the inflection point of
the skip line function are (± 2

√
3

3 a, 3
2 a). The function has the following characteristics: Its

function value at the point (0, 2a) is larger, and the rate of change of the curve is a minimum,
while at the inflection point, the function value is smaller, and the rate of change of the
curve is a maximum. Based on these characteristics, the adjustment strategy of the inertia
factor is designed as follows:

w(i) = wmin + (wmax − wmin){ 2
a [

8a3

(
ηi

ηmax
2
√

3
3 a)+4a2

]− 3
}

= wmin + (wmax − wmin)(
12

h(i)2+3 − 3)
(15)

where wmin and wmax are the maximum and minimum values of the inertia factor, ηi and
ηmax denote the current iteration number and the maximum iteration number. Finally,
after calculating 200 sets of data iteratively, the parameters of the combustion chamber
optimization model were obtained as in Table 3.

Table 3. Comparison of combustion chamber parameters before and after optimization.

Combustion Parameters Original Value ANN + PSO Optimization Value

Indentation rate 0.924 0.82
Tab depth 7.9 8.1

Combustion chamber depth 17.8 18.56

3. Discussion and Results

In this study, the results of the standard PSO algorithm optimization and the improved
PSO algorithm optimization were compared, as shown in Figure 7. The improved PSO
algorithm has two main improvements compared with the general PSO algorithm. On the
one hand, it can enable the particles to jump out of the local optimum to reach the global op-
timum during the optimization search process, and on the other hand, it further reduces the
objective function value under the premise of satisfying the constraints. Thus, the optimal
combination of indentation rate, tab depth, and combustion chamber depth is obtained.
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The combustion emission process was re-run by redesigning the combustion chamber
imported into CONVERGE CFD software. The emissions of the engine are shown in
Table 4 and Figure 8, with reductions of approximately 1.21 g·(kW·h)−1 for NOx and
0.06 g·(kW·h)−1 for soot. The indentation rate was reduced from 0.924 to 0.82, indicating
that the NOx emission level increased, and the soot emission level decreased as the diameter
of the shrinkage became larger. This is due to the increase in the oil–gas mixture and
the combustion level in the cylinder after the indentation diameter became larger, and
the increase in temperature during the whole combustion process promoting the NOx
generation efficiency and suppressing the soot generation. The tab depth increased from
7.9 to 8.1 mm, which affected the in-cylinder temperature and which, in turn, affected the
in-cylinder NOx and soot generation rates. The combustion chamber depth increased from
17.8 to 18.56 mm, and the NOx emission level decreased with the increase in the combustion
chamber depth, while the soot exhibited an opposite pattern of changes. The trend in the
parameters optimized by the improved PSO algorithm is consistent with the results of the
conventional experimental verification. The ANN + PSO method shortens the experimental
period and saves experimental costs compared with the conventional method.

Table 4. Comparison of combustion chamber emissions before and after optimization.

Emission/g·(kW·h)−1 NOx Soot

Non-road National III Emission Limits 4.00 0.20
Non-road National IV Emission Limits 2.00 0.025
Original Engine Emission Value 3.45 0.20
Optimized Engine Emission Value 2.24 0.14
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Furthermore, by comparing with the existing studies in the literature, we found that
ANN + PSO is feasible [27]. It can be found that most of the studies take the engine body
as the object of study and use different parameters as inputs, such as different ratios of
biodiesel mixed with diesel, different injection pressure and engine load, etc. Then the
performance and emission of the engine are taken as the output, and an ANN model
or other models such as support vector machine (SVM), K-nearest neighbors (k-NN) are
established, and predictions are made based on the established models [28]. Some studies
use standard PSO algorithms and other algorithms combined together to find the optimal
input parameter ratios and obtain the optimized performance and emission data [27].
Some studies compared the prediction results after using different models cross-sectionally,
such as comparing ANN, SVM, k-NN, etc. [29]. In this study, the same cross-sectional
comparison method was used to build ANN model, SVR model and k-NN model using
the same data collected, and the R2 and MRE of ANN model, SVR model and k-NN model
were compared as shown in Table 5. It was found that the accuracy of all three models
met the requirements, but the accuracy of ANN model was higher compared with other
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models. In this study, to address the current situation that the emission level of domestic
agricultural machinery engines is still at a low level, an engine combustion chamber system
is used as the research object to investigate the effect of changing the size of combustion
chamber parameters on the engine emission by changing the size of the internal parameters
of the combustion chamber system, and an improved particle swarm algorithm based on
the standard PSO algorithm is used to optimize the established combustion chamber proxy
model An improved particle swarm algorithm based on the standard PSO algorithm is used
to optimize the established combustion chamber proxy model and find the optimal size
of the engine combustion chamber with the lowest emission as the optimization objective.
In addition, by comparing the existing studies, the fitting accuracy of the ANN model
used and established in this study meets the basic conditions of the proxy model, and
the relevant accuracy parameters R2 and MRE meet the requirements, which ensures the
accuracy of the model, and the ANN model, as a proxy model in the intermediate process,
only needs the accuracy of the established model to meet the requirements. Compared with
other literature, the improved particle swarm algorithm used in this study can solve the
problem that the particles are easy to fall into the local optimum in the process of finding
the optimum and can find the optimum value in the global search, which can further reduce
the cost of the objective function value while satisfying the constraints, so as to obtain the
best combination of parameters of indentation rate, tab depth, and combustion chamber
depth with the lowest emission as the optimization goal.

Table 5. Comparison of fitting accuracy of different models.

Model Name Emission R2 MRE

ANN
NOx 0.937 10.13%
Soot 0.955 8.18%

SVM
NOx 0.902 15.67%
Soot 0.911 20.45%

k-NN
NOx 0.915 16.21%
Soot 0.902 25.21%

Table 6 lists some of the literature reviews using the ANN + PSO approach for the
relevant emission optimization.

Table 6. Comparison of prediction capability of different techniques and the developed PSO-ANN.

Reference NOx Soot

Roy et al. [30] ANFIS 0.08054 N/A
Roy et al. [30] ANN 0.1224 N/A
Norhayati et al. [31] N/A N/A
Sakthivel et al. [32] 9.9636 3.1611
Rai et al. [33] N/A 0.3057
Kokkulunk et al. [34] 7.5102 2.1451
Ozener et al. [35] 0.0852 N/A
Isin et al. [36] N/A N/A
Nishant et al. [37] ANFIS 0.7708 N/A
Nishant et al. [37] GA-ANFIS 0.6354 N/A
Nishant et al. [37] PSO-ANFIS 0.4893 N/A

4. Conclusions

In this study, a diesel engine combustion chamber model was established based on
a YTO Group agricultural diesel engine for simulation modeling and calculation, fol-
lowed by an experimental verification analysis of the simulation model. The results show
the following:
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(1) The in-cylinder pressure and heat release obtained from the combustion chamber
model simulations were within 6% error of the test data. The overall trend of change
was basically consistent. The simulation model can simulate the working conditions
of the test engine relatively well.

(2) An artificial neural network was established as an agent model with the indentation
rate, tab depth, and combustion chamber depth as inputs and NOx and soot emitted
from the engine as outputs. The R2 values were 0.95 and 0.93. The MRE values were
10.13% and 8.18%, respectively, which indicates that the obtained ANN model has
good adaptability and accuracy.

(3) On the basis of the general particle swarm (PSO) algorithm, an improved PSO al-
gorithm was proposed in which the inertia factor is continuously adjusted with the
help of the skip tongue function in the optimization process so that the inertia factor
adapts to different rates in different periods and adjusts the size of the corresponding
value. On the one hand, it is beneficial for PSO to gradually switch from local to
global optimization. On the other hand, this can further reduce the value of the
objective function needed to reach the optimum under the condition of satisfying the
constraints. The improved PSO algorithm was used to optimize the agent model and
obtain the optimal combination of input parameters (i.e., an optimized combustion
chamber structure with indentation rate, tab depth, and combustion chamber depth
of 0.82, 8.1, and 18.56 mm, respectively). The model was then imported into CON-
VERGE CFD software for combustion emission calculation to obtain the emission
generation compared with the original combustion chamber. It was found that the
optimized combustion chamber reduced NOx by about 1.21 g·(kW·h)−1 and soot by
about 0.06 g·(kW·h)−1, which values are close to the National IV emission standards.

For future applications of tractor emission reduction in agriculture, we will focus
on the optimization of tractors with different horsepower in different field operating
environments and working conditions. We will also increase the complexity of the artificial
neural networks used in order to perform larger-scale model building and optimization.
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Abstract: The single HST (Hydro Static Transmission) mechanical differential transmission gearbox
of crawler combine harvester is subjected to the impact of alternating loads in the field operation,
resulting in its fatigue failure. The traditional durability fatigue test can improve the fault-free
working time of machinery, but it is not suitable for agricultural machinery with time-varying load
frequency bandwidth and stress amplitude. Therefore, in this paper, a fault diagnosis method based
on order analysis was proposed considering the comprehensive influence of load amplitude and
frequency on the fatigue life of gearbox. The location and the corresponding type of fault were
found by comparing the spectral line peak changed before and after. Then, the test verification was
carried out on the gearbox assembly fatigue test bench according to the compiled load spectrum. The
results show that the analysis results of the fault diagnosis method based on order analysis were
consistent with the unpacking inspection, which had reference significance for the research on the
fault diagnosis method of the crawler combined harvester gearbox.

Keywords: combine harvester; differential inverse gearbox; order analysis; fault diagnosis method;
fatigue test

1. Introduction

The single HST (hydro static transmission) mechanical differential inverse gearbox is
one of the important parts of the transmission system of a crawler combine harvester; it
can realize radius steering, unilateral braking steering and differential steering. Due to the
harsh working environment of combine harvester, the gearbox bears complex alternating
loads for a long time in the working process [1]. Therefore, the gearbox is prone to fatigue
failure, which seriously affects the fault-free working time of the machinery [2–4]. To
improve the service life of the gearbox, the tester generally judge faults in the gearbox
through traditional durability fatigue tests based on its abnormal running conditions [5].
However, this method cannot determine the initial location and type of early faults when
various faults occur in the gearbox. Therefore, gearbox fault diagnosis is a very important
topic in the field of machinery diagnostics.

The fault vibration signal in the early stage of gearbox is weak and difficult to be
detected under the interference of noise or other signals. However, when the external
driving speed and load change, the early fault information hidden during the stable
working condition may be highlighted [6]. In this case, the frequency components of
vibration signals under non-stationary conditions are complex, and the characteristic
parameters of fault signals are time-varying. The natural frequency and damping ratio of
the impact response components representing local faults will fluctuate under the influence
of variable loads, and the impact response interval is no longer periodic. Traditional
spectrum analysis technology is prone to ‘frequency ambiguity’ phenomenon, resulting in
missed diagnosis and misjudgment [7].

Therefore, many fault diagnosis methods for non-stationary vibration signals have
been proposed, for instance, time-frequency analysis and order analysis [8]. Order analysis
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is one of the effective methods for the non-stationary signal analysis of rotating machinery,
and its main idea is to map time-varying frequency components into constant frequency
components [9]. In recent years, the fault diagnosis technology of gearboxes based on
order analysis has been receiving increasing attention. Wan et al. [10] proposed a time-
domain synchronous averaging method based on order analysis for the offline detection
of an automobile gearbox. By intercepting several signal segments equal to the specified
periodic signal and averaging them, the periodic signal can be separated from the random
signal, which was helpful for the rapid fault diagnosis of the downline. Feng et al. [9]
studied the fault diagnosis of a planetary gearbox under non-stationary conditions based
on the combined envelope and frequency order spectrum analysis of iterative generalized
demodulation. Through the comparative analysis of planetary gearbox simulation and
engineering tests, the authors verified that the proposed method could effectively extract
distributed and local gear faults under non-stationary conditions. He et al. [11] proposed
a novel order tracking method to analyze the fault diagnosis of wind turbine gearbox
based on discrete spectrum correction technique. The effectiveness and robustness of the
proposed method were verified through simulations and actual tests. However, the order
analysis method has not been reported in the field of fault diagnosis of single HST (hydro
static transmission) mechanical differential inverse gearbox for crawler combine harvester.

Therefore, in this paper, a gearbox fault diagnosis method for crawler combine har-
vester based on order analysis was proposed. The detailed objectives were: (1) to simulate
the main working conditions of differential inverse gearbox in the room, its fatigue test
bench was built; (2) to establish the order calculation model of differential reverse gearbox
to obtain the main meshing order of gears and the first harmonic of key bearing order
in common working gear; (3) to carry out the experimental verification on the gearbox
assembly fatigue test bench according to the compiled load spectrum.

2. Materials and Methods
2.1. Structure and Working Principle of Differential Inverse Gearbox

The structure of the mechanical differential inverse gearbox is shown in Figure 1 [12,13].
When the harvester moved forward, the engine transmitted its driving force to the HST
via belts and pulleys. Then, when the tooth was embedded in the structure on the left and
right sides, the power was transmitted to the output half shaft on both sides through the
first stage gear transmission (1, 2), the second stage gear transmission (3, 4, 5, 6), the third
stage gear transmission (7, 9), the fourth stage gear transmission (10, 12) and the fifth stage
gear transmission (12, 13). This caused the drive wheels on both sides of the chassis to
output equivalent rotational speed in the same direction. When the harvester turned left,
the left tooth embedded structure was separated, and the power output on the right was
normal. The walking chassis realized unilateral braking steering by locking the unilateral
brake gear to the clutch driven gear (10), and the steering radius was about half of the track
center distance. When the central gear ring of the clutch driving gear (8) was locked by the
differential steering brake gear (11), the power on the right side was transferred to the left
side through the planetary gear meshing transmission to reverse the differential steering.

2.2. Fault Diagnosis Method Based on Order Analysis
2.2.1. Principle

Mechanical vibration is a powerful signal for directly reflecting the operation status
of the equipment. The vibration of the gearbox during normal operation mainly comes
from the meshing transmission of the gear. According to the difference of medium, it can
be divided into air acoustic vibration and structural acoustic vibration. The structural
acoustic vibration will be transmitted to the box along the shaft, bearing and other parts,
which will be collected by the sensor. It can been seen in Figure 2, the signal acquisition
system included pulse collector, vibration sensor (including signal amplifier and extension
cable), signal acquisition and processing unit, and PC. In addition, PC had built-in special
signal analysis and processing software. The vibration sensor was installed at the lifting

170



Agriculture 2022, 12, 1300

of the loading and unloading hook in the right box of the gearbox, and its center line was
perpendicular to the axis of the transmission shaft of the gearbox. If the direction of the
transmission axis was Z, the actual vibration measurement was X and Y axis directions.
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Figure 1. Diagram of differential inverse gearbox: 1—Input driving gear; 2—Input driven gear;
3—Shift transmission gear (first gear, third gear, second gear from left to right); 4—First driven
gear; 5—Third driven gear; 6—Second driven gear; 7—Power shunt gear; 8—Clutch driving gear;
9—Clutch driven gear; 10—Clutch driven gear; 11—Differential steering brake gear; 12—Double
gear; 13—Main reducing gear.
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Figure 2. Signal acquisition system.

The fault diagnosis method based on order analysis first converts a non-stationary
vibration signal in the time domain into a stationary vibration signal in the angle domain.
Then, the order spectrum, which clearly reflects each characteristic order, is obtained by
fast Fourier transform (FFT). By comparing the peak changes in the spectral lines before
and after looking up the order calculation table, the fault location and the corresponding
fault type can be found. In this paper, the computational order analysis method (COT)
based on spline interpolation was used to realize the equal angle sampling of vibration
signals. The specific troubleshooting process is shown in Figure 3.
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2.2.2. Order Calculation of Differential Inverse Gearbox

The relationship between frequency and order in rotating machinery structure is
shown in Equation (1):

O =
f
f1

(1)

where O is the order, f is the frequency, and f1 is the synchronous frequency.
In addition to rotating shafts, gears, and other structural components, there were a

wide variety of bearings that support rotation in the gearbox. The rolling bearing was
mainly composed of outer ring, inner ring, rolling body, and cage. The corresponding
calculation methods are shown in Equations (2)–(5), respectively:

Ooo = |(Co −Oo)× nb| (2)

Ooi = |(Co −Oi)× nb| (3)

Ob =

(
dpc

db

)
×
(

1−
(

db
dpc × β

)2
)
× (|Oi − Oo| ) (4)

Co =
Oi
2
×
(

1− (cos b× Rb)

Ri + Rb

)
+

Oo

2
×
(

1− (cos b× Rb)

Ri + Rb

)
(5)

where Ooo is the outer ring order; Ooi is the inner ring order; Ob is the rolling body order;
Co is the cage order; Oi is the inner ring rotation order; Oo is the outer ring rotation order;
b is the radian pressure angle; Rb is the rolling body radius; Ri is the inner ring radius; nb is
the number of rolling bodies; dpc is the bearing pitch diameter; db is the roller diameter; β is
the contact angle, β = cos α × 3.14/π; α is the pressure angle.

Because the torque speed sensor was installed on the output shaft at both ends of the
differential steering gearbox, the output speed was taken as the synchronization object in
the order calculation. The input data of differential inverse gearbox, the order calculation
model of differential inverse gearbox and its main order are shown in Tables 1 and 2 and
Figure 4, respectively. The first harmonic of key bearing order under medium speed gear is
shown in Table 3.

Table 1. Input data of differential inverse gearbox.

Gear Speed (R/min) Torque (N.m) Transmission
Ratio Power (kW)

First 2787 167 30.966 48.74
Second 2798 195 21.5 57.14
Third 2865 242 14.955 72.62

Table 2. Main order of differential steering gearbox in each gear.

Item First Harmonic Second Harmonic Third Harmonic

First gear meshing 282.733 565.467 848.2
First gear input shaft 18.859 37.698 56.547

First gear output shaft 11.781 23.561 35.342
Second gear meshing 235.611 471.222 706.833

Second gear input shaft 13.089 26.179 39.269
Second gear output shaft 11.781 23.561 35.342

Third gear meshing 200.269 400.539 600.808
Third gear input gear 9.103 18.206 27.309

Third gear Output gear 11.781 23.561 35.342
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Table 3. Main order of differential steering gearbox in each gear.

Model Retainer Inner Race Outer Race Rolling Element

6007RZ 9.3220 255.8257 195.7623 79.4098
NJ205E 5.3520 123.7995 85.6323 34.7195
6205E 4.8168 111.4199 77.0691 31.2476

NJ306E 1.6912 35.9776 23.6772 9.8933
51208 1.2105 18.1579 18.1579 6.5066

NJ2207E 1.0031 21.2697 15.0461 6.8562
6310 0.4118 8.8235 6.1765 2.7451

2.3. Durability Test
2.3.1. Gearbox Assembly Fatigue Test Bench

As shown in Figure 5, the durability fatigue test-bed for the gearbox assembly was
composed of a main power cabinet, central control cabinet, driving device, loading device,
small hydraulic station, torque speed sensor, sliding bearing seat, universal coupling, base
and cushion, etc. When working, the main power supply cabinet started the drive motor,
and the power was transferred to the input of the differential inverse gearbox through a
five-slot B belt to drive the box to run. The tester could complete the test load spectrum
loading, hydraulic steering control, and key test parameter monitoring on the central
control cabinet.

The program control interface of the loading device is shown in Figure 6, which was
compiled using the virtual instrument software Labview. The load was mainly composed
of constant torque, alternating torque and noise. The alternating torque included sine wave,
triangular wave, serration wave, square wave. At the same time, it had the functions of
setting the test running time and real-time acquisition and displaying and storing test
parameters such as torque and rotational speed.

2.3.2. Test Design

According to the actual field working conditions and gear frequency of the combine
harvester, the fatigue test scheme was mainly divided into the following working conditions:
small load forward (first gear, second gear, third gear), full load forward (first gear, second
gear, third gear), unilateral brake left turn (first gear), unilateral brake right turn (first
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gear), differential left turn (first gear, second gear), differential right turn (first gear, second
gear). The second gear was the common working gear of the differential inverse gearbox.
Therefore, the running time ratio of the first gear, the second gear and the third gear was
1:2:1. Consult the relevant data [14], the time proportions of the operating conditions for
small load forward, full load forward and left turn are 0.08, 0.75 and 0.08, respectively. The
experiment is conducted for 12 h a day, and the specific shift schedule is shown in Table 4.
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Figure 5. Gearbox assembly test bench structural schematic diagram (a) and physical diagram (b).
1. hydraulic station, 2. longitudinal installation base, 3. main power cabinet, 4. central control cabinet,
5. drive motor, 6. positioning bolt, 7. positioning support, 8. gearbox installation support, 9. gearbox
fixed support, 10. universal coupling, 11. sliding bearing, 12. double coupling A, 13. torque speed
sensor, 14. coupling B, 15. reduction box, 16. coupling C, 17. magnetic powder brake 18. transverse
mounting support, 19. gearbox under test, 20. large pulley 21. five-slot B belt, 22. small pulley.
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Table 4. Schedule of shifts.

Shift Gear Time

First shift
First gear 8:00–9:00

Second gear 9:00–11:00
Third gear 11:00–12:00

Second shift
First gear 13:00–14:00

Second gear 14:00–16:00
Third gear 16:00–17:00

Third shift
First gear 18:00–19:00

Second gear 19:00–21:00
Third gear 21:00–22:00

The load spectrum data needed for the test were mainly from the research results [15–17].
According to the basic performance parameters of the combine harvester equipped with
the differential steering gearbox, the whole machine weight was 3.64 t, the forward speed
was 0–1.5 m/s, and the crop feed rate was 5 kg/s. The specific load values are shown in
Tables 5 and 6.

Table 5. Proportion of working time under different working condition.

Gear
Left Half Shaft Right Half Shaft

Small Load/kW Full Load/kW Small Load/kW Full Load/kW

First gear 0.97 1.47 1.14 1.95
Second gear 2.35 6.62 2.76 8.34
Third gear 3.61 10.22 4.85 14.61

Table 6. Peak power of two steering modes in first gear and second gear.

Gear
Unilateral Brake Steering Differential Steering

Left/kW Right/kW Left/kW Right/kW

First gear 8.05 9.39 6.12 6.12
Second gear 9.68 11.27 10.98 10.98

To decrease the test cost, the relevant theory of accelerated fatigue test was used to
strengthen the load data to get the load spectrum. The theoretical basis of accelerated fatigue
test came from Miner’s linear cumulative damage theory. Under the action of cyclic load,
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the fatigue damage of mechanical structure can be linearly accumulated, and the stresses
were independent and irrelevant. Fatigue failure will occur when the cumulative damage
reached a certain value. Common accelerated fatigue test methods included increasing
test loading frequency, linear enhanced load spectrum method, nonlinear enhanced load
spectrum method. The linear enhanced load spectrum method was to multiply the load
amplitudes under different frequencies in the original load spectrum by an enhancement
coefficient, while the frequency ratio corresponding to each load remains unchanged. The
acceleration effect of the linear enhanced load spectrum on the fatigue test was remarkable.
When the strengthening coefficient was small (close to 1), the enhanced load spectrum
and the original load spectrum can well meet the similar load conditions of the Miner
principle to ensure that the fatigue test results were consistent with the actual fatigue
damage. Therefore, in this experiment, the load spectrum was enhanced by increasing the
test loading frequency and linear strengthening load spectrum. The strengthened load data
is shown in Table 7.

Table 7. Peak power of two steering modes in first gear and second gear: the forward working
condition is uniformly used to carry a larger load of the right walking half shaft; the steering
condition is unilateral braking steering in (), and the rest is differential steering; the time column
takes the first shift time as an example, which is divided according to the running time of each gear.

Working Condition Original
Power/kW

Strengthening
Power/kW

Strengthening
Coefficient Time/min

First gear

Small load 2.28 3.19 1.4 5
Full load 3.9 4.68 1.2 50
Left turn 6.12 (8.05) 8.57 (11.27) 1.4 5

Right turn 6.12 (9.39) 8.57 (13.15) 1.4 5

Second gear

Small load 5.52 7.73 1.4 10
Full load 16.68 20.02 1.2 100
Left turn 10.98 15.37 1.4 10

Right turn 10.98 15.37 1.4 10

Third gear Small load 9.7 13.58 1.4 5
Full load 29.22 35.06 1.2 50

According to the relevant data [18], the load change frequency of combine harvester
under field conditions was generally within 2 Hz. Considering the limitation of response
time of magnetic powder brake, the frequency range of alternating torque that can be
set in the program control interface was 0–2 Hz, the fluctuation amplitude of alternating
torque was 0–20% of constant torque, and the wave momentum range was 20 Nm. After
completing the setting of the above parameters and running time, the automatic control of
the loading device can be realized. The specific torque loading form is shown in Table 8.

Table 8. Torque loading form.

Working Condition Constant
Torque/Nm

Alternating Torque Wave Mo-
mentum/NmAmplitude/Nm Frequency/Hz

First gear

Small load 140 30 2 20
Full load 210 40 2 20
Left turn 540 (990) 110 (200) 2 20

Right turn 540 (1150) 110 (250) 2 20

Second gear

Small load 240 50 2 20
Full load 610 120 2 20
Left turn 470 90 2 20

Right turn 470 90 2 20

Third gear Small load 300 60 2 20
Full load 780 150 2 20
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3. Results and Discussion

The start time of the test is 26 June 2021, and the whole test process was monitored
by the fault diagnosis system. After a total of about 50 h of running time, the trend index
curve suddenly rose and exceeded the alarm limit, and the alarm signal was issued at 15:45
on 4 July. The gearbox was in the small load of third gear condition.

3.1. Overall overview of trend curve

To clearly analyze the fault type and evolution process in the differential steering
gearbox during the fatigue test, the global overview diagram of the trend index of each
working condition was observed through the signal analysis and processing software
of the fault diagnosis system, as shown in Figures 7–9. The trend index is the set of
vibration energy amplitudes corresponding to all order points, and each trend index point
is obtained by superposition and summation of change spectral lines. The calculation
equation is shown in Equation (6). The limit value of the trend index depends on the
comprehensive fatigue performance of the gearbox, which was determined as 3000 g
through a large number of tests.

TI =
n

∑
i=1
|Xi −Yi| (6)

where TI is the trend index, g; Xi is the actual energy amplitude corresponding to each
sampling order, g; and Yi is the upper and lower tolerance band limit obtained in the
learning phase, g.
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Figure 9. Small load (a) and full load (b) in third gear.

Seeing Figures 7–9, the trend index curve of the fault diagnosis system exceeded the
alarm limit under small load of third gear conditions, and the curve increased suddenly in
many places at the same time. The trend curve increased obviously in the second gear low
load condition, the second gear full load condition and the third gear full load condition.
The sudden rise and slow decline of the trend index curve for a full load may be related to
the change of oil temperature in the gearbox. By analyzing the boundary conditions of the
six data cards, the test conditions such as torque and rotational speed were stable and all
within the learning range. Therefore, the increase of the trend index curve was not caused
by the test conditions, which indicated that the internal mechanical structure of the gearbox
had changed.

Because the first gear trend curve was basically stable and the monitoring stage was
greatly affected by the oil temperature, the fault analysis was only carried out for the second
and third gear working conditions.

3.2. Third Gear Fault Analysis

Seeing Figure 10, according to the order calculation table of the differential steering
gearbox, the order 200.25 in the figure was the meshing order of the third-gear master–slave
gear, the meshing order of the power shunt gear and the tooth-embedded driving gear.
The 167.5 order and 232.75 order in the diagram were the side frequencies of the meshing
order, and the side frequency interval was 32.5, which was close to the third harmonic
(35.342) of the shaft where the third-gear driven gear and power shunt gear were located.
Therefore, the fault may occur on these two gears. Simultaneously, the order of the side
frequency band was less, the distribution was more concentrated and the amplitude was
higher, which was the typical characteristic of distributed fault pitting fatigue failure.
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It can be also seen from the Figure 10 that the fault first occurred in the 954th analysis,
and the vibration amplitudes of the meshing order and side frequency began to increase at
the 1113th and the 1325th analysis, respectively. This indicated that the fault was gradually
intensifying. At the 1537th analysis, the energy amplitude reached the alarm limit and the
shutdown was triggered, indicating that the fault had deteriorated to a certain extent. At
the 135th analysis, there was a side frequency with an interval of 18.75 around the main
meshing order, which was basically consistent with the second harmonic (18.2063) of the
shaft frequency of the third-gear drive gear. According to the characteristics of less and
concentrated side frequency, it was judged that the pitting corrosion phenomenon also
occurred in the third-gear drive gear at this time. After unpacking, the damage of the gear
inside the gearbox was consistent with the fault analysis results, as shown in Figure 11.
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Figure 11. Damage of third-gear drive gear (a), third-gear driven gear (b) and power shunt gear
(c) inside the gearbox.

Seeing Figure 12, in the 2717th analysis of the trend index curve under the third gear
full load condition, the energy of the high-frequency part increased significantly, which
may be attributed to metal friction in the gearbox body. This was completely consistent
with the time of partial increase of high frequency energy during the 135th analysis under
low load conditions, which began during the third-gear test from 21:00 to 22:00 in the
evening of 3 July 2021. According to the unpacking results, high frequency metal frictions
were occured on the side of the power shunt gear, the outer ring of the NJ205E cylindrical
roller bearing and the wall of the housing hole of the box bearing, as shown in Figure 13.
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3.3. Second Gear Fault Analysis

As shown in Figure 14, with the small increase in the energy of the low-frequency part
in varying degrees, the trend index curve indicating the change of mechanical vibration
characteristics in the gearbox began to rise slowly. This indicated that there was some kind
of fault in the internal mechanical structure of the gearbox. A side frequency band with an
interval of 45 appeared around the 235th order, which was exactly the same as the fourth
harmonic of the shaft frequency of the second driven gear. According to the characteristic
that the band order of this side was small and concentrated, it was judged that the pitting
distributed fault may occur in the second driven gear. This fault can also be observed in
the 3D waterfall diagram of the second gear full load, as shown in Figure 15, and the fault
occurred at the same time. The gear damage after unpacking can be seen in Figure 16. This
was basically consistent with the results of fault analysis.
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4. Conclusions

A fault diagnosis method for a differential inverse gearbox of a crawler combine
harvester based on order analysis was studied in this paper. The main conclusions were
as follows:

• The edge frequencies with an interval of 45 with few edge band orders and relatively
concentrated distribution appeared around meshing order 235 of the second-gear
master–slave gear, and the edge frequency with an interval of 32.5 and 18.5 with
few edge band orders and relatively concentrated distribution appeared around the
meshing order 200.25 of third-gear master–slave gear, power shunt gear and clutch
driving gear. This indicated that pitting distributed faults occurred in the second-gear
driven gear, third-gear master–slave gear and power shunt gear. This was consistent
with unpacking and inspection.

• This method can send out the test stop signal according to the vibration energy level
of the test object and can reflect the possible early fault type and location to the test
personnel through the order spectrum generated under each gear without unpacking
the gearbox. This had reference significance for research on the fault diagnosis method
of a crawler combined harvester gearbox.
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Abstract: Liquid-fertilizer deep-application techniques are techniques for applying fertilizers to the
root system of crops, which can effectively improve the utilization rate of fertilizers and reduce
application amounts. Due to the soil viscosity of soils in the cold region of Northeast China, the soil
return rate of furrow openers for liquid-fertilizer deep applications is low, which can easily cause
excessive volatilizations of liquid fertilizers. Therefore, aiming at the operational requirements of low
soil disturbance for liquid-fertilizer furrowing and deep applications, an efficient soil-returning liquid-
fertilizer deep-application furrow opener was innovatively designed based on soil characteristics
during the inter-cultivation period in the cold region of Northeast China. The discrete element
method (DEM) was used to analyze the operating performance of the high-efficiency soil-returning
liquid-fertilizer deep-application furrow openers, which is determined by key operating parameters
including width and slip cutting angle. The DEM Virtual Simulation Experiment results show that
the optimal combination is the width of 37.52 mm and a slip cutting angle of 43.27◦, and the test
results show that the optimal performance of the high-efficiency soil-returning liquid-fertilizer deep-
application furrow opener is that the soil disturbance rate is 51.81%, and the soil-returning depth
is 52.1 mm. This paper clarifies the relationship between the width and the slip cutting angle in
furrowing resistance and soil disturbance and the mechanism by which the width and slip cutting
angle affect soil disturbance. Above all, this study provides a theoretical and practical reference for
the design of liquid-fertilizer deep-application furrow openers.

Keywords: highly efficient soil return; liquid fertilizer deep application technique; DEM; soil bin test

1. Introduction

The soil type in the cold region of Northeast China is a very rare cold black soil with
a very slow formation rate, which is a very valuable resource [1–3]. Since the beginning
of the second “green revolution” in the world, the application of chemical fertilizers has
surged in most countries in the world, and the crop quality and per capita output of grain
have significantly improved [4,5]. At the same time, the long-term large-scale application
of chemical fertilizers has also introduced many problems, such as the decline of black
soil fertility, the destruction of soil aggregate structure, and the excessive pollution of
farmland environment [6–9]. Therefore, curbing the excessive use of chemical fertilizers
can effectively protect valuable black soil resources in this region [6,10,11].

In recent years, liquid fertilizers have been widely used due to its advantages in
convenient production, possessing a flexible ratio, low environmental pollution and high
crop-absorption rates, which can effectively curb the excessive application of chemical
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fertilizers [10,11]. In agricultural production, the methods of furrowing and the deep
application of liquid fertilizers effectively improved fertilizer utilization rates [12,13]. How-
ever, the commonly used furrow opener for deep applications of liquid fertilizers is prone
to causing large soil disturbances, resulting in high volatilization rates of liquid fertil-
izers and affecting crop growth and the promotion of liquid-fertilizer deep-application
techniques [13–15]. Obviously, in order to successfully promote the application of liquid-
fertilizer deep-applications technique, a liquid-fertilizer deep-application furrow opener
that can realize highly efficient soil returns during operation is needed, which will greatly
improve the promotion of liquid-fertilizer deep-application techniques in this region.

Many scholars have studied and analyzed the interaction between furrow openers
and soil. Godwin and Spoor [16,17] analyzed soil disturbances caused by furrow openers
by using the soil bin test, and they concluded that soil disturbances as two approximate
geometric contours comprising a wedge and a crescent. These studies treat the soil as a
whole and analyze soil disturbances through the damage introduced by furrow openers
to whole soil without considering the interaction between soil particles; thus, the con-
struction of the analysis model in the above studies is not sufficient. Solhjou et al. [18]
conducted an experimental study on soil disturbance caused by narrow point openers
and quantified the furrow contour by using cubic PVC missing agents embedded in the
soil. The results showed that the chamfer of the furrow opener significantly reduced soil
disturbances. Rodhe and Etana [19] developed V-shaped discs, which reduced the loss rate
of liquid fertilizers compared with band spreading, but furrowing resistance was too large,
which led to a wide shape and a superficial depth and caused an excessive volatilization
of the liquid fertilizer. The above studies show that the innovative design of the furrow
opener’s geometry can achieve low soil-disturbance rates and reduce the rate of liquid fer-
tilizer volatilization. Therefore, the structural innovative design of the liquid-fertilizer
deep-application furrow opener can significantly improve its operation performance.
Shuhong et al. [20] designed a new opener to reduce the working resistance of the furrow
opener by conducting a bionic study of the sailfish head curve and concluded that the
working resistance, the width of soil disturbance and the depth of soil return increased
with the increase in furrow-opening depth at a water content of 12% ± 1%. At the furrow
opening depth of 60 mm, the working resistance increased with the increase in water
content. However, the effects on soil disturbance width and soil-return depth were not
obvious.

Many scholars evaluated the performance of new openers by computer simulation
tests. Computer-aided design and simulation tests can reduce the number of test steps, save
test costs and reduce the resources required for the design and manufacture of openers [21].
Ever since the discrete element method (DEM) has been proposed, the use of discrete
element methods to construct coupled opener–soil interaction models has been proven by
many scholars to be effective, and it is an efficient method for studying granular media
with dynamics and optimal design [22,23].

In this study, a DEM virtual-simulation model of black soil in the cold region of
Northeast China was constructed by sampling and measuring the relevant parameters of
the black soil widely distributed in the cold region of Northeast China, and an optimal test
has been carried out for the key structural parameters of liquid-fertilizer deep-application
furrow openers. Moreover, a high-efficiency soil-returning liquid-fertilizer deep-application
furrow opener with excellent operating performances was designed. The accuracy of the
DEM virtual simulation test model is verified by the soil bin test. This study can provide
research ideas and design methods for the design of liquid-fertilizer deep-application
furrow openers. At the same time, it can facilitate the promotion of liquid-fertilizer deep-
application techniques in the cold regions of Northeast China, reduce the amount of
chemical fertilizer application in local areas, and protect precious black soil resources.
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2. Materials and Methods
2.1. DEM Virtual Simulation Test
2.1.1. Measurement of Physical Parameters of Black Soil

As one of the three major corn-producing areas in China, the black soil in the main
corn-producing area of Northeast China was selected for sampling and determination, and
the soil was sampled at a test plot (126◦58′31′′ N, 45◦32′29′′ E) in Acheng District, Harbin,
Heilongjiang province, China, on 25 June 2021. The bulk density of black soil was measured
using the cutting ring method. Measuring equipment comprised an aluminum cutting
ring (100 cm3) and an electronic balance (accuracy 0.01 g, Changzhou Lucky Electronic
Equipment Co., Ltd., Changzhou, China), as shown in Figure 1a. The moisture content of
the black soil was measured by the oven drying method [24], and measuring equipment
included an electric constant-temperature drying box (Model GZ008, Dongguan Bai hui
Electronic Co., Ltd., Dongguan, China), as shown in Figure 1b. The soil shear modulus and
Poisson’s ratio were measured using a strain-controlled soil direct-shear apparatus (Model
ZJ, Changzhou Lingkun Automation technique Co., Ltd., Changzhou, China), as shown in
Figure 1c.
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Figure 1. Measurement process and equipment for measuring black soil physical parame-
ters. (a) Measurement process and equipment for measuring black soil bulk density parameters.
(b) Measurement process and equipment for measuring black soil moisture content. (c) Measurement
process and equipment for measuring black soil shear modulus and Poisson’s ratio parameters.

2.1.2. Measurement of Black Soil Contact Parameters

In this study, the sliding and rolling friction coefficients of soil and 65 Mn material were
measured by using a slope test, as shown in Figure 2a. The collision recovery co-efficient
between the soil and 65 Mn material was measured by a collision test. The measuring
equipment included a high-speed camera (PCO.DIMAX CS4 model, Kelheim, Bagolia,
Germany). After the collision between spherical soil and a 65 Mn steel plate, the ratio of
the normal rebound velocity to the normal forward velocity before the collision was used
to determine the collision’s recovery coefficient, as shown in Figure 2b.
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2.1.3. Setting and Calibration of DEM Virtual Simulation Parameters

The soil in the cold region of Northeast China comprises black soil with high moisture
content; thus, the contact model should fully consider the effect of inter-particle cohesion
force on particle movements [25,26]. The Hertz-Mindlin with the JKR Cohesion contact
model in EDEM is a cohesion contact model. Based on the Hertz contact theory and JKR
theory, it considers the influence of the inter-particle cohesion force on particle movement,
and it is suitable for simulating material bonding and agglomeration between particles
due to electrostatic, moisture and other reasons, such as crops and soil. When using Hertz-
Mindlin with the JKR Cohesion contact model to simulate black soil, the contact model
parameter (that is, the surface energy density) needs to be determined. This parameter
cannot be obtained directly and is determined by the stacking angle test.

Select a hopper with an inlet diameter of 300 mm, outlet diameter of 50 mm and height
of 270 mm; adjust the position of the hopper to a distance of 250 mm between the bottom of
the outlet and the plate; close the outlet; fill the hopper with soil and then open the outlet.
After the soil on the plate is stable, shoot it in a perpendicular manner to the horizontal
plane and the marked stacking angle.

Using EDEM 2020 to carry out the soil stacking angle simulation test, the contact
model parameters were corrected and calibrated with the real soil stacking angle as the
target. The stacking angle method is used to measure the surface energy density in order to
reduce the error between the simulation results and the actual test results.

After correcting the surface energy density several times, when the surface energy
density of the contact model was finally determined to be 5.5 J m−2, the real stacking angle
of soil and the simulated stacking angle are basically the same, which are 23.27◦ and 24.09◦

respectively. The measurement process and results are shown in Figure 3.
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2.1.4. DEM Virtual Simulation Soil Bin Construction

In order to efficiently carry out the DEM virtual simulation test, a single spherical
particle is selected as the virtual soil particle model [27]. In order to render the virtual soil as
close as possible to actual soil conditions in the field, the EDEM virtual soil parameters were
set according to physical and mechanical property parameters, contact model parameters
and material contact parameters of the soil measured in the previous stage, and a virtual
soil model was constructed. The virtual soil parameters are shown in Table 1.

Table 1. Parameters of DEM virtual simulation test model.

Parameters Values

Soil particle size (mm) 2~3
Soil density (g·cm−3) 1.516

Soil Poisson’s ratio 0.39
Soil shear modulus (MPa) 1.00

Coefficient of static friction between soil particles 0.53
Coefficient of dynamic friction between soil particles 0.78

Recovery coefficient between soil particles 0.23
surface energy density (J·m−2) 5.50

Soil−65 Mn static friction coefficient 0.47
Soil−65 Mn rolling friction coefficient 0.11

Soil−65 Mn collision recovery coefficient 0.09

2.1.5. DEM Virtual Simulation Model Construction

In order to clearly and intuitively observe the operation process of the furrow opener, a
soil model was constructed with a thickness of 20 mm, and the soil at a depth of 0–100 mm
was used as the operation layer. The soil particles were randomly generated in this depth
and settled naturally, with 120,000 particles in each layer. The soil at a depth of 100–140 mm
was used as a buffer layer, which was used to isolate the operation layer and the boundary
of the soil bin so as to avoid the excessive extrusion of the soil by the boundary of the soil
bin during the simulation, which will affect simulation results. The preparation area and
the data collection area are set along the operation direction of the furrow opener of the
virtual soil bin. The length of the preparation area is 100 mm, which is the buffer area for
the furrow opener to enter the soil for stable operations. The length of the data collection
area is 1400 mm, which is the stable operation area of the furrow opener for data collection.

To sum up, the overall size of virtual soil is determined to be 1500 mm× 600 mm× 140 mm,
as shown in Figure 4a. The Creo 6.0 software was used to construct a model for the high-
efficiency deep-application furrow opener. The interaction between the furrow opener
and soil can be divided into five processes: cutting, lifting and crushing, pushing, guiding
and shaping. In order to realize the above processes, the sliding–cutting edge and curved
surface structure are designed with symmetrical layouts. Based on the sliding and cut-
ting principle, the head of the furrow opener is designed as the sliding–cutting edge to
achieve the cutting of soil. The surface structure was designed based on the structural
characteristics of wedge-surface crushing and the extruding soil, including disturbed soil
surfaces, extruded soil surfaces, guide inclined surfaces and shaping surfaces. The dis-
turbed soil surface improves the soil crushing ability of the high-efficiency soil-returning
liquid-fertilizer furrow opener. The wedge structure is helpful for breaking the upper soil
layer and for promoting soil flow from the surface of the furrow opener to the tail of the
furrow opener. The extruded soil surface squeezes and cuts the soil, which is beneficial for
forming smooth fertilizer furrows quickly and efficiently. The inclined surface guides the
falling soil to fall behind the fertilizer spray needle in order to realize the falling soil and
overlaying fertilizer. The shaping surface extrudes the soil sideways in order to shape the
fertilizer’s furrow. The fertilizer spray needle is embedded in the tail of the high-efficiency
soil-returning liquid-fertilizer furrow opener as a fertilizer-spraying execution component,
as shown in Figure 4b. After all models are constructed, the high-efficiency soil-returning
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liquid-fertilizer furrow opener is imported into the EDEM 2020 software (Altair Engineer-
ing, Inc., Troy, MI, USA) for DEM simulation tests, and the post-processing module is used
to obtain test results, as shown in Figure 4c.
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Figure 4. Construction and simulation process of the DEM virtual simulation model. (a) Construction
of the DEM virtual simulation soil bin model. (b) Construction of the 3D model of high-efficiency
soil-returning liquid-fertilizer deep-application furrow openers. (c) High-efficiency soil-returning
liquid-fertilizer deep-application furrow opener and DEM virtual simulation test processes.

The operating performance of the furrow opener is related to the slip cutting angle θ2
and width l. In this study, 2 factors and 5 levels were used to conduct the DEM simulation
test. The minimum selection of the opener width l 20 mm is based on the current size of
the fertilizer spray needle mostly in the range of 10 to 20 mm to ensure a certain structural
strength relative to the fertilizer spray needle in order to allow space for installation; the
initial selection of the opener width l was 20 mm as the minimum value for testing. Widths
of 20, 26, 40, 54 and 60 mm were selected. Slip cutting angles of 25, 31, 45, 59 and 65◦ were
selected. Under the conditions of an operating depth of 80 mm and a forward speed of
1.0 ms−1, simulation results were used to analyze the significance and influence law of the
factors affecting the test indicators, and the optimal structural parameter combination was
finally obtained.

The soil disturbance rate and soil-return depth were selected as the test indicators,
and the soil disturbance rate and soil-return depth quantified the soil disturbance behavior
and soil return performance of the furrow opener, respectively, as shown in Figure 5.
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Figure 5. Schematic diagram of furrow contour section parameters.

• Soil disturbance rate ρ

The soil disturbance rate ρ is an important indicator of the soil disturbance behavior
of the furrow opener. The larger the disturbance rate is, the more disturbed soil is during
the operation. Disturbance rate ρ refers to the ratio of the disturbed soil area in the furrow
contour multiplied by the width and depth of the gully, as shown in Figure 5; the soil
disturbance rate is calculated according to Equation (1).

ρ = (A1 + A2)/dh × 100% (1)

• Soil-return depth h

Soil-return depth is an important indicator of the soil return performance of the furrow
opener. The higher the soil-return depth h, the more superior the soil return performance
of the furrow opener.

2.2. Soil Bin Verification and Performance Test

In order to verify the accuracy of the DEM virtual simulation parameter setting and the
rationality of the structure optimization of the high-efficiency soil-returning liquid-fertilizer
deep-application furrow opener, this study was conducted in May 2021 in the Agricul-
tural Tools and Soil Bin Laboratory of Northeast Agricultural University (126◦43′25′′ N,
45◦44′27′′ E). Taking the operating speed of the high-efficiency soil-returning liquid fer-
tilizer deep application furrow opener as the experimental factor, it was set to six levels
of 0.2, 0.4, 0.6, 0.8, 1.0 and 1.2 m s−1 to verify the accuracy of the DEM virtual simulation
model. The performance test of the furrow opener was carried out to examine the influence
of the operating speed of the furrow opener on its soil disturbance behavior and soil return
performance.

Before the test, the organisms, weeds and large clods in the soil were removed by
a round-hole sieve. According to the actual situation in the field, the soil was sprayed
with water, the soil’s moisture content was adjusted, and a ridge platform was built. The
soil conditions and parameter indicators are shown in Figure 6a. The test was carried
out under the condition of an 80 mm operating depth and 1 m s−1 operating speed. The
test equipment comprised a soil bin trolley, a high-speed camera, a frequency conversion
cabinet (model F1000-G055T3C, Yantai Ougri Transmission Electric Co., Ltd., Yantai, China)
and a three-phase asynchronous motor (model Y2-10L2-4, Shanghai Yongce Machinery
Equipment Co., Ltd., Shanghai, China), as shown in Figure 6b. The high-speed camera
system captures the soil disturbance behavior of the furrow opener and records it by
using supporting software. After the furrow opener operation, outer-layer gullies were
delineated, and the gullies were delineated a second time after loose soil was removed
with a brush. The results of the two depictions were combined as the extraction results of
furrow contour parameters under this operating conditions, and relevant parameters were
obtained. The test process is shown in Figure 6c.
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of soil furrow contour parameters.

3. Results

As shown in Figure 7a,b, when the slip cutting angle is fixed and the slip cutting angle
is less than 59◦, the soil disturbance rate increases with the increase in the furrow opener’s
width. When the slip cutting angle is less than 59◦, the soil disturbance rate first decreases
and then increases with the increase in the furrow opener’s width. As the width of the
furrow opener increases, the soil-return depth first increases and then decreases. As shown
in Figure 7c,d, when the width of the furrow opener is fixed, the soil disturbance rate first
decreases and then increases, and the soil-return depth first increases and then decreases.
Equations (2) and (3) are obtained using Design-Expert 8.0.6 software. The factors of width
x1 and the slip cutting angle x2 have significant effects on soil disturbance rate ρ and
soil-return depth h, and the p values of the out-of-fit test item of the two regression models
are all greater than 0.1; the regression model is shown in Table 2.

Table 2. Optimization model of test data.

Resources
Regression Model on Slip Cut Angle Regression Model on Width

Sum of Squares df F-Value p-Value Sum of Squares df F-Value p-Value

Model 259.19 5 33.50 <0.0001 213.26 5 24.88 <0.0001
x1 126.53 1 81.77 <0.0001 16.99 1 9.91 0.0104
x2 25.30 1 16.35 0.0023 10.50 1 6.13 0.0328

x1x2 12.96 1 8.38 0.0160 4.62 1 2.70 0.1316
x1

2 64.52 1 41.70 <0.0001 54.34 1 31.69 0.0002
x2

2 29.88 1 19.31 0.0013 126.80 1 73.96 <0.0001
Residual 15.47 10 17.15 10

Lack of fit 11.30 3 6.31 0.0211 1.88 3 0.29 0.8337
Pure error 4.18 7 15.27 7
Cor total 274.67 15 230.41 15
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Figure 7. DEM virtual simulation test results. (a) The effect of the furrow opener’s width on soil
disturbance rate. (b) The effect of the furrow opener’s width on soil-return depth. (c) The effect of slip
cutting angle on soil disturbance rate. (d) The effect of the slip cutting angle on the soil-return depth.

The above test results show that both regression models can solve the optimal solution
of the parameters. Using the Design-Expert software, the minimum soil disturbance rate
and maximum soil-return depth were taken as solving conditions to obtain the optimal
solution parameter combination: the slip cutting angle is 43.27◦, the width is 37.52 mm,
the soil disturbance rate is 50.23%, and the soil-return depth is 50.9 mm. According to the
optimization results, the virtual simulation verification shows that the soil disturbance
rate is 51.81%, and the soil-return depth is 52.1 mm, which is basically consistent with the
optimization results.

ρ = 97.079 − 0.0448x1 − 2.507x2 − 0.018x1x2 + 0.014x1
2 + 0.038x2

2 (2)

h = −146.683 + 1.629x1 + 7.434x2 − 0.011x1x2 − 0.013x1
2 − 0.08x2

2 (3)

3.1. Soil Bin Verification Test Results

In order to verify the accuracy of the parameter setting of the DEM virtual simulation
model and the rationality of the structure optimization of the high-efficiency soil-returning
liquid-fertilizer deep-application furrow opener, the soil bin verification test was carried
out at a depth of 80 mm and an operating speed of 1.0 m s−1, and the test was repeated
for three groups. Take the average value as the test result, and extract the furrow contour
after the operation of the high-efficiency soil-returning liquid-fertilizer furrow opener. The
obtained soil disturbance rate and soil-return depth parameter results are compared, as
shown in Table 3.

The soil disturbance rates in the virtual simulation and soil bin verification tests are
52.81% and 50.37%, respectively. The soil-return depths are 50.8 and 52.7 mm. The relative
errors are 5.45%, 4.68%, 3.61% and 4.84%. The results of the DEM virtual simulation and
the soil bin verification test are consistent.
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Table 3. Comparison of DEM virtual simulation test and soil bin test results.

Test Form No. Soil Disturbance (%) Soil-Return Depth (mm)

DEM virtual simulation test 1 52.81 50.8

Soil bin test results

1 50.11 52.7
2 51.07 53.3
3 49.92 52.2

Average value 50.37 52.7

Soil disturbance behavior in the operation of high-efficiency soil-returning liquid-
fertilizer furrow opener is captured by a high-speed camera, and a group of high-speed
camera photos was randomly selected for qualitative comparison and analysis with the
DEM virtual simulation test, as shown in Figure 8. Figure 8a shows the soil disturbance
behavior of the high-efficiency soil-returning liquid-fertilizer deep-application furrow
opener in the DEM virtual simulation test, in which the color of soil particles changes
from red to blue as the speed decreases. The results show that when the furrow opener is
working, the soil on both sides of the disturbed soil surface behaves in a lateral throwing
manner, and the soil in the forward direction exhibits lifting and throwing relative to the
negative direction.
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Figure 8b shows the soil disturbance behavior of the high-efficiency soil-returning
liquid-fertilizer deep-application furrow opener in the soil bin verification test. The dark
area is the area with high soil-particle velocity, and the bright area is the area with low
soil-particle velocity. The color on both sides of the disturbed soil surface in the figure is
extremely dark, and it gradually becomes brighter from the inside to the outside, indicating
that the soil in this area exhibits lateral throwing movements. The soil in the direction of
operation changes from dark to bright from the bottom to the top and from the front to the
back, indicating that the soil is lifted and broken by disturbances and flows in the opposite
direction of the operation along the furrow opener’s surface.

3.2. Soil Bin Verification Test Results

Taking the operating speed as the test factor, the soil bin performance test was carried
out to examine the influence of the operating speed of the furrow opener on its soil
disturbance behavior and soil return performance. The soil disturbance behavior of the
furrow opener during operations and the soil disturbance rate and soil return performance
after operation were qualitatively analyzed at different operating speeds. The test results
are shown in Figure 9a,b.

192



Agriculture 2022, 12, 1286

Agriculture 2022, 12, x FOR PEER REVIEW 11 of 22 
 

 

 
Figure 8. Comparison of results between DEM virtual simulation test and soil bin test. (a) 
Comparison of furrow contour. (b) Comparison of soil disturbance rate.  

3.2. Soil Bin Verification Test Results 
Taking the operating speed as the test factor, the soil bin performance test was carried 

out to examine the influence of the operating speed of the furrow opener on its soil 
disturbance behavior and soil return performance. The soil disturbance behavior of the 
furrow opener during operations and the soil disturbance rate and soil return 
performance after operation were qualitatively analyzed at different operating speeds. 
The test results are shown in Figure 9a,b. 

 
Figure 9. Soil bin performance test results. (a) Effect of working speed on soil-disturbance rate. (b) 
Effect of working speed on soil-return depth. 

The soil-return depth first increases and then decreases with the increase in working 
speed. When the working speed is in the range of 0.4–1.0 m s−1, the soil’s return depth is 
relatively high, and the maximum and minimum soil-return depths reach 55.8 and 52.1 
mm, respectively. In the range of 0.2~0.4 m s−1, the soil’s return depth is low. 

4. Discussion 
4.1. Analysis of Soil-Returning Behavior of High-Efficiency Soil-Returning Liquid Fertilizer 
Deep Application Furrow Opener 

The furrow opener disturbs the soil during operation; it is completely buried in the 
soil, which produces disturbance behaviors for the soil, including lifting and breaking, 
lateral throwing and squeezing of the soil [28]. The squeezing of the soil affects the width 
below the furrowing contour, while lifting and breaking and lateral throwing determine 
the lateral throwing width and soil backfill rate. The behavior of soil disturbance is 
analyzed when the furrow opener is completely buried in the soil, as shown in Figure 10a. 
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(b) Effect of working speed on soil-return depth.

The soil-return depth first increases and then decreases with the increase in working
speed. When the working speed is in the range of 0.4–1.0 m s−1, the soil’s return depth is
relatively high, and the maximum and minimum soil-return depths reach 55.8 and 52.1 mm,
respectively. In the range of 0.2~0.4 m s−1, the soil’s return depth is low.

4. Discussion
4.1. Analysis of Soil-Returning Behavior of High-Efficiency Soil-Returning Liquid Fertilizer Deep
Application Furrow Opener

The furrow opener disturbs the soil during operation; it is completely buried in the
soil, which produces disturbance behaviors for the soil, including lifting and breaking,
lateral throwing and squeezing of the soil [28]. The squeezing of the soil affects the width
below the furrowing contour, while lifting and breaking and lateral throwing determine the
lateral throwing width and soil backfill rate. The behavior of soil disturbance is analyzed
when the furrow opener is completely buried in the soil, as shown in Figure 10a. CDE and
C1D1E1 are the cross-sections of the furrow and ridge formed by the lateral throwing of
soil, GG1H1H is the upwardly lifted and broken soil, and EE1I is the cross-section of the
fertilizer furrow. During the furrow opener’s operation, the fertilizer furrow is divided into
upper and lower fertilizer furrows, which are the EE1F1F and F1FI areas, respectively. The
soil in the EE1F1F area is lifted and laterally thrown to form the upper fertilizer furrow, and
the soil in the F1FI area is extruded to form the lower fertilizer furrow. In this process, the
soil volume is conserved; thus, the cross-sectional area of soil is conserved [29], and the
cross-sectional area of soil after disturbance should satisfy the following:

SEE1F1F = SCDE + SC1D1E1 + SGC1H1H (4)

where SEJE1I is the cross-sectional area of soil in the backfill area, mm2. SKDE and SK1D1E1
are the cross-sectional areas of the falling soil after being laterally thrown, mm2.

The soil disturbance behavior of the furrow opener is inevitable. The fallback soil is
mainly observed in EE1F1F, DKE and D1K1E1 regions [8], and the filled area is mainly the
F1FI region of the lower fertilizer furrow. When the soil’s return depth h is higher than the
depth h1 of the lower fertilizer furrow (that is, h > h1) the furrow opener realizes the soil’s
return function.
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Figure 10. Schematic diagram of soil-returning behavior of high-efficiency soil-returning liquid-
fertilizer deep-application furrow opener. (a) Schematic diagram of soil disturbance behaviors.
(b) Schematic diagram of the soil-return principle.

4.2. Disturbed Surface Analysis

The main function of the disturbed soil surface is to break the soil and promote the
falling back of soil into the furrow. The disturbed soil surface of the furrow opener with the
wedge-shaped surface structure [30] is shown in Figure 11, and the LL1 spacing is width l.
The dynamic analysis of a single soil particle on the disturbed soil is describes as follows:





FNy + fyz sin β
2 − fxy′ = may

FNz −mg− fyz cos β
2 = maz

∑ F =
(

FNz
2 + FNy

2 + FNz
2) 1

2

fxy′ = tan ϕ sin α
2
(

FNz
2 + FNy

2) 1
2

(5)

where ∑ F is the resultant force of soil particles on the disturbed soil surface, N. FNy is the
component force of the resultant force on the soil particle in the y direction, N. FNz is the
component force of the resultant force on the soil particle in the x direction, N. fyz is the
friction force of soil particles in the yOz plane, N. ay is the acceleration of soil particles in
the y direction on the disturbed soil’ surface, m s−2. az is the acceleration of soil particles in
the z direction on the disturbed soil surface, m s−2.

Arrange Equation (5) to obtain the following.
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The larger the width l, the larger the angle β, and the better the effect of disturbed 
soil surface on soil loosening and breaking, but the lateral throwing displacement y′ of 
soil particles increases accordingly, which is difficult for the thrown soil to fall back. When 
α = β = 90°, ay = az and FNy = FNz, the extruding and breaking effects of disturbed soil surface 
are consistent. When the width continues to increase, as width l increases, the amount of 
externally thrown soil and externally throwing horizontal displacement continues to in-
crease, which is likely to cause a decrease in the amount of returned soil. At the same time, 
the soil disturbance behaviors on the disturbed soil’s surface mainly include breaking and 
lateral throwing, and with the increase in the furrow’s width and the amount of lateral 
throwing soil, the cross-sectional area of the furrow contour increases. According to the 
soil disturbance rate equation, the cross-sectional area of the furrow contour increases and 
the soil disturbance rate increases. 
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(c) Analysis of oblique throwing motion of soil particles.

It can be seen from Equation (6) that acceleration ay in the y direction and acceleration
az in the z direction are related to angle α and angle β, and angle α and angle β are related to
width l. When the width increases, angle α and angle β increase, the acceleration ay in the
y direction decreases, the acceleration az in the z direction increases, the lateral extrusion
force of the disturbed soil surface on the soil decreases, and the breaking force on the upper
soil layer increases, which is conducive to breaking the soil.

The kinematic analysis of soil particles on the disturbed soil surface is carried out,
as shown in Figure 11b. Soil particles on the disturbed soil surface can be approximately
regarded as oblique throwing motions [31]. v0 is the initial velocity of oblique throwing
motion and y′ is the horizontal displacement of oblique throwing motion. The oblique
throwing equation of soil particles is shown in Equation (7).

y′ = v0
2 sin

β

2
g−1 (7)

The larger the width l, the larger the angle β, and the better the effect of disturbed
soil surface on soil loosening and breaking, but the lateral throwing displacement y′ of soil
particles increases accordingly, which is difficult for the thrown soil to fall back. When
α = β = 90◦, ay = az and FNy = FNz, the extruding and breaking effects of disturbed soil surface
are consistent. When the width continues to increase, as width l increases, the amount
of externally thrown soil and externally throwing horizontal displacement continues to
increase, which is likely to cause a decrease in the amount of returned soil. At the same
time, the soil disturbance behaviors on the disturbed soil’s surface mainly include breaking
and lateral throwing, and with the increase in the furrow’s width and the amount of lateral
throwing soil, the cross-sectional area of the furrow contour increases. According to the
soil disturbance rate equation, the cross-sectional area of the furrow contour increases and
the soil disturbance rate increases.

4.3. Guide Inclined Surface Analysis

The guide inclined surface is used to guide the loose and broken soil to fall back
into the fertilizer furrow. The soil flows to the tail of the furrow opener along the guided
inclined surface and finally falls into the fertilizer spray needle to achieve falling soil and
burial of the fertilizer. The structure of the guided inclined surface is shown in Figure 12.
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4.4. Analysis of Extruded Soil Surface

The extruded soil surface is mainly used to push the soil during the operation of the
furrow opener to form a fertilizer furrow. The structure of the extruded soil surface is
shown in Figure 13.
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4.5. Analysis of Shaping Surface

The shaping surface extrudes the soil so as to achieve the purpose of shaping the
fertilizer furrow and the furrow wall. The structure diagram of the shaping surface is
shown in Figure 14a. The dynamics and force analysis of a single soil particle on the
shaping surface are shown in Figure 14b,c.

The dynamic equations of a single soil-particle column along x, y and z directions on
the shaping surface are described as follows:





FNx + fxy cos γ
2 = max

FNy + fyz′ − fxy′ = may
FNz + fyz sin γ

2 + mg = maz

∑ F =
(

FNx
2 + FNy

2 + FNz
2
) 1

2

fxy′ = tan ϕ sin δ
(

FNx
2 + FNy

2
) 1

2

fyz′ = tan ϕ sin γ
2

(
FNy

2 + FNz
2
) 1

2

(8)

where ∑ F is the resultant force on the shaping surface of soil particles, N. fxy′ is the
component force of fxy in the y direction, N. fyz′ is the component force of fyz in the y
direction, N. δ is the angle between the shaping surface and the x-axis, (◦).
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Figure 14. Schematic diagram of the guide inclined surface structure. Schematic diagram of the
shaping surface structure and soil particle kinematics analyses. (a) Schematic diagram of the disturbed
soil surface structure. (b) Force analysis on the yOz plane. (c) Force analysis on the xOy plane.

Sort Equation (8).





ax = FNx(tan δ + tan ϕ)
(
1 + cot2 γ

2 + tan2 δ
)− 1

2 m−1

ay = FNy
[
1 + tan ϕ

(
cot γ

2 − tan δ
)](

1 + cot2 γ
2 + tan2 δ

)− 1
2 m−1

az = FNz
(
cot γ

2 − tan ϕ
)(

1 + cot2 γ
2 + tan2 δ

)− 1
2 m−1 + g

(9)

It can be seen from Equation (9) that pressures FNy and FNz in the horizontal and
vertical directions of the soil on the shaping surface play a major role in shaping the furrow
wall, and they are only related to angles γ and δ, which are determined by the width;
thus, the operating performance of the shaping surface is related to the width. When the
width increases, ay and az increase. The horizontal and vertical pressures FNy and FNz of
the shaping surface on soil increase, and the downward extruding ability of the shaping
surface on soil increases. However, with the increase in width, the extrusion of the furrow
opener’s shaping surface on the soil is intensified, resulting in a furrow shape that is too
wide and the soil is unable to bury the fertilizer well.

4.6. Analysis of Sliding–Cutting Edge

The high-efficiency soil-returning liquid fertilizer furrow opener cuts the soil by the
sliding–cutting edge. During the sliding and cutting process, the soil is extruded by
the sliding–cutting edge until the soil stress reaches the failure limit and shear fracture
occurs [32]. The dynamics analysis of soil particle M on the xOz plane is carried out, as
shown in Figure 15.
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Figure 15. Dynamics analysis of soil particles at the sliding–cutting edge.

In Figure 15, the particle’s dynamics equations of particle M along the τ direction
(tangential direction) and the n direction (normal direction) are as follows:





FNs − Ff x cos θ − Ff z sin θ = mae cos θ

Fsτ − Ff x sin θ − Ff z cos θ = m(ae sin θ − ar)
Fsτ = Fsn tan ϕ

(10)

where m is the mass of the soil particle M, kg. θ is the slip cutting angle, ◦. ϕ is the soil
friction angle, ◦. ar is the relative acceleration of the soil particle M, m/s2. ae is the involved
acceleration of the soil particle M, m/s2. Fsn is the positive pressure on the soil particle M,
N. Fsτ is the tangential force on the soil particle M, N. Ffx is the component force along the
x-axis of the resistance given to the soil particle M by the surrounding soil on the xOy plane,
N. Ffz is the component force along the y-axis, N, of the resistance given by the soil particle
M by the surrounding soil in the xOy plane.

Simplify Equation (10) to obtain the following.

Fsn(tan θ − tan ϕ)− Ff z sin−2 θ = mar (11)

From Equation (11), it can be seen that when the slip cutting angle is greater than the
soil‘s friction angle (that is, θ > ϕ), the relative acceleration of the particle is ar > 0, and
the sliding–cutting edge produces sliding–cutting actions on the soil [32]; the larger the
slip cutting angle, the stronger the sliding–cutting action of the sliding–cutting edge on
the soil [33]. For the convenience of analysis, θ1 on the sliding–cutting edge in Figure 16 is
defined as the initial slip cutting angle, and θ2 is the terminational slip cutting angle. There
is always θ1 < θ < θ2 on the sliding–cutting edge. When the initial slip cutting angle θ1 is
determined, the larger the terminational slip cutting angle θ2, the larger slip cutting angle θ
anywhere on the sliding–cutting edge, and the larger the terminational slip cutting angle
θ2, the stronger the sliding–cutting action of the sliding–cutting edge on the soil [34]. The
shape of the sliding–cutting edge is a parabola AB, as shown in Figure 17.

The equation of the sliding–cutting curve AB is defined as follows.

z = ax2 (12)

The equation of the sliding–cutting curve AB is defined as follows.
{

z′A = tan
(

π
2 − θ1

)
= 2ax1

z′B = tan
(

π
2 − θ2

)
= 2ax2

(13)

The equation of the parabola AB is defined as follows.

z = (cot θ1 − cot θ2)x2zAB
−1 (14)
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Figure 16. Sliding–cutting curve and soil particle motion analysis. (a) Sliding–cutting curve.
(b) Distance of soil particles moving along the sliding–cutting edge.
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It can be seen from Equation (14) that the shape of the sliding–cutting curve is jointly
determined by the initial slip cutting angle θ1, the terminational slip cutting angle θ2
and the furrow opener height zAB. The kinematics analysis of soil particles at different
terminational slip cutting angles is carried out, as shown in Figure 17b. The black-line
terminational slip cutting angle is θ2, which is smaller than the red-line terminational slip
cutting angle θ2

′. Set the furrow opener operating at speed v and calculate the movement
path of soil particles on the furrow opener after it advances at a certain distance.

Sθ2 =
∫ x4

x2

[(
cot θ1 − cot θ2

2

) 1
2
z
− 1

2
AB

]
xdx (15)

Sθ′2 =
∫ x4

x3

[(
cot θ1 − cot θ2′

2

) 1
2
z−

1
2

AB

]
xdx (16)

Simplify the above equation as follows.

Sθ2 =
2
3

(
1 +

cot θ1 − cot θ2

zAB

)(
x

3
2
4 − x

3
2
2

)
(17)

Sθ′2 =
2
3

(
1 +

cot θ1 − cot θ2

zAB

)(
x4

3
2 − x3

3
2

)
(18)

From Equations (17) and (18), the sliding distance s of soil particles along the sliding–
cutting edge is determined by the terminational slip cutting angle θ2. When the furrow
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opener operates at speed v and travels through a certain operating stroke, if the slip cutting
angle θ2 is larger, the soil particles will slide rapidly along the sliding–cutting edge [34],
and the soil will quickly move along the sliding–cutting edge to the part with larger slip
cutting angle.

During the operation of the furrow opener, the soil on which the sliding–cutting edge
acts is a deformed body, and the stress situation is relatively complex; thus, a material
mechanics method is used for analysis, as shown in Figure 17.

Since the sliding–cutting edge is a symmetrical structure, only one side of the sliding–cutting
edge is needed for mechanical analysis. When the sliding–cutting edge interacts with the
soil, the extrusion force of the soil on the sliding–cutting edge comes from normal stress,
and the resistance of the furrow opener comes from the shear stress, as shown in Figure 17a.
According to the mechanics of materials, the integral of the stress on the contact area
between the sliding–cutting edge and the soil is the force on the sliding–cutting edge, as
shown in Equation (19): {

FN =
s

σdS
Ff =

s
τdS (19)

where S is the contact area between the sliding–cutting edge and soil, mm2.
The contact surface between the sliding–cutting edge and the soil is a curved surface,

and directly calculating the contact area is difficult. Therefore, the contact area and the
extruded soil volume between the sliding–cutting edge and the soil are calculated by
integration, as shown in Figure 17b, and the calculation of the contact area is shown in
Equation (20).

S =
∫ y1

0

{
∫ x1

0
1

cos θ2

[
1 +

(
cot θ1−cot θ2

2zAB
x
)2

dx
] 1

2
}

dy

= 1
cot2 θ1+cot2 θ2−2 cot2 θ1 sin θ2





x1
2

(
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4z2
AB

x2
1

)

+ ln
[

x +
(

1 + cot θ1−cot θ2
4z2

AB
x2

1

)]




(20)

S is the contact area between the sliding–cutting edge and the soil. It can be seen that
the larger the terminational slip cutting angle θ2, the larger the contact area between the
sliding–cutting edge and the soil, and the greater the extrusion force of the sliding–cutting
edge on the soil and, thus, the greater the resistance from the soil, which indicates that
the terminational slip cutting angle is the main factor affecting the extruding effect of the
sliding–cutting edge on the soil. In order to quantify the degree of soil extrusion by the
sliding–cutting edge, an integral equation is used to calculate the amount of soil extrusion.

V =
∫ y1

0

[∫ x1

0

cot θ1 − cot θ2

zAB
x2dx

]
dy =

cot θ1 − cot θ2

3zAB
x3

1y1 (21)

According to Equation (21), it can be seen that as the terminational slip cutting angle
θ2 increases, the amount of soil extruded by the sliding–cutting edge increases. To sum
up, the terminational slip cutting angle θ2 is an important factor affecting the operating
performance of the sliding–cutting edge. The increase in the terminational slip cutting angle
θ2 increases the cutting ability of the sliding–cutting edge on soil, but at the same time, it
will increase the resistance of the furrow opener and cause the soil to rapidly flow to the
sliding–cutting edge with a larger slip cutting angle, resulting in soil accumulation. At this
time, the sliding–cutting edge severely extrudes the soil, and then the soil is compressed and
bonded. the amount of broken soil is reduced, and the soil’s return performance worsens.
According to the research of Zhao et al. [35], when the value of the terminational slip
cutting angle θ2 is between 35 and 55◦, improving the soil’s breaking performance of the
sliding–cutting edge and improving the soil’s return performance of the furrow opener are
beneficial. When increasing the terminational slip cutting angle, the sliding–cutting effect of
the sliding–cutting edge on the soil is enhanced, the soil has better fluidity on the surface of
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the sliding–cutting edge, the degree of soil extrusion is lighter, and the cross-sectional area
of the furrow contour is small. According to the soil disturbance rate equation, the soil’s
disturbance rate does not change significantly. When the terminational slip cutting angle is
too large, the sliding–cutting edge mainly pushes the soil; a large amount of soil flows rapidly
to the part with a larger slip cutting angle, and soil accumulation occurs at the terminational
slip cutting angle. The soil is extruded during the operation of the furrow opener, which
results in soil compression. The amount of broken soil decreases, the cross-sectional area of
the furrow contour increases, and the soil disturbance rate increases rapidly.

4.7. Analysis of Furrow Contour Parameter Results in Soil Bin Verification Test

The test results of the virtual simulation and the soil bin verification tests are basically
the same, but the maximum lateral throwing soil width and furrow width in the soil
bin verification test are slightly smaller than those of the virtual simulation, and the soil-
return depth is slightly higher than that of the virtual simulation. The reason is that the
volume and mass of soil particles in the virtual simulation is larger than that of actual
soil particles, which affects the particle’s movement behavior during virtual simulation
operation, resulting in parameter differences [36–38].

4.8. Analysis of High-Speed Camera Results of Soil Bin Verification Test

Based on the qualitative comparison and analysis of the soil disturbance behavior of
the two, it can be seen that, under the same conditions, the particle’s velocity area formed
during the operation of high-efficiency soil-returning liquid-fertilizer furrow opener is
basically the same, and the soil disturbance behavior and soil movement state of the furrow
opener are basically the same. The parameter settings in the EDEM virtual simulation are
more accurate [39].

4.9. Analysis of Soil Bin Performance Test Results

When the operating speed is low, the soil is compressed and bonded by the extruding
action of the furrow opener, and the amount of broken soil is small, and the depth of soil
return is low. When the speed is too high, the soil’s return depth decreases sharply. The
reason is that the high operating speed accelerates the soil disturbance behavior of the
furrow opener and increases the amount of soil thrown out, leading to a difficulty in the
soil’s ability to fall back, and the soil’s return depth decreases.

5. Conclusions

We found that the key parameters of the high-efficiency soil-returning liquid-fertilizer
deep-application furrow opener with low disturbance and high soil return include the
width and slip cutting angle, which have significant impacts on the soil’s return rate and
soil-return depth. The parameter combination suitable for the cold region of Northeast
China is a slip cutting angle of 43.27◦ and a width of 37.52 mm.

Under the optimal combination of structural parameters, the soil disturbance rate of
the high-efficiency soil-return liquid-fertilizer opener is 50.23% and the soil-return depth
is 50.9 mm. According to the virtual simulation verification of the optimized results, the
soil disturbance rate is 51.81% and the soil-return depth is 52.6 mm, which is basically
consistent with the optimized results.

The interaction process of the sliding–cutting edge soil, wedge surface soil and the
mechanical and kinematic models of the furrow opener constructed by us can provide a
theoretical basis for the design of future furrow openers. The qualitative and quantitative
analyses of soil disturbance behaviors and soil-return performance of the high-efficiency
return liquid-fertilizer opener at different forward speeds (0.2, 0.4, 0.6, 0.8, 1.0 and 1.2 m s−1)
of the opener were conducted. The qualitative analysis showed that the soil disturbance
behavior of the opener gradually intensified with the increase in forward speed, and the
soil’s return performance was first enhanced and then weakened with the increase in
forward speed, and the appropriate soil disturbance behavior can, to a certain extent,
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promote the soil’s return performance of the high-efficiency soil return liquid-fertilizer
opener. The quantitative analysis showed that the soil disturbance rate ρ was moderate
in the speed range of 0.4–1.0 m s−1, and the minimum and maximum values of soil-
return depth h reached 52.1 mm and 55.8 mm, respectively, which both met the design
requirements of the high-efficiency soil-return liquid-fertilizer opener.

We only conducted experiments and studies on soil conditions in the cold region of
Northeast China, and further studies on soil applicability in other regions are needed.
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Nomenclature

L The opener width (mm)
θ The slip cutting angle (◦)
θ1 The initial slip cutting angle (◦)
θ2 The larger the terminational slip cutting angle θ2 (◦)
ϕ The soil friction angle (◦)
ρ The soil disturbance rate (%)
h The higher the soil-return depth (mm)
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Abstract: Orchard plant protection machinery in China still has a low application efficiency. Air-blast
sprayers represent the primary development direction of pesticide applications in orchards. The
spray control parameters have to be matched to the tree canopy status to achieve precise results. In
this study, a vertical patternator was used to determine the accuracy of spraying fruit trees. The
influences of three control parameters (blower speed, spray angle, and spray distance) on the spray
performance of the air-blast sprayer were analyzed, and the volume of the spray was measured in
collection plates at different heights. The quantitative relationship between the overall collection
volume and the critical height collection volume was obtained for different parameter values, and
the combined effects of any two control parameters on the collection performance and the position
of the optimum collection area were obtained. The regression model describing the relationship
between the collection volume in the critical height range and the three factors was established,
and the main effects of the control parameters were determined. The results showed that if one
parameter remained constant, the correlation between the other two parameters was non-significant.
The collection volume in the critical height range increased initially and then decreased as the spray
distance increased. The maximum collection volume was obtained at a spray distance of 1.762 m.
The regression model can be used to obtain the optimum values of the parameters.

Keywords: air-blast sprayer; precision spraying; spray control parameter; three-factor regression analysis

1. Introduction

The development of orchards in China ranks first in the world in terms of area and
yield, but economic losses caused by diseases and insect pests are substantial. The effec-
tive control of diseases and insect pests in orchards can recover nearly 10% of economic
losses [1–3]. At present, the control of diseases and insect pests has primarily relied on
chemical pesticides, which are sprayed 8–15 times annually during the growth cycle of
apple trees. The workload accounts for about 30% of the total workload of fruit tree man-
agement [4–6]. However, most orchard spraying operations use backpack sprayers and
frame-mounted sprayers with low spraying efficiency [7–9]. In addition, spraying causes
environmental pollution and affects the quality and competitiveness of Chinese agricultural
products [10–12]. Air-blast sprayers have a strong flow generated by a blower to penetrate
the dense fruit tree canopy; this ensures that the pesticide can reach most parts of the leaves,
and the utilization rate of the pesticide is 30–40% [13–16].

The existing orchard spraying equipment does not meet the requirement of accurate
detection and spraying on demand, which is a common problem in the world at present [17].
In order to achieve the effect of pest control, excessive spraying is mostly used in actual
operation, which leads to a large number of chemical pesticide residues, seriously polluting
the ecological environment and threatening the safe production of fruits [18]. Therefore, it
will be helpful for the development of orchard spraying machinery to study the intelligent
control technology of spraying amount, in order to realize the target variable spraying and
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the control method of wind variable to realize the on-demand air supply. The existing
spraying control technologies mainly include: the total dosage control pipeline method, and
the independent dosage control nozzle method. The total dosage control pipeline method
can use the flow sensor to monitor the spraying quantity in real time, and use the electric
regulating valve to change the spraying pressure of the pipeline according to the spraying
demand, so as to control the spraying quantity. The existing control methods mainly
include hysteresis switch control [19], classical PID control [20,21], fuzzy control [22–24]
and artificial neural network [25]. In the independent control spray nozzle method, spray
nozzles with different flow rates are arranged at different heights to realize different spray
amounts. In order to control the nozzle flow, a proportional valve can be added in the front
section of the nozzle, and the nozzle flow can be regulated by adjusting the opening of the
proportional valve in real time [26–33].

Air-blast sprayers have the advantages of good spray performance, low cost, high
efficiency, and low labor intensity; therefore, they are the primary development direction of
pesticide applications in orchards [34–39]. In recent years, many researchers worldwide
have focused on optimizing the spraying parameters according to the crop canopy status
to increase the pesticide utilization rate of air-blast sprayers and improve the precision of
spraying technology. In Refs. [39–41], different blower speeds were tested to investigate
the influence of the airflow on the collection volume. Farooq & Landers [42] analyzed the
wind field of an air-blast sprayer and adjusted the spray distance to achieve the desired
effect. He et al. [43] determined the effect of wind speed on the collection volume of the
pesticide. The results showed that the penetration and collection volume in the canopy
were positively correlated with the wind speed. Lü et al. [44] tested different levels of spray
pressure, blower outlet wind speed, driving speed, and sampling height to determine the
influence of the parameters of the air-blast sprayer on the collection volume and pesticide
distribution. Reichard et al. [45] presented the air velocity distribution of an air-driven
orchard sprayer at different driving speeds in the open field and in the peach orchard. With
the change of driving speed, the airflow velocity distribution had no significant change, but
the tree structure and natural wind speed had a certain influence on the auxiliary airflow
velocity. As the distance between the monitoring point and the nozzle outlet increased, the
airflow speed decreased rapidly, and the decreasing rate depended on the airflow rate. By
establishing a mathematical model, Fox [46,47] calculated the energy of airflow velocity at
different positions in the air jet field and estimated the power requirements for designing
an axial-flow air-fed sprayer. At the same time, they also simulated the deflection of the
auxiliary airflow under the influence of the natural wind speed and the speed of the sprayer,
pointing out that the narrower the width of the airflow outlet, the more significant the
deflection of the airflow path. Fox and Svebsson [48–50] showed that the combination of
two fans with transverse airflow formed a constant airflow organization to improve airflow
penetration in low apple trees.

In these studies, the effects of various control parameters on the amount of pesticide
at different heights of the canopy were not investigated. In addition, no regression models
have been developed to describe the relationship between manually controlled parameters
and the spray height.

The blower speed, spray angle, and the distance from the sprayer to the canopy
have to be matched to the tree canopy conditions to reduce spray drift. Therefore, the
objectives of this study are (1) to analyze the influence of single control parameters on
the collection volume of pesticide at different heights; (2) to determine the influence of
any two control parameters on the collection volume; (3) to assess the influence of three
control parameters on the collection volume at the critical height and establish a regression
model; (4) to provide a strategy for precise spray control based on the optimization of the
control parameters.
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2. Materials and Methods
2.1. Materials and Equipment

The experiment was performed on 20 May 2021 outside of the Agricultural Machinery
Laboratory of the College of Mechanical and Electronic Engineering at Northwest A & F
University. The daily ambient temperature was 27 ± 1 ◦C, and the relative humidity was
73%; the influence of wind was negligible.

The equipment used in the experiment included a vertical patternator with a guide rail
(Salvarani BVBA, AAMS Company, Maldegem, Belgium); a lead-acid battery (NP-12-24,
Ruiwu Electric, Shanghai, China); a tape measure (A5, Aicevoos, Wuhan, China); and an
air-blast sprayer (self-developed).

There were 20 collection plates in the vertical patternator, numbered 1–20, as shown
in Figure 1. The 20 collection plates were positioned intwo columns (left and right), with
odd-numbered plates on the left and even-numbered plates on the right. The height range
of plate 1 was 225–425 mm, and that of plate 2 was 450–650 mm. Each board was 200 mm
tall, and the distance between the boards was 225 mm. The height parameters of the
collecting plate of the vertical distributor are shown in Table 1.

Figure 1. Experimental equipment and experimental ground.

Table 1. The height parameters of collecting plate of vertical distributor.

Number Height
Range (mm) Number Height

Range (mm) Number Height
Range (mm) Number Height

Range (mm)

1 225–425 6 1350–1550 11 2475–2675 16 3600–3800
2 450–650 7 1575–1775 12 2700–2900 17 3825–4025
3 675–875 8 1800–2000 13 2825–3025 18 4050–4250
4 900–1100 9 2025–2225 14 3150–3350 19 4275–4475
5 1125–1325 10 2250–2450 15 3375–3575 20 4500–4700

The vertical patternator was powered by matching lead-acid batteries and achieved a
constant speed of 1 m/s on the guide rail; the length of the guide rail was 6 m. A liquid
pump was used in the experiment. The sprayer used in the experiment was a self-developed
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sprayer (2.75 m × 1.15 m × 1.16 m) with 5 sprinklers (TR80, Lechler, Metzingen, Germany)
on one side. The parameters of the sprinkler and liquid pump are shown in Table 2. The
spray head was installed on a rotating plate, and the angle of the spray head changed as
the plate rotated. An axial-flow fan (SFG4-4, Shanghai Zaize Electric Machinery Factory,
Shanghai, China) with 3000 r/min maximum speed was used. The axis of the blower was
parallel to the face of plates, and the distance from the ground to the axis was 780 mm.

Table 2. The parameters of main experimental equipment.

Project Sprinkler Liquid Pump Axial-Flow Fan

Diameter (mm) 57 130 415
Length (mm) 155 290 331

Working flow (m3/h) 0.04–0.96 2400 5870
Working pressure

(bar) 0.25 1.70 1.49

Range (m) 2.50–10.70 — —
Angle adjustment 0–180◦ — —

Power (W) — 400 550
Voltage (V) — 220 220

2.2. Experimental Methods

The influence of the spray control parameters on the collection volume was analyzed.
The blower speed (N), the spray angle (W), and the spray distance (L) were the control
parameters. In this research, it was 0◦ when the sprinkler was horizontal to the ground,
and the counterclockwise direction was the positive direction of the sprinkler movement.
The spray angle was controlled by changing the angle of the rotating plate using a stepper
motor, the blower speed was controlled by a hydrostatic device (a speed of 2000 r/min),
and the spray distance between the axis of the blower and the axis of the vertical patternator
was controlled by moving the blower; the distance was measured with a tape. The control
parameters were selected based on previous investigations, a literature review, and the
requirements of practical applications. The plates were rotated by controlling the variables
and using bilateral spraying of the air-blast sprayer. All the experiments were conducted
five times, and the average was obtained. The experimental data of this research would be
imported into Origin 2018 for a data analysis and graph drawing.

3. Results and Discussion
3.1. Single-Factor Analysis of Spray Control Parameters for All Collection Plates

Figure 2 shows the relationship between the blower speed and the collection volume
for constant values of the spray angle (45◦) and the spray distance (1.0 m). Figure 3 shows
the relationship between the spray angle and the collection volume for constant values of
the spray distance (1.5 m) and blower speed (2400 r/min). Figure 4 shows the relationship
between the spray distance and the collection volume for constant values of the spray angle
(45◦) and blower speed (2400 r/min).

The middle of the tree crown is the crucial target area for spraying; therefore, the
collection volumes obtained at heights of 1.35–1.55 m are of primary importance.

As shown in Figure 2, as the blower speed increased from 2000 r/min to 2800 r/min,
the collection volume at high heights increased gradually, whereas that at low heights
decreased. The total collection volume increased from 532 mL to 627 mL, and that at the
height of 1.35–1.55 m decreased from 123 mL to 72 mL.

Figure 3 shows that, as the spray angle increased from 45 ◦ to 85 ◦, the collection
volume of the lower and middle heights decreased and that of the high heights increased;
the total collection volume increased from 592 mL to 653 mL and that at the height of
1.35–1.55 m decreased from 151 mL to 73 mL.

208



Agriculture 2022, 12, 1260

Figure 2. Influence of blower speed on the collection volume (W = 45 ◦, L = 1.0 m).

Figure 3. Influence of spray angle on the collection volume (N = 2400 r/min, L = 1.5 m).
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Figure 4. Influence of spray distance on the collection volume (W = 45 ◦, N = 2400 r/min).

As shown in Figure 4, as the spray distance increased from 1.0 m to 2.5 m, the collection
volume of the middle heights increased; the collection volume of the high and lower heights
decreased and reached the peak value at a spray distance between 1.5 m and 2.0 m. Then,
as the distance increased further, the collection volume of the low heights increased, and
that of the high and middle heights decreased. The total collection volume increased from
584 mL to 576 mL, and that at the height of 1.35–1.55 m decreased from 110 mL to 76 mL.

In summary, it is concluded that when the other two factors remain unchanged, the
increase in the blower speed and spray angle results in an increase in the collection volume,
but the collection volume differs for different heights. When the blower speed increased,
the collection volume was larger at high heights and lower at the middle and lower heights.
With an increase in the spray angle, the collection volume was larger in the upper plates
and lower in the middle and lower plates.

Due to the parabolic trajectory of the droplets, the spray distance affects the collection
volume; at a relatively short spray distance, an increase in the spray distance increases
the collection volume at higher and middle heights. However, when the spray distance is
relatively large, the collection volume is larger at high heights and lower at low heights.

3.2. Two-Factor Analysis of the Spray Control Parameters

The average height range of 0.325–3.25 m was selected for the two-factor analysis
because it provided a good representation of the changes in the collection volume, as shown
in Figures 2 and 3.

In this experiment, the spray distance was 1.0 m, and the spray angles were 60◦ and
75◦. As shown in Figure 5a,b, when the spray angle and blower speed both increased, the
peak of the curve moved to the right. When the blower speed increased and the spray
angle decreased, the peak moved to the right, the peak value was higher, and the curve
was more even.

In practical applications, when the blower speed and spray angle both increase, the
collection volume is higher in the upper part of the tree crown, but the overall collection
volume does not change. When the spray angle increased and the blower speed decreased
in the experiment, the optimum spray area moved to the higher height, but the collection
volume was low; in the other plates, the collection volume was higher and exhibited
fewer fluctuations.
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Figure 5. Influence of the blower speed on the collection volume at different spray angles (L = 1.0 m).
(a) Influence of the blower speed on the collection volume (W = 60◦). (b) Influence of the blower
speed on the collection volume (W = 75◦).

Figure 6 shows the influence of the spray distance on the collection volume at different
blower speeds (2400 r/min and 2800 r/min) for a spray angle of 60◦. The results shown in
Figure 6a,b indicate that at a constant spray angle, when the blower speed and the spray
distance increased, the peak of the curves moved to the right and increased slightly. The
rate of increase was unchanged, and the rate of increase became higher while the collection
volume of the lower collection plate decreased.
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Figure 6. Influence of the spray distance on the collection volume at different blower speeds (W = 60◦).
(a) Influence of the spray distance on the collection volume (N = 2800 r/min). (b) Influence of the
spray distance on the collection volume (N = 2400 r/min).

When the blower speed increased, the spray distance decreased, and the peak of the
curve moved to the right and increased slightly; the increase range decreased first and
then increased with the decrease in the spray distance. In practical applications, when
the blower speed and spray distance both increase, the collection volume increases, and
the optimum spray move upward in the tree crown. In the experiment, the collection
volume was slightly higher in the optimum collection area. It did not change, whereas the
collection volume decreased in the lower part of the tree crown, and the variability of the
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collection volume increased as the blower speed increased. At a small spray distance, the
optimum collection area occurred at a greater height, and the collection volume was slightly
higher; the range of improvement increased first and then decreased with the increase in
the spray distance.

Figure 7 shows the influence of the spray angle on the collection volume at different
spray distances (1.0 m and 2.0 m) and a blower speed of 2400 r/min. Figure 7a,b show that
as the spray angle and spray distance increased, the maximum spray volume remained
unchanged, and the peak decreased slightly. The collection volume of the lower collection
plates first decreased and then increased. As the spray angle increased, the spray distance
decreased, the peaks increased slightly, and the increase range first decreased and then
increased with a decrease in the spray distance.

Figure 7. Influence of the spray angle on the collection volume at different spray distances
(N = 2400 r/min). (a) Influence of the spray angle on the collection volume (L = 1.0 m). (b) In-
fluence of the spray angle on the collection volume (L = 2.0 m).
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In practical applications, this would mean that when the spray angle and spray
distance increased, the collection volume and the optimum spray area would not change.
In the experiment, the collection volume of the optimum collection area decreased, and the
collection volume of the lower part of the tree canopy first decreased and then increased
with an increase in the values of both parameters. As the spray angle increased, the spray
distance decreased, and the collection volume decreased. The optimum collection area
did not change, and the collection volume of the optimum collection area increased with
the range of improvement, increasing first and then decreasing with an increase in the
spray distance.

In summary, it can be concluded that when one of the parameters remained unchanged,
the influence of the other two parameters was relatively small. An increase in the blower
speed and spray angle were, respectively, the primary and secondary reasons for the
upward movement of the optimum collection area. As the blower speed and spray angle
increased, the collection efficiency of the optimum collection area remained unchanged;
as the blower speed increased, and the spray distance decreased, the collection volume of
the optimum collection area decreased. The spray distance had little effect on the position
of the optimum collection, and the collection volume of the optimum collection area first
increased and then decreased with the increase in the spray distance. The collection volume
was higher at lower heights and lower at higher heights.

3.3. Three-Factor Analysis of the Control Parameters of the Key Collection Plates

The literature [10–12] indicates that the crown height of apple trees in the young
fruit stage is about 2.5–3.5 m; the middle part of the crown is the spray target area. The
results of the two-factor analysis showed that the collection volume was stable in the
range of 1.35–1.55 m. Therefore, the collection volume in this range was selected as the
dependent variable, and the spray angle, spray distance, and blower speed were used as
the independent variables in the regression.

Figure 8 shows the influence of the three control parameters blower speed, spray angle,
and the spray distance on the collection volume. The results show that due to the parabolic
trajectory of the droplets, the increase in the spray angle and the spray distance will cause
the collection volume in the range of 1.35–1.55 m to decrease, and the increase in the blower
speed will increase the collection in the range of 1.35–1.55 m to some extent.

Figure 8. Influence of the three control parameters on the collection volume. (a) Influence of the
spray angle and spray distance on the collection volume (N = 2000 r/min). (b) Influence of the spray
angle and spray distance on the collection volume (N = 2400 r/min). (c) Influence of the spray angle
and spray distance on the collection volume (N = 2800 r/min).

The inter-subject effect test results of the model are shown in Table 3. The dependent
variable was the collection volume, and the independent variables were the blower speed,
spray angle, spray distance, and position of collection plates. From Table 3, it can be
concluded that the SIG of spray angle and spray distance is less than 0.0001, so it has a
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significant impact on the spray effect, and the SIG of the fan speed is less than 0.005, so it
has a significant impact on the spray effect to a certain extent.

Table 3. Inter-subject effect test.

Data Source Sum of Squares DF Mean Square F SIG Non-Central
Parameter

Calibration model 59,803.112 18 3130.032 85.239 0.0000 1782.298
Intercept 208,942.321 1 208,942.321 620.019 0.0000 6201.230

Spray distance 12,230.031 2 6108.120 178.040 0.0000 317.271
Spray angle 72.132 2 26.200 1.324 0.0001 3.042

Blower speed 13.024 3 6.171 0.314 0.0054 0.431
Collection plate position 43,831.211 9 3103.121 98.141 0.0000 1235.020

Abbreviation: DF: degrees of freedom; SIG: significance.

A regression analysis on three control parameters was made, and the p-values of the
spray distance, spray angle, and blower speed were less than 0.05, indicating that these
parameters had significant effects on the collection volume. The regression equation in the
height range of 1.35–1.55 m is:

Y = 123.3499 − 0.5242X1 + 5.5833X2
2 − 30.4583X2 − 0.0110X3 (1)

where Y is the collection volume at heights of 1.35-1.55 m; X1, X2, and X3 are, respectively,
the values of the spray angle (◦), the spray distance (m), and the blower speed (r/min).

The coefficient of determination R2 of the regression equation was 0.80, the corrected
R2 was 0.82, and the standard error was 7.62, indicating a good fit.

The partial derivatives of the three factors were obtained:

∂Y
∂X1

= −0.5242 (2)

∂Y
∂X2

= 11.1666X2 − 30.4583 (3)

∂Y
∂X3

= −0.0110 (4)

The analysis of the three factors in the crown height range of 1.35–1.55 m shows that an
increase in the spray angle and blower speed results in a decrease in the collection volume
due to the parabolic trajectory of the droplets. The effect of the spray angle on the collection
volume is the most obvious.

In addition, the proposed regression model can be modified using data from field
experiments because differences exist in the canopy density and surface characteristics
between the vertical patternator and real trees.

4. Conclusions

In this study, the influences of different control parameters on the spray performance
of an air-blast sprayer were determined. A regression equation was established to describe
the relationship between the collection volume at the critical height range and the spray
angle, blower speed, and spray distance. The influences of the three spray parameters on
the collection volume at different heights were analyzed:

(1) Under the experimental conditions, an increase in the spray angle and blower speed
increased the overall spray volume and decreased the spray volume at the critical
height.

(2) The influence of any single parameter on the other parameters was relatively small.
The increase in the blower speed and spray angle were the primary and secondary
reasons for an increase in the height of the optimum collection area.
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(3) The spray distance affected the collection volume due to the parabolic trajectory of
the droplets. The collection volume in the critical height range first increased and
then decreased as the spray distance increased, and the largest collection volume was
obtained at a distance of 1.762 m.

(4) A quadratic regression model was established to predict the collection volume at the
critical height of the tree crown based on the spray distance, spray angle, and blower
speed. When one parameter is given, the other two parameters can be adjusted to
achieve the desired spray effect.
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Abstract: Codonopsis pilosula is cultivated mainly in sandy soils, especially in the Dingxi area of
the Gansu province, northwest China. They are mainly planted in hilly areas, where large machines
cannot reach easily. Codonopsis pilosula transplanting has been adopted with a conventional flat
planting way, film mulching and seedling outcrops. While its planting requires opening a shallow
ditch, short operation cycle, considerable labor intensity and is in large demand, a simulation analysis
was performed according to specific tillage resistance, helpful in the optimization design in later
stages and the improvement of a domestic ditching plow’s performance. This paper studies the
simulation performance of an adjustable trench plough and analyzes the orthogonal test and Design-
Expert response surface of the data. EDEM simulation software was used to analyze the traction
resistance of the furrow ditching mechanism in the ditching process. The results show that the
traction resistance increased from 1751.31 N to 2197.31 N as the simulation working speed increased
from 0.9 m/s to 1.5 m/s, 1.25 times higher than the former. It indicates that speed had significant
effects on traction resistance. With the increase in working speed, the furrow traction resistance
and specific consumed power were increased considerably. Using the stability coefficient of the
ditching depth and consistency coefficient of ditching bottom width as test indices, speed and angle
of furrowing as impact factors, Box–Behnken orthogonal experiment design method, and establishing
test indices and test factors, the regression model between the analysis of the influence of the test
index, comprehensive agronomic requirements and MATLAB factor optimization of the experiment,
the optimized operation parameter combination was obtained: the forward speed was 0.9 m/s,
the angle of ditching was 35◦ and the stability coefficient of the ditching depth and consistency
coefficient of ditch bottom width were 97.57% and 98.03%, respectively. The data after the simulation
comparison test can provide a design reference for the domestic small trench operation.

Keywords: Codonopsis planting; ditching device; working parameters; EDEM simulation; orthogonal
test; data analysis and discussion

1. Introduction

Traditional Chinese medicine is one of the characteristic industries in the Gansu
province, China. Since national industrial policy transferred to characteristic industries,
the areas of traditional Chinese medicine are gradually increasing year by year in the
Gansu province. The planting for Chinese medicine is an effective way for vast rural
areas and farmers to avoid poverty and increase their wealth. The traditional Chinese
medicine cultivation area has a large scale and high visibility. In the Gansu province, Radix
Codonopsis accounts for 60% of the whole country. Codonopsis pilosula is a traditional
Chinese medicine, also known as “tiaodang”, belonging to herbs of the Platycodon family.
It has a soft and solid texture, slightly fissured section and yellow and white skin. It
enhances the body’s stress ability functions, immune functions, delaying senescence, and
has anti-ulcer, anti-tumor, anti-bacterial, etc., properties. The shape of Codonopsis pilosula
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is oval, and its long and short axis is about 1.2 mm and 0.68 mm, respectively. Codonopsis
pilosula planting can be achieved through sowing or seedling transplanting. The sowing
process has a long growing cycle (3–5 years), for which is difficult to achieve scale benefits.
The seedling transplanting method is usually adopted with the film mulching model and
seedling outcrops. In this method, Codonopsis pilosula seedlings are inside the soil, but
outside the film. It ensures a smooth emergence and prevents the occurrence of burning
seedlings. It prevents drought and waterlogging, and also provides convenience for
mechanical harvest, enhancing the commodity rate, and achieving production goal and
thus increased income. For Codonopsis-membrane-covered outcrop cultivation, a ditch is
needed first (the ditch type should be an inclined ditch), and then codonopsis is planted
obliquely, then covered with the soil film, and finally leveled, which is the entire process to
complete the planting of Codonopsis. Based on the cultivation agronomy of codonopsis
pilosula with the film-covered outcrop, there is no mechanical operation in the ditching
cultivation process to match it, and the traditional manual operation is adopted, which has
high labor intensity and low production efficiency, seriously restricting the development of
the traditional Chinese medicinal materials industry in Gansu [1–3].

Northwest China has a vast area, dry climate and large spatial difference of soil.
When the ditching device is in direct contact with the soil, it is subject to the random
resistance and friction of the soil and the vibration generated by the machine, which can
easily cause the deformation of the ditching plow structure and affect the ditching accuracy.
At present, domestic and international scholars have carried out relevant research on the
force analysis of ditching devices in soil, analyzing soil movement characteristics, the
influence law of ditching power consumption, etc. [4–6]. Wang Shaowei et al. designed the
ditching components of the Mountain Orchard ditching machine, optimized the structure
parameters of the ditching blade by simulation tests [7] and analyzed the influence of
operation parameters on ditching power consumption. Zhang Yongliang et al. applied
the theory of throwing soil to analyze the process of throwing soil, finding the trajectory
equation of the thrown soil particles, and establishing a mechanics model of soil discrete
element contact studying its throwing performance with the method of experimental
verification [8]. Kang Jianming et al. established a finite element model for a soil ditching
cutter head by using the smoothed particle hydrodynamics method and obtained the
variation law of power consumption of the slotting cutter head in the soil cutting process
through simulation analysis [9]. Barr et al. studied the effects of different openers on soil
disturbance and soil pressure at different speeds through the orthogonal test and reduced
soil disturbance by increasing the ditching operation speed [10].

In view of the above problems, based on plough-type opener trenching as the research
object, through EDEM simulation and orthogonal experiment analysis, the analysis of
different furrow forms of change and the influence of structure parameters on traction
resistance are investigated, seeking to arrive at the soil components combined furrowing
device for low consumption, as well as the theory of drag reduction design in order to obtain
a better drag reduction characteristic form of furrowing. It provides a design reference for
domestic small ditching operation.

2. Materials and Methods
2.1. The Dimensions of the Entire Structure and the Working Principle of Double-Side-Flip Plough
Ditching Device
2.1.1. Dimensions of the Entire Structure

Based on the planting agronomic requirements of codonopsis pilotica’s oblique ditch-
ing, a double-sided inverted ditching plough that can open oblique ditches was designed.
The size diagram is shown in Figure 1. The length of the plough wall is 35 cm, the ground
clearance is 37 cm, the section of the plough column is a square with a width of 6 cm, the
total length of the plough blade and the plough bracket is 34 cm, the width of the plough
bracket is 18 cm, and the length from plough tip to the end of the plough bracket is 36 cm.
The adjustable double-sided inverted ditching plough can complete ditching, soil covering,
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ploughing and other operations. The ploughshare can be turned around. The direction and
angle of soil turning can be adjusted [11,12].
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2.1.2. Working Principle of Double-Side-Flip Plough Ditching Device

The power part equipped with the micro-tiller during the operation is shown in
Figure 6. The double-side-flip plough ditching device is mainly composed of the main
frame, plough blade, plough wall, tillage depth’s adjusting rod and angle’s adjusting rod,
etc. The plough blade is installed at the bottom of plough. It cuts the soil laterally and
keeps the same level at the bottom of trench. To dig an oblique flat trench horizontally, An
adjustable rod is used to adjust the soil-insert depth. Once the planting ditch is finished,
the seedlings are covered, and then another furrow is ditched. Using another furrow’s soil
to cover the prior furrow’s seedlings, the process continues until we finish all ditching and
soil covering The ploughshare can be turned around towards the left or right direction. The
structure is simple, compact and flexible, and is suitable for small plot operation.

2.2. Planting Agronomic Requirements

During the survey, we found that, in actual production, Codonopsis pilosula are
transplanted obliquely, as is shown in diagram 1. For this, an oblique furrow was dug,
achieving a bottom depth at 10–15 cm. The seedlings were placed on one of the sloping
surfaces evenly (angle of sloping surface is 10–40◦). The distance between each seedling
was 5–8 cm, and the top of seedling was 3–4 cm above the ground. We filled the soil after
the seedlings were placed, leveling afterwards. The row spacing was 30 cm.

As shown in Figure 2b, the overall furrow was dug firstly, and the average depth was
8–10 cm. Then, the seedlings were put horizontally, as shown in Figure 2c. The distance
between seedlings was 10–12 cm. The mulching film was covered along the red line. The
edge of plastic film was 2–3 cm from the tip of seedling, which shows the tip outside the
film. In the end, we covered the soil, as shown in Figure 2d. The depth of soil covering was
3–5 cm. The width and thickness were 900 mm and 0.012 mm, respectively, for each ridge.

2.3. Design Analysis of Key Mechanisms
2.3.1. Design of Double-Flip Plough Ditching Device with a Tilting-Plough Blade

In the tilting plough of the double-flip plough ditching device, the soil was spilled on
the side of the plough body, which was convenient for ground grading lately and offset the
lateral force of the plough body. Firstly, the curved wire was drawn, as shown in Figure 3a.
The curved wire refers to the curve where the plough surface intersects with the vertical
plane. In order to improve the soil flip effect, the plane of the curved wire is at the end of
share blade, as shown in Figure 2b. The plough body surface was controlled by a straight
element line, and the angle between the straight element line and the trench wall is the
angle between the straight element line, which changes along the height of the plough body.
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In the ploughshare part, it changes in a straight line and, in the plough wall part, it changes
in a broken line, as shown in Figure 3c.
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Figure 3. Codonopsis pilosula planting agronomy. (a) The plough plots the curve. (b) Straight
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2.3.2. Plough Body Parameter Design

The adjustable ditching plough belongs to plough-type ditching device, with a simple
structure, reliable work, strong ability of breaking soil into the soil, the heavy soil, wasteland
and weeds of the plot have a strong adaptability, the ploughing angle and pushing angle of
the plow body according to the structural parameters of the share plow design, the main
design of the width of the plough body and the height of the plough body.
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In the actual working process, the installation position of the ditching plough is directly
in front of the intermediate gearbox, so the space is limited. The width of the plough body
C should be larger than the width of the bottom of the intermediate gearbox box (300 mm).
At the same time, considering that the plough body will tear the soil, the actual width
of the plough is slightly larger than the width of the working groove surface L1. That is,
L1 < C ≤ 350 mm, the width C of the plough body should meet L1.

The height of soil sliding along the plough is approximately equal to the depth of the
working ditching h. In order to avoid soil sliding over the top of the plough, the soil should
still be inside the plough after reaching the surface, and the height H1 designed for the
plough should meet the following requirements [9,10]:

H1 ≥ h =
L1 − A

2
tanθ

In the formula, θ is the ridge body accumulation Angle (◦) after ridge initiation, which
was annotated in Figure 2a; H1 is the design height of plough body (mm); L1 is the width of
the working groove surface (mm); h is the working ditching depth (mm); A is the width of
the trench bottom (mm), which is 150 mm. Since the height of the plough from the ground
can also be adjusted through the height adjustment holes on the screw and the support
rod, after comprehensive consideration, the height H1 of the plough was determined to be
370 mm. See Figure 1 for letter labeling in the formula. The main technical parameters of
the machines and tools are shown in Table 1.

Table 1. The main technical parameters of the machines.

Project Technical Parameters

Hang way Tractor traction type
Supporting power (Metric horsepower) ≥30

Machine weight (kg) 60
Outline dimensions (mm) Length × width × height 450 × 300 × 390

Ground speed (m/s) 0.9–1.5
Trenching depth (mm) 80–100

The stability coefficient of ditching depth (%) ≥90%
Consistency coefficient of ditching bottom width (%) ≥85%

Efficiency of operations (ha/h) ≥0.5
Leakage rate (%) ≤4

2.4. Discrete Element Simulation Analysis

The EDEM discrete element soil simulation model was established and verified by
the soil through test results. EDEM simulation was carried out on the plough surface
parameters and operating speeds, and the change rule of the plough traction resistance
under different operating speeds and the change in the plough parameter element line
angle were obtained.

2.4.1. Establishment of Mechanical Models

Discrete element contact mechanical models can be divided into soft sphere model, as
shown in Figure 4a, and hard sphere model, as shown in Figure 4b. Due to the relatively
low movement speed of soil particles and plough body and the fixed adhesion between
soil particles, HertzMindlin soft ball model was adopted in this paper [13,14]. The model
mainly includes physical property parameters (tangential elastic coefficient kT, normal
elastic coefficient kN, tangential damping coefficient Ct and normal damping coefficient
Cn) and geometric parameters, normal overlap δn and tangential overlap δT.
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2.4.2. Parameter Calibration

In the simulation model, tangential elastic coefficient kT and normal elastic coefficient
kN were calculated according to elastic modulus E and shear modulus G [9]. Tangential
damping coefficient Ct and normal damping coefficient Cn were calculated according
to the corresponding normal and tangential elastic coefficients, material density ρ and
recovery coefficient e [13]. Tangential contact force Ft was calculated according to the
Mindlin theory [14], and normal contact force Fn was calculated according to the Hertz
theory. According to the Hertz contact theory [14–16], particles are regarded as isotropic
materials in the process of particle collision, and the relationship between shear modulus G
and elastic modulus E is:

Gj =
Ej

2(1+vj)
(j = 1, 2)

where,

Gj—shear modulus of particle, Pa;
Vj—Poisson’s ratio of particle, %;
Ej—elastic modulus of particle, Pa.

2.4.3. Calibration Model

In Figure 5a, which shows that the soil is composed of solid particles, the joint strength
between the soil particles is far less than the strength of the soil itself, so under the action of
external forces between the soil particles, mutual dislocation occurs, causing one part of the
soil relative to another part of the slide. The resistance of the soil to this slide is called the
shear resistance of the soil. In Figure 5b, which shows when the soil accumulation, the slope
of the pile (i.e., the angle between the pile and the ground) is called accumulation angle.
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Figure 5. Calibration model. (a) Soil self-shear model (time 1.5 s). (b) Soil particle calibration
accumulation angle (time 3.5 s).
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According to the relationship between shear modulus G, elastic modulus E and
Poisson’s ratio v, the third parameter can be determined by providing two of them. The
soil particle radius is 5.5 mm, the static friction coefficient is 0.45, and the rolling friction
coefficient is 0.21 [17]. In this paper, EDEM software was used to conduct simulation test
research. The calibration model of soil parameters is shown in Figure 5: Figure 5a is the
discrete element shear model of soil, Figure 5b is the soil accumulation angle model and
the simulation parameters are shown in Table 2.

Table 2. The calibration model of the soil parameters.

Parameter Attribute Parameter Value of Number

Soil particle properties

Density ρ/(kg/m3) 2500
Shear modulus G/Pa 2.2 × 107

Poisson’s ratio v 0.45
Soil particle radius r/mm 5.5

Material properties of the
plough body

Density ρ’/(kg/m3) 7.8 × 103

Shear modulus G’/Pa 7.0 × 1010

Poisson’s ratio v’ 0.35

Interaction between
plough and soil

Quiet friction factor of soil particles and particles µ1 0.45
Dynamic friction factor between soil particles and particles µ2 0.21

Soil particle and particle collision recovery factor R1 0.11
Quiet friction factor between the soil particles and the plough µ3 0.3

Dynamic friction factor between soil particles and plough µ4 0.26
Impact recovery factor between the soil particles and the plough R2 0.2

Other parameters

Acceleration of gravity g/m·s−2 9.8
Deep ploughing of the plough h/mm 80–100

Width of the plough L/mm 260
Number of soil particles N/number 450,000

2.4.4. Establishment of Discrete Element Model for the Trenching Operation of the
Trenching Plough

In order to improve the simulation accuracy of the discrete element, the adjustable
ditching plow was imported into the EDEM simulation software. Based on the theory of
soil stratification analysis, according to the overall size and operation parameters of the
ditching device, a soil trough with a length of 4000 mm, a width of 900 mm and a soil
layer thickness of 600 mm was established in EDEM software according to the simulation
parameters in the table above, as shown in Figure 6. The thickness and section shape of
the soil trough are consistent with the field situation. The soil thickness of plough layer is
200 mm, the soil thickness of plough bottom is 180 mm, and the soil thickness of bottom
layer is 220 mm. The radius of soil particle unit in each layer is 5.5 mm.
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The following parameters are set in the Creator module of EDEM software. The
forward speed of ditching was 0.9 m/s and 1.5 m/s, respectively, and the direction was
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along the forward direction of ditching device. The angle between the ditching plough
and the ground plane was set at 25◦ and 45◦. The following parameters were set in the
EDEM Simulator module: the time step was 2.1 × 10−4 s, the action time was 4.5 s, the
data storage interval was 0.06 s, and the grid cell size was 2.5 times the minimum radius of
the soil particles. After all parameters were set, the ditching simulation was carried out in
EDEM, and the operation status of the ditching device is shown in Figure 7.
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3. Results
3.1. Single Factor Analysis of Simulation Data

In order to study the influence of the change in the operating parameters of the
adjustable tilting plough on the traction resistance and the evaluation index of ditching
operation, the forward speed V and the angle θ between the ditching plough and the
ground plane were taken as experimental factors. In the single factor analysis, the angle
between the ditching plough and the ground plane was 25◦, and the forward speed (0.9 m/s
and 1.5 m/s) was changed. The influence of velocity change on traction resistance change
was analyzed, as shown in Figure 8a,b.

According to the results of simulation, the plough body stress was introduced into the
soil bin data, the data to map Figure 8a,b in 15 cm deep tillage, furrow plough Angle 25◦,
under different working speeds of traction resistance with the displacement variation, graph
data for furrow plough and furrowing opener to open the soil to complete through the data
between the data collection phases. As can be seen from the figure, the traction resistance of
the trenching plough increases rapidly when it enters the soil, and then fluctuates back and
forth within a certain range. The relationship between traction resistance and displacement
is similar at different forward speeds. As the simulation speed increases from 0.9 m/s to
1.5 m/s, the traction resistance increases from 1751.31 N to 2197.31 N, which is 1.98 times
that of the former, and the increase trend gradually increases. It shows that the speed has
a significant influence on the traction resistance. With the increase in working speed, the
traction resistance of the plough body and the corresponding power consumption increase
significantly. In order to reduce power dissipation in actual production and cultivation, it
is necessary to advance at a low speed. According to the analysis data in this paper, the
best forward matching speed will be further studied in orthogonal experiments.
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3.2. Orthogonal Test
3.2.1. Test Design

In order to explore the interaction and influence law of the forward speed V and
the angle θ between the ditching plough and ground plane on the stability coefficient of
ditching depth and consistency coefficient of ditching bottom width, the Box–Behnken
experimental design method was used to carry out the simulation test of the adjustable
ditching operation parameters of Codonopsis pilotica, so as to study the optimal operation
parameter combination of the ditching device. According to the test design, the forward
speed and the angle between the ditching plough and the ground were set as independent
variables X1 and X2, and the stability coefficient of ditching depth and the consistency
coefficient of ditching bottom width were set as evaluation indexes Y1 and Y2. After the
trench device is operated under certain working parameters, the degree to which the trench
depth remains stable is expressed by the stability coefficient of ditching depth Y1. After the
trench device is operated under certain working parameters, the degree of consistency of
the trench bottom width is expressed by the consistency coefficient of the trench bottom
width Y2. Additionally, the test factors and coding level of 2 factors 2 were specified, as
shown in Table 3. The test results are shown in Table 4.

227



Agriculture 2022, 12, 1238

Table 3. Response surface test factor and levels.

Level Forward Speed X1/(m·s−1)
Angle between the Ditching

Plough and the Ground
X2(◦)

−1 low level 0.9 15
0 middle level 1.2 30

1 high level 1.5 45

Table 4. Quadratic regression experimental design and response value.

Test Number Forward Speed Angle Stability Coefficient of
Ditching Depth y1/(%)

Consistency Coefficient of
Ditching bottom Width y2/(%)

1 0 1 94.02 95.08
2 0 −1 94.36 93.19
3 1 0 96.52 96.26
4 1 −1 94.96 94.87
5 0 0 95.65 96.22
6 −1 1 97.02 95.75
7 0 1 93.95 94.46
8 0 0 98.01 95.22
9 0 −1 94.85 93.55
10 1 1 98.01 94.96
11 −1 0 93.44 95.21
12 −1 −1 96.69 96.36
13 −1 0 97.76 96.56
14 0 0 95.88 95.74

3.2.2. Establishment of the Regression Model and Analysis of Variance

Design-expert statistical analysis software was used to perform multi-distance regres-
sion fitting analysis on the test data in the above table, and the quadratic regression models
of the coded values of the stability coefficient of the ditching depth and the consistency
coefficient of the ditching bottom width were obtained, as shown in Equations (1) and (2).

y1 = 96.03− 1.35x1 − 0.24x2 + 0.95x1x2 + 1.02x2
1 − 0.016x2

2 (1)

y2 = 97.63− 0.79x1 + 0.29x2 + 0.53x1x2 − 1.52x2
1 − 0.02x2

2 (2)

Thus, a response surface regression model was established for the stability of the
trenching depth and the consistency coefficient of trenching width of the forward speed,
and the angle between the trenching plough and the ground; the variance analysis was
conducted for the regression model. The results are shown in Table 5.

As can be seen from Table 5, the significant p-value of the retrospective model of the
ditching depth stability and ditching bottom width consistency is less than 0.05, indicating
that the regression model is significant. The p-values of the misfitting terms were all greater
than 0.05, indicating that there was no misfitting factor, indicating that the regression
equation had a high fitting degree. The R2 coefficients of the model determination were
0.8736 and 0.9751, respectively, indicating that the model could describe the experimental
results well.
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Table 5. Variance analysis of the regression model.

Evaluation Indices Source of Variance Quadratic Sum Degrees of Freedom Mean Square p Significance

Stability
coefficient

of the ditching
depth y1 (%)

model 8.42 5 4.21 0.0172 *
X1 0.21 1 0.41 0.6121
X2 0.32 1 0.52 0.6014

X1X2 4.19 1 6.67 0.0331 *
X1

2 0.44 1 0.72 0.3927
X2

2 3.26 1 5.68 0.0124 *
Residual 3.71 5 - -

Loss of quasi item 3.02 3 5.02 0.0702
Pure error 0.69 2 - -

summation 12.13 10 - -

Consistency
coefficient

of the ditching
bottom width

y2%

model 16.48 5 8.52 0.0039 **
X1 4.55 1 16.43 0.0074 **
X2 0.26 1 0.74 0.5703

X1X2 1.44 1 4.61 0.2109
X1

2 1.27 1 5.02 0.0922
X2

2 8.96 1 30.63 0.0027 **
Residual 2.67 5 - -

Loss of quasi item 0.91 3 0.86 0.6134
Pure error 1.76 2 - -

summation 19.15 10 - -

Note: * Means significant influence, p < 0.05; ** means very significant, p > 0.01.

3.2.3. Analysis of the Effects of Interaction

According to the regression equation analysis, using the response surface, we inves-
tigated the influence of various parameters on the evaluation index, studying speed v,
namely, the furrowing plough blade with ground plane angle θ. Two factor interactions are
split groove depth stability and the influence of the groove width uniformity; the corre-
sponding surface interaction diagram should be drawn as shown in Figure 9a,b, as shown
in the analysis of interaction effects, in order to obtain the optimal parameter combination.

Figure 9a shows the speed and angle of furrowing. The mutual influence of the split
groove depth stability coefficient can be seen from the figure; the trenching depth with the
increase in the furrowing angle stability declines slowly after the first increases the change
trends, and the current speed is at a low level, furrowing angle split groove depth stability
coefficient is significant. In addition, the curve changes sharply, indicating that the forward
speed varies within the range of 0.9–1.1 m·s−1. Appropriately reducing the opening angle
can significantly improve the stability of the opening depth. As can be seen from Figure 9a,
when the opening angle is constant, the stability of the trenching depth decreases gradually
with the increase in the forward speed.

Figure 9b is the speed and angle of the furrowing. The mutual of groove width
uniformity coefficient of interaction can be seen in the figure. The current into the speed
is constant, as is the groove width uniformity coefficient, which increases the furrowing
angle after the first increase with a slowly decreasing trend. When the open groove
angle must have a groove width uniformity coefficient, it decreases with the increase in
speed; when the trenching angle is at a low level, the forward speed has a significant
impact on the consistency of the trench bottom width, which is shown in the figure as
the steep curve changes, indicating that when the trenching Angle is suitable for 25–35◦,
appropriately reducing the forward speed can significantly improve the consistency of the
trench bottom width.
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3.2.4. Optimization of the Parametric Model

According to the agronomic requirements of the ditching operation of Codonopsis
pilosula and the actual situation of the entire machine operation, it is required to ensure
the stability of the ditching depth and the consistency of the ditch bottom width at the
same time to achieve the best results. Because the influence of various factors on its target
value was not consistent, a multi-objective optimization solution was needed. Taking the
stability of the ditching depth and the consistency of the ditching bottom width as the
objective function, the two experimental factors of the forward speed and ditching angle of
the ditching device were optimized. The mathematical model is as shown in Equation (1)
{x1 ∈ [0.9, 1.5]} and Equation (2) { x2 ∈ [15, 45]} in Section 3.2.2.

The influence of the two factors on the stability of the ditching depth and consis-
tency of ditch bottom width was comprehensively considered and optimized and solved
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by MATLAB. Finally, the optimal operation parameter combination was obtained: the
forward speed was 0.9 m/s, the angle of ditching was 35◦ and the stability coefficient of
the ditching depth and consistency coefficient of ditch bottom width were 97.57% and
98.03%, respectively.

4. Discussion

The harvest object of Codonopsis pilosula is the stem. Codonopsis codonopsis is
a deep-rooted plant, suitable for viscous soil. Water-logged soil is not beneficial for it.
Codonopsis pilosula is mainly implemented with oblique transplanting. To plant it, an
oblique ditch must be dug, and the seedlings must be inserted evenly on the sloping surface.
Then, cover the seedlings with soil and level it. The main planting area for codonopsis
pilotica is the Weiyuan county in the Gansu province, northwest China. The place is called
“the home of Codonopsis pilotica in China”. At present, there is no sufficient research on
the mechanized ditching technology of Codonopsis pilosula, and there is no research on
the ditch planting of Codonopsis pilosula in related fields.

In this paper, the key factors affecting the quality of the ditching operation (the stability
coefficient of the ditching depth and the consistency coefficient of the trench bottom’s width)
were analyzed by statistical methods combining EDEM simulation analysis and experiment,
single factor test analysis and orthogonal test analysis. The discrete element calibration
of the soil particles was completed with EDEM software. The regression model between
the test indexes and test factors was established by Design Expert analysis software. we
analyzed each factor’s influence on the test indices and optimized each experimental factor
comprehensively. Finally, we obtained the optimal parameter combination, which provides
a technical basis for the mechanization of Codonopsis pilosula’s ditching operation.

5. Conclusions

(1) An EDEM discrete element simulation model was established in this paper. The
simulation results show that the traction resistance of the plough body was affected by
the operating speed. The traction resistance increased linearly in low-speed stage and
exponentially in the high-speed stage along with an increase in the operating speed.
As the simulation speed increased from 0.9 m/s to 1.5 m/s, the traction resistance
increased from 1751. 31 N to 2197. 31 N, which was 1.25 times than before. The
increase trend gradually increased. It showed that speed had a significant influence
on the traction resistance. With the increase in working speed, the traction resistance
of the plough body and the corresponding power consumption increased significantly.

(2) Using the stability coefficient of the ditching depth and the consistency coefficient
of the trench bottom width as test indices, the speed and the angle of ditching were
considered as impact factor. We used a Box–Behnken orthogonal experimental design
method to establish a regression model between the test indices and factors, then
analyzing the influence of each test index. Combining agronomic requirements and
MATLAB’s optimal test factors, an optimized operational parameter combination was
obtained. The forward speed was 0.9 m/s, the angle of ditching was 35◦, and the
stability coefficient of ditching depth and consistency coefficient of trench bottom’s
width were 97.57% and 98.03%, respectively.

(3) The field experiment showed that the evaluation indices of the performance of the
adjustable ditching device’s performance were in line with the national standards and
codonopsis pilosula’s planting agronomic requirements. The stability coefficients of
the ditch depth and the compartment surface reached 94.67% and 97.53%, respectively,
better than the industrial standards.

(4) The paper showed that the adjustable small ditching plough has the characteristics of
flexible performance, small power, energy saving, simple operation and convenient
operation. The product’s application and promotion are relatively speedy.
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Abstract: The paper considers the operation of an LED lighting system with a parallel power supply
from photovoltaic modules and a power grid. Such systems are supposed to be widely applicable
in premises with limited natural lighting, particularly agrosystems where artificial light of a certain
spectrum is specifically required to ensure efficient plant growth. The paper presents the scheme of
the developed LED lighting system, as well as an assembled prototype containing a single 36-watt
lamp. The data of the experimental study are provided on the developed LED lighting system
using the developed monitoring system. The experimental study demonstrates an efficient power
take-off and the reliability of the proposed scheme to competently select the characteristics and
circuit solutions for the converter of voltage from the PV module. The proposed LED system allows
simplification of the PV system by eliminating circuits with an inverter and storage devices, hence
significantly reducing the cost of the photovoltaic systems. Likewise, such a simplicity has a positive
effect on PV system reliability, which benefits the cost as well.

Keywords: photovoltaic module; LED lighting system; power grid; step-up converter; efficient power
take-off; monitoring system

1. Introduction

Much attention is paid to the use of renewable energy sources all over the world [1–3].
Energy production in this industry is growing by tens of GW per year [1,2]. Solar radiation
is one of the most promising types of alternative energy resources. The greatest role in
this is played by photovoltaic conversion. Photovoltaic modules (PVM) are already able
to compete economically with installations using fossil fuels [1]. The scope of use of
photovoltaic converters continues to grow.

At the same time, there are still a number of problems that prevent the mass use of
photovoltaic plants. One of them is the matching of networks according to the type of
current and voltage level, which requires the conversion of electrical energy and converters
(including for systems based on “smart grid”). These converters and devices are technically
complex and require high maintenance costs [4–6].

One of the main constraining economic factors is a significant capital intensity. Its main
reason is the inconstancy of the energy supply [7,8]. During periods when there is no flow
of renewable energy, it is necessary to guarantee electricity supply, which is more often real-
ized with the use of storage devices than with power from another source. Electrochemical
batteries are often used in low-power systems. To date, the cost of energy storage in such
batteries is so high [9,10] that it is economically advisable to use them only under strict
conditions for the autonomy of the system or the guarantee of power supply.

Agriculture 2022, 12, 1215. https://doi.org/10.3390/agriculture12081215 https://www.mdpi.com/journal/agriculture
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The predominance of alternating current networks is also one of the problems hinder-
ing the development of photovoltaic systems, as the photovoltaic modules generate direct
current, which requires further conversion to alternating current to transmit electricity to
the consumer, and if, in the 20th century, it was mainly AC consumers, today, with the
growth and development of semiconductor devices, all the internal circuits of many mod-
ern household appliances, office equipment, and other electrical equipment actually work
from DC [11–13]. Complex electronic control circuits most often cause this. These devices
are powered by AC power and use rectifiers to power all internal circuits.

Such devices can be switched to DC operation without significant changes, for example,
devices with collector motors and resistive heating elements. Technically, these devices are
capable of operating directly from the DC network, but this possibility is not claimed by the
manufacturers, and most importantly, from a technical point of view, this will not require
significant complications and increases in the cost of devices. Changing this situation
requires the significant collaboration of scientists, engineers, and manufacturers.

The method for the wide introduction of direct current networks is promising, with the
help of which consumers will be able to use electricity from photovoltaic modules without
additional transformations and losses [14,15]. On the one hand, the development of DC
networks contributes to the development of renewable energy, and on the other hand,
the development of renewable energy will also impact the expansion of DC networks use.

Taking into account that noted above, it is obvious that the development of DC net-
works [16–20] and mixed networks [21–23] is the important component of the widespread
introduction of PVM. At the same time, there should be a proliferation of consumer equip-
ment that can work from DC networks. This will lead to the simplification of systems in
the future and reduce the need for accumulation.

For experimental verification of the proposed solutions, a lighting system based on
LED lamps with a parallel power supply from photovoltaic converters and a general-
purpose power grid was developed [15].

2. Materials and Methods

One of the universal schemes is shown in Figure 1 [15]. On its basis, a photovoltaic
LED lighting system was developed and manufactured.

Figure 1. General electrical diagram of a lighting system with a combined power supply and the use
of a step-up converter.

When the incoming solar radiation flux is sufficient to power the light sources,
the power comes from the PVM. When the incoming solar radiation and the produc-
tion of PVM decrease, the lack of energy is compensated by using a mains power supply
(AC/DC) connected to an electrical grid.
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The circuit uses step-up and step-down converters with voltage and current stabiliza-
tion. This allows us to match devices with different levels of voltage and current, which
significantly expands the possibilities for using different generators and loads.

The voltage stabilizer at the output of the PVM operates in a wide range of input
voltage. Its task is to increase the power take-off from the PVM in comparison with the
direct connection of the PVM to the grid at an equal voltage. The current stabilizer at the
input of the lamp provides the current operation mode of the LEDs. Diodes protect against
power flows between generators at voltage deviations in various operating modes.

An electrical circuit with additional sensors was developed for conducting experimen-
tal studies (Figure 2). This scheme uses a parallel connection of LED lines.

Figure 2. Electrical schematic diagram of a lighting system with a parallel power supply from
photovoltaic modules and the power grid: (UV1) step-up converter QSKJ QS-1224CCBD; (AG1)
power supply unit XD-DC 2425; (UI1) current stabilizer (step-down converter) QSKJ QS-2405CCBD;
(S1 . . . S5) current and voltage sensors INA226; (VD1 . . . VD2) Schottky diodes 90SQ045; (QF) circuit
breaker; (KM) contactor.

The operating voltage of individual LED lines is about 35 V and is only slightly lower
than the maximum voltage of most step-up converters (36 . . . 40 V). For the development
and wide distribution of such systems, it is desirable to use a higher voltage. This will
reduce losses. It is planned to increase the voltage to the voltage of four lines connected
in series (140 V). It is possible to use any other voltage level corresponding to the micro-
networks in which the system will function [24–26].

Table 1 shows the list of equipment of the experimental system.

Table 1. Main characteristics of equipment for a lighting system with parallel power supply from
photovoltaic modules and the power grid.

N Equipment Voltage, V
(Input/Output) Current, A Power, W

1 Step-up converter QSKJ
QS-1224CCBD 10–35/12–35 10 100

2 Current stabilizer (step-down
converter) QSKJ QS-2405CCBD 7–40/1.2–35 8 200

3 Power supply unit XD-DC 2425 ~230/35 7 -
4 LED line LEDPREMIUM 28–35 B 0.3 10
5 Schottky diodes 90SQ045 45 B 9 -
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The study of the operating modes of the LED lighting system requires the use of
a device for monitoring parameters. Such a device was developed on the basis of the
Arduino Mega (Figure 3). It allows us to obtain information about the currents and voltages
in the LED lighting system and the incoming flow of solar energy. The SD card stores
collected data.

Figure 3. The main board of the autonomous parameter monitoring system.

The autonomous parameter monitoring system includes:

• PCB with a microcontroller;
• Digital seven-segment indicator for visual continuous monitoring of the system opera-

tion parameters;
• Membrane keyboard for switching modes and displayed information;
• Real-time clock for logging the time;
• Memory card module for interaction of the microcontroller with the SD card;
• Current and voltage sensors INA226 for converting electrical parameters of the system

into data;
• Backup power source based on a lithium-ion battery for uninterrupted operation of

the system when the network and/or PVM are disconnected.
• The system logs data with an interval of one second.

Current sensors and voltage sensors measure the operating modes of the circuit
(Figure 2). Each element of the INA226 is a current sensor and a voltage sensor [27] (Table 2).
In the diagram, they are presented as separate elements in the block. Sensors 1 and 2
measure the parameters before and after the PVM converter, sensor 3—after the AC-DC
power supply, sensors 4 and 5—before and after the LED load current stabilizer.

Table 2. Main metrological characteristics of the devices used.

Device Measured Value Range Accuracy

Multimeter UT61E Voltage DC 0 . . . 220 mV ±(0.1% + 5)
0 . . . 220 V ±(0.1% + 2)

INA226 Voltage 0 . . . 36 V ±0.1%
Pyranometer GSM/O-U10 Solar radiation intensity 0 . . . 1300 W/m2 ±10%

Arduino Voltage 0 . . . 5 V ±2 LSB (±0.01 V)

As the INA226 uses an external shunt to measure current, after its installation, calibra-
tion was performed using a UNI-T model UT61E multimeter [28].

The FuehlerSysteme eNET International pyranometer GSM/O-U10 model is used to
measure the incoming flow of solar radiation [29]. The analog output of the pyranometer is
connected to the ADC of the monitoring device.
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The metrological characteristics of the devices used are given in Table 2.

3. Results

The developed modular LED lighting system with the parallel power supply from the
PVM and the power grid has passed a number of field studies on the territory of the Federal
Scientific Agroengineering Center VIM, Moscow, Russia (Figure 4). For the experiments,
a minimum module was implemented, consisting of one standard lamp with a power of
36 W and a PVM with a power of 20 W. In general, when choosing the power of the PVM
for such a system, it is necessary that the output power of the PVM completely covers the
load power at maximum output. This will ensure high values of the PVM efficiency. At the
same time, the capacity of the PVM should be selected by taking into account the technical
characteristics and climatic operating conditions of the system [30].

Figure 4. Elements of the developed system.

It is also important to correctly select the load for developed systems. Buildings with
rooms where artificial lighting is necessary during the working day seem to be the most op-
timal. As an example, they can be warehouse complexes for agricultural holdings, poultry
farms, livestock buildings, mushroom farms, shopping centers, and underground passages.
Recently, urban plant factories have also been gaining popularity, where cultivation is car-
ried out indoors under artificial irradiation. In such factories, the use of LEDs in irradiation
installations is a nonalternative option, as it is necessary to achieve high energy efficiency
due to the precise selection of radiation spectral composition for the grown crop [31].

The system has shown its efficiency according to the schedule from 10 to 18 h on work-
ing days for one month. Operation data of the system during the period of experimental
studies are presented in Figures 5–7. The module was directed to the south and installed at
an angle of 45◦ to the horizon. The orientation of the module did not change during the
entire study period. The pyranometer during the experiment was located at the same angle
and azimuth as the photovoltaic module involved in the research, namely, the tilt for solar
irradiance measurement was 45 directed to the south, and the latitude of measurement
location was 55.7249 N.

For a clear demonstration of the system’s operation at different intensities of incoming
solar irradiation (SI), the article presents the system’s performance indicators on one of the
days with variable clouds (Figure 5). According to these data, it is possible to evaluate the
operation of the system both in clear weather and in cloudy conditions.

As noted above, the power flow from the PVM and from the power grid is regulated
by the voltage level at these sources. The operating voltages on the system elements on one
of the days of field studies are shown in Figure 6.
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Figure 5. Solar radiation intensity.

Figure 6. Voltages on the elements of LED lighting system: (UPVM) voltage at the output of the PVM
converter; (Ugrid) voltage at the output of the grid converter; (ULED) voltage at the input of the LED
current supply.

Figure 7. Power indicators of the lighting system elements: (PLED) LED power; (PPVM) power at the
output of the PVM converter; (PG) power at the output of the network converter.
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The figure shows how the voltages change with fluctuations in the power generation
of a photovoltaic module. Despite the decrease in the voltage at the output of the PVM
converter below the voltage at the output of the grid converter under the conditions of
a SI intensity decrease, the power from the PVM continues to flow to the LEDs, which is
shown in the graph in Figure 7. This is explained by the fact that, depending on the flowing
current, the voltage drop on the Schottky diodes VD1 and VD2 changes.

At the same voltage after the diodes, different voltages are set before the diodes.
The difference depends on the current ratio of the power coming from the network and
from the PVM to the lamp. In addition, the oscillatory processes are observed, in which
the values of the voltages before and after the PVM converter fluctuate significantly with-
out correlation with changes in the intensity of the incoming SI. It is assumed that it is
possible to avoid the oscillatory processes or reduce their magnitude by selecting the
smoothing capacitors.

Let us take a closer look at the system power indicators (Figure 7). In any time interval,
including at a low level of SI arrival, all the energy generated by the PVM is consumed on
the LEDs (not counting conversion losses), and its lack is compensated by network energy
through the power supply unit. At the same time, exactly the amount of energy that is
necessary to compensate for the missing power for the operation of the lighting system in
the nominal mode is consumed from the power grid. The power received by the LED strip
is 36 W and is kept relatively unchanged.

In cloudy conditions, the arrival of SI decreases and the efficiency of the boost con-
verter, which takes power from the PVM, decreases (Figures 5 and 8).

Figure 8. Efficiency of the converters: (R) SI intensity; (kPVM) efficiency of the PVM step-up converter;
(kLED) efficiency of the current stabilizer of LED lamp.

Based on the data obtained, it can also be concluded that the step-up converter works
together with the PVM with high efficiency at a solar radiation intensity above 100 W/m2.
With sufficient solar radiation, the conversion efficiency reaches about 89%, and only when
the SI intensity is below 50 W/m2, the conversion efficiency is less than 75%, while the
power generated by the PVM is less than 10% of its rated power (Figures 5, 7 and 8).

In view of the above-mentioned features, the question remains whether an improve-
ment of the converter at the PVM output is required to increase the efficiency of its operation
at low solar radiation intensity. Such an improvement will not be justified, as the converted
electric power during such periods is significantly lower in comparison with the nominal
operating mode (Figures 7 and 8). At the same time, in the nominal operating mode, on the
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contrary, a schematic revision of the converting device is necessary to increase its efficiency
(above 89%).

During a number of experiments, the volt-ampere characteristics (VACs) of a photo-
voltaic module were taken at different SI (Figure 9). The characteristics were measured
using the load block of resistors and UT61E multimeters.

Figure 9. VAC of a PVM at different solar radiation intensities: (R900) at an average intensity of
900 W/m2; (R730) at 730 W/m2; (R510) at 510 W/m2; (R250) at 250 W/m2.

The obtained VACs were converted into the volt-watt characteristics (VWCs) of the
photovoltaic module, shown in Figure 10.

Figure 10. VWC of the photovoltaic module at different solar radiation intensities: (R900) at an
average intensity of 900 W/m2; (R730) at 730 W/m2; (R510) at 510 W/m2; (R250) at 250 W/m2.

As can be seen from the figure, the maximum power of the module was about 18 W at
an SI intensity of 900 W/m2. Immediately after taking the characteristics, the module was
connected directly to the lighting system according to the scheme shown in Figure 2. At the
same time, with the use of the monitoring system, its operating parameters were recorded
for 30 s. The data of these measurements are shown in Figure 11. The power taken from the
PVM was determined by calculation using the current and voltage sensor S1 (see Figure 2).
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Figure 11. Indicators of the SI intensity and the power consumed from the PVM to the lighting system.

After analyzing the experimental data, several facts can be noted. Comparing the data
of the maximum power on the VWC of the PVM (Figure 10) with the experimental data
(Figure 11), it can be noted that the module in the system operates in a mode close to the
maximum power mode (Figure 12). In absolute values, the decrease in the power taken
from the PVM in comparison with the power of the VWC is insignificant. The dotted line
corresponds to the ideal (reference) version of the operation of the PVM and the system,
when the power take-off from the PVM always goes at the point of its maximum power.
The red line is drawn along the points corresponding to the data shown in Figure 11 and
characterizes the actual operation of the UV1 converter (Figure 2).

Figure 12. Indicators of the power taken from the PVM in operation, relative to its power by VWC at
different solar radiation intensities: (Po) indicators of the power of PVM in operation; (Pmp) power of
PVM at the points of maximum power.

For the points shown in Figure 12, power deviations from ideal operating modes were
calculated. Figure 13 shows these values. The decrease in the power take-off efficiency
from the PVM is nonlinear in nature and depends on the SI intensity. The maximum
deviations of the real power of the PVM, from the power that could potentially be taken-off
in accordance with the VWC, are observed during a strong decrease in the intensity of solar
irradiation and a reduction in energy production. It is obvious that at low powers, energy
from the PVM is taking-off less efficiently.
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Figure 13. Reducing the power take-off of the PVM from the maximum possible according to VWC,
depending on the SI intensity: (∆Pp) indicators of deviation in the generated power from the point of
maximum power of PVM; (Polynomial ∆Pp) interpolation curve characterizing the dependence of
the ∆Pp.

The obtained data show that under conditions of high SI intensity and with the correct
selection of circuit solutions of the UV1 converter, it is possible to take power close to the
maximum power point, using inexpensive converters without the function of searching for
the maximum power point. Nevertheless, with a decrease in the SI intensity, the efficiency
of the converter decreases, while both the power take-off efficiency (Figure 13) and the
conversion efficiency in the UV1 converter itself decrease (Figure 7). A significant decrease
in the efficiency of the UV1 converter is observed at a low intensity of solar radiation,
at which the output is minimal. The question of the expediency of increasing the efficiency
of the converter in such modes requires additional study.

4. Conclusions

When looking for ways to reduce the cost of the photovoltaic systems, a simple lighting
system was developed that implements the concept of direct connection of DC consumers
to DC power supply networks from the PVM using an AC grid. The AC grid in this system
made it possible to get rid of circuits with an inverter and storage devices and significantly
simplify the system itself. This has a positive effect on reliability and cost. The proposed
scheme made it possible to create a lighting system with a parallel power supply and
self-regulation of energy flows. At the same time, there is no need to monitor the process,
provide various kinds of switching in the circuit, or store energy in supercapacitors or
batteries, as with traditional circuits.

A number of experimental studies have allowed us to evaluate the operation of the
system in practice and to identify the influence of some factors on the operation of the
system as a whole. The LED lighting system showed its efficiency and, most importantly,
the efficiency of direct connection of photovoltaic modules to a DC load without additional
converters. It is also worth noting the stable and trouble-free operation that the system
demonstrated during a month of operation.

The experiments allowed us to evaluate the efficiency of the system. The converter
provided highly efficient power take-off from the PVM in modes close to the maximum-
power modes without using special logic and maximum power point tracking (MPPT)
algorithms. Such an efficient operation was facilitated by the correct choice of the power
of the module and the converter for it. In this regard, it can be argued that a conventional
converter in parallel mode with a properly selected circuit and parameters can provide
highly efficient operation of the system without using more expensive MPPT devices.
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Despite the significant decline in PVM prices over the past decades, photovoltaic
technologies need developments to increase the efficiency and reduce the cost of systems
based on them. In this regard, the developed technology of direct use of solar energy for
powering DC consumers with parallel operation from the grid allows us to take a step
toward reducing the cost of generated energy and improving the reliability of the power
supply. This takes us one step closer to the widespread use of solar energy with the use of
photovoltaic converters.

Therefore, the developed technology for the direct use of solar energy to power DC
consumers with parallel operation from photovoltaic modules and the AC network makes
it possible to realize the advantages of various technologies through the use of a hybrid
network. It should be noted that any other DC load can be used instead of the LED load.
Hybrid networks are becoming a necessary element on the way to increasing efficiency and
reducing the cost of products at various agricultural facilities, the power supply of which is
partially carried out from PV modules.

5. Patents

Tikhonov P.V., Kharchenko V.V., Makarov A.E., Sychev A.O., Komisarov N.S. Method
and system for supplying DC consumers with an electricity source based on renewable en-
ergy resources. RF Patent No. 2759009, filed 8 December 2020, and issued 8 November 2021.
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Abstract: Rapid improvements in deep learning (DL) techniques have made it possible to detect and
recognize objects from images. DL approaches have recently entered various agricultural and farming
applications after being successfully employed in various fields. Automatic identification of plant
diseases can help farmers manage their crops more effectively, resulting in higher yields. Detecting
plant disease in crops using images is an intrinsically difficult task. In addition to their detection,
individual species identification is necessary for applying tailored control methods. A survey of
research initiatives that use convolutional neural networks (CNN), a type of DL, to address various
plant disease detection concerns was undertaken in the current publication. In this work, we have
reviewed 100 of the most relevant CNN articles on detecting various plant leaf diseases over the last
five years. In addition, we identified and summarized several problems and solutions corresponding
to the CNN used in plant leaf disease detection. Moreover, Deep convolutional neural networks
(DCNN) trained on image data were the most effective method for detecting early disease detection.
We expressed the benefits and drawbacks of utilizing CNN in agriculture, and we discussed the
direction of future developments in plant disease detection.

Keywords: machine learning; deep learning; plant leaf diseases

1. Introduction

Plant diseases are one of the most critical elements impacting food production. They
are responsible for a significant drop in the economic productivity of crops, as well as
being an obstruction to this activity in some cases. According to [1], disease management
and control procedures must be carried out effectively to reduce output losses and ensure
agricultural sustainability, underlining the importance of continual crop monitoring paired
with prompt and accurate disease detection. In addition, as the world’s population contin-
ues to rise, a significant increase in food production is required (FAO) [2]. This must be
combined with the preservation of natural ecosystems through the use of environmentally-
friendly farming methods. Food must keep a high nutritious value while still being secure
worldwide [3]. This can be accomplished by using new scientific methodologies for leaf
disease diagnosis and crop management, as well as applying these new technologies to
large-scale ecosystem monitoring.

The main point for researchers is correctly identifying diseases affecting crops [4].
According to Miller et al. [5], manual practices in conventional farming operations cannot
cover large areas of crops and provide early background information for decision-making
processes. As a result, researchers have never stopped looking for ways to develop auto-
mated practical solutions and effective methods for detecting plant diseases. DL-based
models, in particular, have found many applications in plant disease detection. They have
overcome the problems associated with traditional classification methods and represent
cutting-edge technology in this field. DL [6] is an advanced technique that has shown great
promise and success in various fields where it has been used [7]. It is, however, a group of
machine learning methods that attempt to model at a high level of data abstraction through
articulating structures of various transformations.

Agriculture 2022, 12, 1192. https://doi.org/10.3390/agriculture12081192 https://www.mdpi.com/journal/agriculture
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The current review aims to describe the state-of-the-art identification and examination
of plant disease detection problems using a specific class of DL called CNN, which extends
classic Artificial Neural Networks (ANN) by adding more “depth” to the network, as
well as the various convolutions that allow the data to be successfully applied in various
problems related to images [8]. Therefore, the inquiry of this survey discusses significant
contributions concerning CNN and various innovations which aimed to improve the
performance of CNN and thus correctly identify diseases.

The motivation for conducting this survey comes from the fact that CNN has recently
been primarily used in agriculture, with CNN’s growing popularity and success in solving
many problems related to agriculture, and the fact that multiple research efforts using CNN
to discuss various agricultural problems exist today. As a result of its success, CNN is
perhaps the most popular and commonly used approach in agricultural research today.

Regarding image analysis, the current survey focuses on a particular subset of DL mod-
els and techniques since there are very few of this type of survey in the agricultural field,
especially about CNN utilization. Thus it would be beneficial to present and analyze rele-
vant work to help the authors conduct a more comprehensive review. A discussion about
innovative and high-potential techniques for solving numerous difficulties in agriculture-
related to image and DL will be presented. In addition to reviewing recent research in this
area, significant practical features of CNN based on images are presented to explain the
technique’s advantages and disadvantages further.

The rest of the paper is structured as follows: Section 2 provides related work. Section 3
describes the methodologies used in this study. Section 4 presents CNN. Section 5 discusses
the applications of CNN in agriculture, Section 6 provides the main problems and solutions
associated with the CNN used in plant disease detection, Section 7 presents the discussion
and Section 8 concludes the paper.

2. Related Work

Many studies have been conducted to find an ideal solution to the problem of crop
disease detection by creating techniques that can assist in identifying crops in an agricultural
environment. This section will provide the most recently reviewed studies on CNN’s
applicability in the broad field of agriculture; this section includes papers from peer-
reviewed articles that use CNN methods and plant datasets.

Abade et al. [9] reviewed CNN algorithms for the detection of plant diseases. The au-
thors studied 121 papers that were published between 2010 and 2019. PlantVillage was
selected as the most widely used dataset, while TensorFlow was identified as the most
frequently used framework in this review. Dhaka et al. [10] outlined the basic methods of
CNN models used to identify plant diseases using leaf images. They also compared CNN
models, pre-processing approaches, and frameworks. The study also looks at the datasets
and performance measures used to assess model efficiency. Moreover, Nagaraju et al. [11]
also provided a review to find the best datasets, pre-processing approaches, and DL tech-
niques for various plants. They reviewed and analyzed 84 papers on DL’s applicability
in plant disease diagnosis. They observed that so many DL methods are limited in their
ability to analyze original images and that effective model performance necessitates using
a suitable pre-processing technique.

Kamilaris et al. [12] found that DL approaches were used to solve various agricultural
challenges. According to the study, DL methods performed better than standard image
processing techniques. Fernandez-Quintanilla et al. [13] evaluated weed-monitoring tech-
nologies in crops. They focused on weed monitoring devices in agricultural fields that
were both remote sensed and ground-based. Weed monitoring is critical for weed control,
according to them. They predicted that data acquired by various sensors would be saved
in a public cloud and used in appropriate contexts at the optimal time. Lu et al. [14] intro-
duced a review for plant disease classification using a CNN. They evaluated the significant
problems and solutions of CNN used for plant disease classification and DL criteria in
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plant disease classification. They discovered that additional research with more complex
datasets was required to obtain a more satisfactory result.

Golhani et al. [15] presented a review paper on hyperspectral data for plant leaf
disease identification, highlighting existing problems and potential prospects. They also
presented NN approaches for SDI development in a short time. They discovered that, as
long as SDIs remain relevant for proper crop protection, they must be tested on various
hyperspectral sensors at the plant leaf scale. Bangari et al. [16] presented a review on
disease detection using CNN, focusing on potato leaf disease. They reviewed several
papers and concluded that convolutional neural networks work better at detecting the
disease. They also identified that CNN contributed significantly to the maximum possible
accuracy for disease identification.

3. Methodology

In this work, we discussed the most recent research papers on applying DL in the
agricultural field. Moreover, this work was accomplished through two essential stages:
the first is the collection of 100 previous research works that discuss DL in its relationship
to the agricultural field, and the second is a thorough examination and analysis of the
collected work.

In the first stage, we looked for papers and articles published within the last five years
using scientific databases such as Science Direct and Elsevier and web-based scientific
indexing services. In addition, we conducted our searches for relevant papers using several
keywords, the most prominent of which were agriculture, CNN and DL. Papers mentioning
CNN but not applying it to the agricultural domain were thus removed. In the second
stage, the papers chosen in the first stage were analyzed one by one, taking into account
the following research questions:

• The approach used.
• The problem presented.
• The datasets used.
• The performance achieved.
• Limitations of the study, if any.
• Have the authors compared their CNN-based approach with other technologies, and

what is the difference in performance?

Examining how CNN performs is an essential aspect of this study. As a result, we
reviewed and analyzed several relevant studies. We also compared CNN to other current
technologies and summarized the most important advantages and disadvantages that
affect CNN’s performance. It should be noted that the current paper focuses on comparing
techniques used for the same data and on the same scale. We also investigated and
discussed the most significant problems and limitations identified by previous research.

4. Convolutional Neural Networks (CNN)

ANNs consist of three different layers: input, one or more hidden, and output layers.
Neurons placed in hidden layers have an associated weight and a bias value. These values
are multiplied by the input values and sent to an activation function. If the output value
is greater than the specified threshold, that node carries the output value to the next
layer of the network. Otherwise, no data is transmitted. The process of spreading data
in the network from one layer to the successive layer is called a feed-forward network.
The ultimate objective is to minimize the cost function for any input when tuning the
model weights and bias. The process is depicted in Figure 1. CNNs, a form of multi-layer
neural networks, are designed to extract dependencies in a grid-structured input such as
images and text. The convolution operation applied in many intermediate layers is the
most crucial property of CNNs. Similarly, a convolution operation is a dot-product of a set
of grid-structured weights and another set of similarly structured inputs.
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Figure 1. The Computational Architecture of ANNs.

The term CNN refers to a type of ANN widely used in image recognition and process-
ing. Since the introduction of LeNet-5 in 1998, various innovations in CNN architectures
have been presented [17]. In addition, before developing DL for computer vision, learning
relied on extracting interesting variables called features. However, these methods require
a significant amount of experience in image processing. CNN introduced by [18] have
revolutionized image processing and removed manual feature extraction. CNNs operate
directly on matrices or even tensors in the case of RGB color three-channel images.

CNNs are now widely used for image classification, image segmentation, face recogni-
tion and object recognition. They have been successfully applied by many organizations
in various domains such as health, web, mail services, etc. CNN can receive any data
input, including images, video, sound, speech, and natural language [19,20]. However,
CNN is simply a stack of several layers (see Figure 2), pooling and fully connected layers,
beginning with a convolution layer and progressing through the following layers: pooling,
Relu correction, and ending with a fully-connected layer [21]. As a result, each image
received as input will be filtered, reduced, and corrected several times, to finally form a
vector. The strength of the CNN is found in the convolution layer. The CNN will learn
the most valuable filters for the task (such as detection). Another benefit is that several
convolution layers can be considered: the output of one convolution becomes the input of
the next one, and the pooling layer is another component of a CNN. It performs downsam-
pling, which significantly reduces computational weight, memory usage, and the number
of parameters. On the other hand, in fully Connected Layers, as the name implies, each
layer has a complete connection with the layer that comes before it. We can use a “sigmoid”
or “softmax” function with the last fully connected layer for class predictions.

Figure 2. A common CNN architecture.

As a result, the convolutional layers extract features from the input images, which are
then reduced in dimensionality by the pooling layers. Typically, the fully connected layers
use the high-level features learned to classify input images into predefined classes at the
final layer [22]. Moreover, the classification layer can extract features for classification and
detection tasks [23]. Figure 2 provides an overview of the architecture of a typical CNN.
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4.1. Comparison of Popular CNN Frameworks

CNN frameworks play an important role in projects that use the CNN architecture.
Therefore, we now have many frameworks available that allow us to develop tools that can
offer a higher level of expertise while simplifying complicated programming difficulties,
with each framework created differently for different purposes. Therefore, numerous tools
and platforms are available to researchers for conducting DL experimental studies [24]; the
most famous of them is resumed in Table 1.

Table 1. Comparison of CNN frameworks.

Framework Programming
Language

Operating System
Compatibility

Open
Source Interface

Keras [25] Python Windows, Linux,
macOS Yes Yes

Caffe [26] C++ Windows, Linux,
macOS Yes Python C++,

MATLAB

Torch [27] C, Lua Windows, Linux,
macOS Yes C, C++

TensorFlow [28] Python, C++,
CUDA

Windows, Linux,
macOS Yes Java, Python,

JavaScript

Theano [29] Python Cross-platform Yes Python

Matlab
Toolbox [30]

MATLAB, C,
C++, Java

Windows, Linux,
macOS No MATLAB

deeplearning4j [31] Python, Java Windows, Linux,
macOS Yes Python Java,

Clojure

Developments in DL provide various tools and platforms to implement CNN in dif-
ferent applications, including the fields of agriculture. Therefore, so many applications
and studies in agriculture have used the framework described above, each one employed
depending on the author’s study conditions, data type, size and complexity of the project.
The following sections will provide a detailed description of CNN applications in agricul-
tural fields.

4.2. Pre-Trained Network

A pre-trained model has already been trained to solve a similar problem. Using a pre-
trained model with transfer learning instead of creating a model from scratch to solve a similar
problem is usually much quicker and more straightforward than training a network from
scratch. Naik et al. [32] classified five diseases of the chili with 12 different deep learning
models (AlexNet, DarkNet53, DenseNet201, EfficientNetb0, InceptionV3, MobileNetV2,
NasNetLarge, ResNet101, ShuffleNet, SqueezeNet, VGG19, and XceptionNet). The VGG19
model produced the best accuracy value of 83.54% without data augmentation. On the other
hand, DarkNet53 gave the best result with data augmentation. They reached the best accuracy
values of 98.63% and 99.12% with Squeeze-and-Excitation-based Convolutional Neural
Networks (SECNN) without and with augmentation, respectively. The study examined
tomato maturity levels with three different CNN models (VGG, Inception and ResNet). The
best accuracy value was calculated for VGG19 at 97.37% for batch size 32 and epoch 50.

Partel et al. [33] studied the performance of the YOLO-v3 [34], Faster R-CNN [35],
ResNet-50, ResNet-101, and Darknet-53 [36] models to create an intelligent sprayer for real-
time plant leaf control. The recall value, precision, and ResNet-50 model performed better
than others. Bin-guitcha-Fare and Sharma [37], on the other hand, used the ResNet-101 model.
They proved that the input image’s size might impact the performance of the ResNet-101.
Sahu et al. [38] presented a method for classifying Bean Crop Diseases. The proposed
method found that fine-tuning pre-trained networks performed significantly better than
training from scratch. The fine-tuning of hyperparameters raises GoogleNet’s accuracy
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from 90.1% to 95.31% and VGG16’s accuracy from 89.6% to 93.75%. The effect of transfer
learning is later clarified in this study by the network’s ability to reuse and transmit features
from one specific problem to another.

Mukti et al. [39] presented a method for identifying plant diseases using a transfer
learning model based on ResNet50. There are 87.867 images in their dataset. A total of 80%
of the dataset was used for training and 20% for validation. Their highest accuracy per-
formance was 99.80%. According to Arya et al. [40], CNN can perform well in detecting
various plant diseases. They introduced a method based on a pre-trained model to compare
different CNN architectures (i.e., AlexNet, shallow CNN) to identify diseases in potato and
mango leaves. The approach was considered more effective using AlexNet (up to 98.33%)
than using a shallow CNN, which obtained only 90.85% accuracy.

4.3. Training from Scratch

Milioto et al. [41] developed a CNN model for discriminating blobs-wise. They sug-
gested a system that coupled vegetation detection with high-quality plant classification
into important crops and weeds in the field. To train the model, they used multi-spectral
data. Furthermore, they tested this system on images taken from various sugar beet fields,
analyzing different combinations of convolutional layers and fully connected layers to find
an efficient and problem-free model. Finally, they achieved a superior result by combining
three convolutional layers with two fully linked layers. They addressed that this strategy
had no geometric priors, such as planting crops in rows.

Lu et al. [42] reported a novel rice disease detection approach based on DCNN. They
trained the suggested model from scratch to identify ten common rice diseases using a
dataset of 500 images of infected and healthy rice leaves, all of which were taken from
a rice field. The suggested CNN-based model achieves an accuracy of 95.48% using a
10-fold cross-validation technique. The accuracy of this model is substantially higher than
that of a traditional machine learning model. Zhang et al. [43] proposed a method for
detecting Broad-leaf weeds using a CNN model with three fully connected classification
layers and six convolutional layers. They also compared CNN to SVM and reported that
the model succeeded in identifying weeds with an accuracy of 96.88%, while SVM could
only achieve 89.4%. As a result, they showed that the CNN model outperformed the SVM
model in detecting broad-leaf weeds in pastures. Liang et al. [44] also demonstrated that the
CNN model performs better than both the LBP and HoG approaches in classification. They
developed a low-cost weed identification system using a CNN architecture that includes
three pooling, three convolutional, four Dropout layers, and a fully connected layer.

Dyrmann et al. [45] demonstrate a method for detecting plant species in color pictures
using a convolutional neural network. The network was created from the ground up and
tested on 10,413 images featuring 22 early-stage crop species. Dyrmann et al. created a
new system based on their needs, utilizing a combination of convolutional layers, max-
pooling layers, fully connected layers, activation functions, batch normalization, and
residual layers. The network was then capable of classifying 22 species with an accuracy
of 86.2%. Chen et al. [46] suggested a method for detecting tea plant diseases from leaf
images based on DCNN. They built and trained the model from scratch. Furthermore, to
extract the properties of tea plant diseases from images, they employed a CNNs model
called LeafNet that was constructed with several feature extractors. They also employed
SVM and MLP classifiers to classify diseases using DSIFT (dense scale-invariant feature
transform). The three disease identification classifiers had various performance results, with
an average accuracy of 90.16% for LeafNet, 60.62% for the SVM algorithm, and 70.77% for
the MLP algorithm.

Nkemelu et al. [47] presented a study for plant seedling classification. They compared
the CNN’s performance to that of the K-Nearest Neighbor (KNN) algorithm, which scored
56.84%, and SVM, which scored 61.47%, and they proved that CNN was better at distinguish-
ing crop plants diseases. Furthermore, to reach 92.6%, they used three fully connected layers
and six convolutional layers in the CNN architecture. They also tested CNN’s accuracy using
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both the original and pre-processed pictures. In another study, Pearlstein et al. [48] presented
a study for plant disease detection. They utilized synthetic image data to evaluate and train
the CNN model on real data. They constructed a CNN model using two fully connected
layers and five convolutional layers. The results demonstrated that CNN could accurately
distinguish crop plants from natural images, even when many occlusions were present.

5. Applications of CNN in Agriculture

DL techniques, especially CNN, have made substantial advances in image analysis.
Numerous studies for the automatic identification of plant disease have been implemented.
This implementation and interest, in particular, could open the way for developing auto-
matic imaging techniques for plant disease diagnosis and classification, plant recognition,
fruit counting, and weed detection. Such technologies could assist farmers in adopting
more farming techniques, good agricultural practices, and improving food security.

The researcher has presented several plant leaf disease detection methods based on
CNNs in the last five years. Remarkably, almost all of the publications were released and
published after 2016, demonstrating how new and modern this method is in agriculture.
Figure 3 depicts the number of research articles published on the automatic detection of
plant leaf diseases using CNN from 2013 to 2022. The graph demonstrates that automatic
disease detection research peaked in 2016, which confirmed the field’s newness and fresh-
ness. Data were collected by performing a keyword search on journal articles published in
ScienceDirect, Springer, MDPI and Google Scholar databases between 2013 and 2022.

Figure 3. Number of articles published for the detection of plant leaf diseases using CNN from 2013
to 2022.

All of these studies are concerned with identifying and classifying plant diseases on
images. This article reviewed both pre-trained and custom CNN-based models developed by
the authors. CNN models given different names by the authors were taken as CNN. However,
a comparison of various studies reveals that, rather than constructing a new CNN model
from scratch, most researchers use transfer learning to meet their needs and complete their
tasks quickly and easily. The CNN model then is used to perform different tasks for various
research in transfer learning. Jiang et al. [49] employed VGG16 to diagnose diseases in rice and
wheat plants. As a consequence of the experimental comparisons with other state-of-the-art,
the overall accuracy on rice and wheat plants was 97.22% and 98.75%, respectively.

Sravan et al. [50] presented the fine-tuning of hyperparameters of current ResNet-50
for disease identification and classification. They reached a higher accuracy of 99.26%
on the Plant Village dataset, which contained 20,639 images. Shin et al. [51] presented
a method for detecting disease on strawberry leaves. They compared six CNN models
for detecting disease on strawberry leaves using various criteria such as speed, accuracy,
videlicet, and hardware requirements. ResNet-50 had the highest classification accuracy of
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98.11%, SqueezeNet-MOD2 required the least amount of memory, and AlexNet had the
fastest processing time. Mohanty et al. [4] worked on multiple crops to identify 26 diseases
using PlantVillage, GoogLeNet, and AlexNet. The result recorded an accuracy of 99.35%.
Ferentinos et al. [27] also worked on various crops for plant disease identification and
diagnosis, and they had a reasonable success rate with Alex-NetOWTB and VGG.

Brahimi et al. [52] conducted a study in which they used AlexNet and GoogLeNet
to classify nine tomato leaf diseases, with an accuracy rate of 99.18%. Darwish et al. [53]
proposed a method for detecting three maize diseases; in this study, they used VGG16 and
19 and reported a 98.2% average accuracy. Similarly, the authors presented similar studies
to identify and recognize diseases in maize using CNN architecture [54,55]. Furthermore,
there are other plants in which the authors used CNN architectures. For instance, they
used CNN to detect apple disease [56,57]. In [31], they presented a study to detect Black
Sigatoka and Black speckled disease in banana plants. The authors used Inception-v3
and 2756 images to detect cassava diseases. Yuwana et al. proposed a study to detect
Tea diseases [58], using 5632 images of tea, MCT, AlexNet, and GoogLeNet. Only two
segmentation methods were used in the proposed study, each with a kernel size of five and
a rotation of 40. Kawasaki et al. [59] proposed a method for detecting cucumber diseases
such as melon yellow spot virus and zucchini yellow mosaic virus using CNN.

There are also several studies to detect olive plant disease, such as [60], where
Cruz et al. use PlantVillage to detect symptoms of Olive Quick Decline Syndrome. How-
ever, their study task may be challenging for large numbers of samples or quarantine pests
with restricted modifications. In [61,62], the authors have presented a method to distin-
guish Fusarium wilt disease in the radish plant. They achieved 93.3% and 90% accuracy,
respectively. Another study using CNN to identify ten different diseases of the rice plant
may be found in [63]. Table 2 summarizes and clarifies all relevant information to assist
readers in selecting one or more criteria and comparing various DL models.

Table 2. Comparison of CNN models in the detection of plant leaf diseases.

Ref. # Species Data Source Model Accuracy Year

1 [59] cucumber self CNN 94.90 2015
2 [64] rice self CNN 95.48 2015
3 [4] multiple PlantVillage GoogLeNet 99.35 2016
4 [57] apple PlantVillage AlexNet 97.30 2016
5 [65] wheat self VGG-FCN-VD16 97,95 2017
6 [42] rice self DCNN 95.48 2017
7 [52] tomato self GoogLeNet 99.18 2017
8 [56] apple PlantVilage AlexNet 97.62 2017
9 [31] banana PlantVillage LeNet 99.00 2017
10 [66] cassava self Inception-v3 93.00 2017
11 [67] apple PlantVillage VGG16 90.40 2017
12 [60] olive PlantVillage LeNet 99.00 2017
13 [68] potato PlantVillage VGG 96.00 2017
14 [61] radish self VGG-A 93.30 2017
15 [62] radish self GoogLeNet 90.00 2017
16 [69] tomato Plantvillage AlexNet 95.60 2017
17 [27] multiple PlantVillage VGG 99.53 2018
18 [70] mango self CNN 96.67 2018
19 [71] tomato PlantVillage AlexNet 97.49 2018
20 [72] banana self CNN 93.60 2018
21 [73] wheat self ResNet-50 96.00 2019
22 [39] multiple PlantVillage ResNet50 99.80 2019
23 [46] tea self LeafNet 90.16 2019
24 [63] rice self Lenet5 95.83 2019
25 [55] maize PlantVillage CNN 92.85 2019
26 [74] guava self DCNN 98.74 2019
27 [75] mango self MCNN 97.13 2019
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Table 2. Cont.

Ref. # Species Data Source Model Accuracy Year

28 [76] multiple PlantVillage CNN 96.46 2019
29 [77] multiple PlantVillage ResNet-50 95.61 2020
30 [53] maize Kaggle VGG16 98.20 2020
31 [78] multiple PlantVillage DCNN 88.46 2020
32 [79] tomato self VGG16 91.90 2020
33 [80] soybean self CNN 98.14 2020
34 [81] grape self DICNN 97.22 2020
35 [82] plum self Inception-v3 92.00 2020
36 [83] eggplant self VGG16 99.40 2020
37 [84] pepper self ResNet50 88.38 2020
38 [85] cucumber self Efficient-B5-SwinT 99.25 2021
39 [38] bean Kaggle GoogleNet 93.75 2021
40 [86] apple kaggle VGG19 87.70 2021
41 [87] tomato PlantVillage AlexNet 99.86 2021
42 [88] multiple Kaggle CNN 100.00 2021
43 [89] multiple PlantVillage EfficientNetB0 99.56 2021
44 [90] peach self CNN 98.75 2021
45 [91] multiple PlantVillage EfficientNet 98.42 2021
46 [92] tomato self Inception v3 99.60 2021
47 [32] chili self SECNN 99.12 2022
48 [32] chili plantvillage SECNN 99.28 2022
49 [32] apple plantvillage SECNN 99.78 2022
50 [32] maize plantvillage SECNN 97.94 2022
51 [32] pepper plantvillage SECNN 99.19 2022
52 [32] potato plantvillage SECNN 100.00 2022
53 [32] tomato plantvillage SECNN 97.90 2022
54 [93] soybean self R-CNN 83.84 2022
55 [94] multiple self DADCNN-5 99.93 2022
56 [95] grape self InceptionV1 96.13 2022
57 [96] grape PlantVillage GoogleNet 94.05 2022
58 [97] maize PlantVillage GhostNet 92.90 2022
59 [97] maize PlantVillage LDSNet 95.40 2022
60 [98] apple kaggle Resnet 95.80 2022
61 [99] multiple kaggle Resnet 99.89 2022
62 [100] multiple PlantVillage EfcientNet-B3 98.91 2022
63 [101] cassava kaggle CNN 87.00 2022
64 [102] apple self ConvVIT 96.85 2022
65 [103] multiple kaggle EfficientNet 99.70 2022
66 [104] wheat PlantVillage Inception-v3 92.53 2022
67 [105] cotton self CNN 98.53 2022
68 [106] cassava self ResNet-50 89.70 2022
69 [107] multiple Plantvillage CNN 98.61 2022
70 [107] multiple MepcoTropicLeaf CNN 90.02 2022
71 [108] multiple self AlexNet 86.85 2022
72 [109] mango self MobilenetV2 99.43 2022
73 [110] pepper PlantVillage CNN 95.80 2022
74 [110] potato PlantVillage CNN 94.10 2022
75 [110] tomato PlantVillage CNN 92.60 2022
76 [111] grape PlantVillage CNN 98.40 2022
77 [112] maize Kaggle InceptionV3 99.66 2022
78 [113] multiple self CNN 96.88 2022
79 [114] multiple PlantVillage CNN 99.86 2022
80 [115] maize PlantVillage AlexNet 99.16 2022
81 [116] multiple Kaggle CNN 99.00 2022
82 [117] multiple PlantVillage CNN 98.41 2022
83 [118] multiple PlantVillage DCNN 99.79 2022
84 [119] wheat PlantVillage ResNet152 95.00 2022
85 [120] rice self VGG16 92.24 2022
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Table 2. Cont.

Ref. # Species Data Source Model Accuracy Year

86 [121] potato PlantVillage MobileNet V2 97.73 2022
87 [122] cucumber PlantVillage DCCNN 98.23 2022
88 [122] popato PlantVillage DCCNN 99.83 2022
89 [122] grape PlantVillage DCCNN 99.78 2022
90 [122] apple PlantVillage DCCNN 99.78 2022
91 [122] maize PlantVillage DCCNN 98.85 2022
92 [123] grape PlantVillage VGG16 98.40 2022
93 [123] tomato PlantVillage VGG16 95.71 2022
94 [124] multiple PlantVillage VGG-ICNN 99.16 2022
95 [124] apple PlantVillage VGG-ICNN 94.24 2022
96 [124] maize PlantVillage VGG-ICNN 91.36 2022
97 [124] rice PlantVillage VGG-ICNN 96.67 2022
98 [125] grape PlantVillage CNN 99.34 2022
99 [126] multiple PlantVillage MobileNet 98.34 2022

100 [127] bean Kaggle MobileNet 97.00 2022

Most researchers apply similar CNN architectures, as indicated in Table 2, and achieve
similar experiment results. As a result, new requirements and experiments with more datasets
and new architectures should be performed; otherwise, much work will be duplicated.

A comparison of CNN architectures reveals that the choice of appropriate CNN models
is impacted by experimental settings, dataset, and data size. Figure 4 compares several
architectures based on plant type and accuracy trained by various authors.

Figure 4. Comparison of CNN architectures in terms of plant types and accuracy.

When comparing the performance of these studies, it was noticed that CNN performed
very well. The results appeared to be close because the methods used were applied using
somewhat similar architectures.

Analysis and Data Extraction

In this section, we give discrete data derived from 100 studies to assist researchers in
generating responses to their queries and to provide insight into the application of CNN
in the agriculture field, including the datasets, plants, and model architectures used. In
the paper collection phase, we choose 100 studies concerning CNN to conduct the data
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extraction technique, then excluded 25 similar papers. After reviewing the rest of the
papers, we summarized 100 studies that met the criteria for our review objectives. Figure 5
depicts the percentage distribution and the number of crops most frequently used in 100
reviewed studies that applied CNN to detect diseases. It is obvious that the majority of
authors used multiple crops (more than one type of crop) in their studies with a percentage
of 19.2%, and thus make use of datasets with different plant phenotypes. We also observed
that maize (11.5%) is the second most commonly used crop in the 100 summarized studies,
while the least used were cassava, blueberry, strawberry, olive, and soybean at only 1.9%.

Figure 5. Number of plants used in 100 summarized studies that applied CNN to detect diseases.

Figure 6 illustrates the distribution and number of studies categorized by the algorithm
used in the approach development process. Among the 100 summarized studies, the newly
developed architecture was the most widely used architecture in plant diseases using CNN.
A total of 10 studies, representing 22.2% of the summarized studies, used new architecture.
While we observed that Alexnet is the second most commonly used CNN algorithm. In
addition, we presented in Figure 7 the accuracy characteristics of 7 CNN architectures
used in 100 reviewed studies to detect plant leaf diseases. It could be seen that almost all
models converged by the 100th epoch of training reported accuracies of more than 99%.
Models such as AlexNet and VGG yielded the highest accuracy when compared to the
other models such as ResNet and MobileNet.

Figure 6. Distribution of the widely applied CNN algorithm in 100 reviewed studies.
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Figure 7. Accuracy characteristics of CNN architectures used in 100 reviewed studies.

The diversity of the data used is also a critical factor for the performance of the CNN to
detect disease in the plant. Therefore, with respect to the characteristics of the datasets most
frequently used in the studies examined, we generated a distribution of studies by dataset by
previously correlating the data for each dataset used in the summarized studies (see Figure 8a).

(a)
(b)

Figure 8. Distribution of the year and dataset used in 100 reviewed studies.

6. CNN’s Agriculture Applications: Major Problems and Solutions

This section may be divided into subheadings. It should provide a concise and
precise description of the experimental results, their interpretation, and the experimental
conclusions that can be drawn.

6.1. Limited Plant Leaf Datasets

In the last five years, CNN has become increasingly used to detect plant leaf disease.
However, CNN faces numerous hurdles. Therefore, in this section, we explained and
summarized the problems and solutions encountered in developing CNN-based plant
disease detection.

Datasets are critical for CNN models. As a result, the main challenge to using CNN
for plant disease detection and classification is the requirement for large datasets. Thus,
insufficient dataset size significantly impacts the practical implementation, which means
that the results will be inaccurate no matter how efficient the model is. However, there
are few publicly released datasets for agricultural researchers to work with, and in many
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cases, researchers must create their datasets of images from scratch. Furthermore, external
environmental factors such as climate can readily affect data collection, making it time-
consuming, and several days of work may be required. Moreover, to solve the problem of
an insufficient and limited dataset, we provide the following solutions:

1. Data augmentation techniques: Data augmentation techniques increase the diversity
of the data during training by artificially generating additional samples from the real
dataset. Furthermore, image augmentation is a technique that creates new data from
existing data to help train a deep neural network model. The most recent augmenta-
tion techniques. Fast Auto Augment [128], AugMix [129], Rand Augment [130], and
population-based augmentation [131]. Liu et al. [56] used data augmentation tech-
niques to increase the dataset size from 1053 to 13,689 images. Sladojevic et al. [132]
used data augmentation to increase from 4483 to 33,469 images using perspective
transformation and rotation methods. With the expansion of the dataset, the accuracy
improved as well. In another study, Barbedo [133] used resizing and image segmenta-
tion methods to increase the size of the dataset from 1567 images to 46,409 images.
The accuracy improved by 10.83% over the no expanded dataset.

2. Transfer learning: Transfer learning is a machine learning technique in which we reuse
a previously trained model as the base for a new model on a new task. As a result of
the new datasets, it will just retrain a few layers of pertained networks which helps to
reduce the amount of data required [133]. Chen et al. [46] introduced the INC-VGGN
DL architectural features to detect plant diseases, which used transfer learning by
changing the pre-trained VGGNet. On the public dataset Plant Village, the suggested
model obtained an accuracy of 91.83%, while on their dataset, it obtained an accuracy
of 92.00%. Coulibaly et al. suggested a method for detecting mildew diseases in pearl
millet using transfer learning. This method was developed using the VGG16 CNN
model, which was pre-trained on the public dataset. The study provided a satisfactory
result, with a 94.5% recall rate and a 95.00% accuracy rate [134].

3. Citizen science: In 1995, the concept of citizen science was proposed. Nonprofessional
participants collect data as part of a scientific study in this technique. Farmers submit
the collected images to a server for plant disease and pest classification, after which
the images are correctly labeled and analyzed by an expert [133].

4. Data sharing: Data sharing is another way of increasing datasets. Several studies
are now being conducted worldwide on accurate disease detection. The dataset
will become more accurate if the different datasets are shared. This situation will
encourage more significant and satisfying study results.
PlantVillage [4] and Kaggle [53] are the most commonly employed public datasets in
the literature on DL methods for plant disease classification and detection. Table 3
describes these datasets as the most widely applied public datasets.

Table 3. A glimpse of available plant datasets from Kaggle.

Dataset Number of Classes Number of Images
Not Augmented Source

PlantVillage 39 61,486 Kaggle

Kaggle (plant
pathology) 12 18,632 Kaggle

Kaggle (cassava) 5 15,000 Kaggle

Kaggle (rice) 4 1200 Kaggle

6.2. Image Background

From the section above, we found that almost all of the datasets used in training a CNN
model for different studies used large datasets of images. However, one of the problems
researchers face is the effect of image background on detection. Most of the time, this effect
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is unclear by the overlapping of many factors. The most remarkable is the interaction of
plants with each other and the organization process. When images are collected in real-time
conditions with a crowded background, some of the background features are similar to
the area of interest; thus, a leaf segmentation technique is required in these conditions.
Otherwise, the model will learn background features throughout training, leading to
inaccurate classification results. On the other hand, some researchers are interested in
organizing the image collection. In this case, the background is usually preserved because
it creates relatively homogeneous backgrounds. It does not affect detection and may even
improve detection accuracy.

Mohanty et al. [4] conducted a study in which they employed three different versions
of the PlantVillage dataset to identify plant diseases and examine the influence of image
background on identification outcomes, namely gray-scaled, color, and segmentation. The
researchers concluded that the CNN model’s performance with colored images was better
than the model’s performance with segmented images. As a result, we believe that the
problem of image background can be solved in two ways: (i) Organize the image collection
to obtain a homogeneous background. (ii) By utilizing image segmentation.

6.3. Variability in Symptoms

Symptoms are the impact and changes in the appearance of the plant. It may provide
a significant change in appearance, color, or functionality. Therefore, the symptoms of plant
diseases are the interaction of diseases, environment, and plants [135]. In general, there
is much overlap between the symptoms of the diseases. Many factors in nature, such as
humidity, temperature, sunlight, wind, and others, might affect disease symptoms. The
interplay of diseases, plants, and the environment can affect various symptom changes,
making it difficult to take and report on data.

The main challenge in plant disease identification is that numerous diseases may
be identified and combined on the same plant leaves. Therefore, the symptoms may
rapidly change, making it challenging to recognize disease types [135], and also, similar
symptoms usually develop between many different diseases, further complicating disease
identification [136]. Solving this type of problem is to continue increasing the database’s
diversity in real applications [137]. Researchers are increasingly employing this strategy to
improve data diversity successfully. Furthermore, this method is seen to be more realistic
because it allows researchers to collect all of the variations and information on the disease
in a timely and efficient manner.

7. Discussion

In this work, we analyzed research on the application of CNN in agriculture, especially
on the application of CNN methods in the detection of plant leaf diseases. In addition to
leaf disease, this study also focused on CNN architectures, CNN frameworks, datasets
applied, dataset size, CNN Pros and Cons, and experimental results of various models
used to detect plant leaf diseases. Moreover, in this study, the review is based on research
completed in the last five years, and as a result, there has been an increase in research on
using CNN techniques for plant leaf disease detection.

Furthermore, the current analysis has revealed that CNN performs well in detecting
plant leaf disease. Most studies found that the results were almost identical because the
architecture used appeared to be similar. Consequently, new requirements and experi-
ments with larger datasets and new architectures are required; otherwise, much work will
be duplicated.

According to the literature, CNN, with various models, has become necessary in
agriculture. These models are resilient under challenging conditions such as images with
a complex background, non-uniform size, symptom variability, and insufficient datasets.
Thus, creating a large dataset from various locations and under different conditions is nec-
essary. On the other hand, most of the datasets mentioned in the summarized studies have
a class imbalance, which could lead to model overfitting. The problem must be addressed
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in future research; this can be accomplished by employing correct data redistribution
techniques or class balancing classifiers [138].

Through the evaluation and analysis we have conducted on the reviewed studies,
traditional algorithms are dominant in almost all of the studies summarized. The most
prominent of these algorithms are AlexNet [139], GoogLeNet [8], ResNet [140], VGG [141],
LeNet [142]. They frequently achieve good results and high performance, which explains
the importance of their widespread use in various studies. Moreover, one of the reasons
for its widespread use is the employment of transfer learning methods and fine-tuning to
improve the accuracy of their results. However, many researchers still choose to use their
ways to detect plant diseases; for instance, we found that 22.2% of the studies employed
innovative architectures, while the remainder used traditional approaches. This is due to
several factors, the most important of which are the nature of the research, the data available,
and the work’s goals. Nevertheless, the assessed studies do not include the possibility
of recommending algorithms with substantial documentation, application examples, and
usability, which can assist readers and provide inspiration for future initiative approaches.

After reviewing several studies, it became evident that maize, potato, apple, rice,
cucumbers, wheat, potatoes, radish, and bananas are the most widely used and studied
plants. We also observed that some researchers focus on one crop’s disease, while others
choose to study diseases in multiple crops as data that can include more than one plant. In
the reviewed studies, we found that 19.2% of the comprehensive research used multiple
crops, including different plants. The second percentage and area of interest were applying
CNN to determine Maize disease. Moreover, when analyzing the results that study the
types of plant diseases, we conclude the relationship between diseases and the factors
causing them, as it is noted that the majority of diseases are identified and classified by
fungi, and this can be explained by the fact that this pathogen causes a large proportion of
plant diseases; we found that diseases caused by viruses and bacteria follow a consistent
quantitative approach that is determined by the crops present in the datasets. Plant disease
identification is critical, especially when employing CNN approaches. However, there are
several challenges, the most significant of which are disease overlap, the presence of many
disease Symptoms in a single image, and a lack of sufficient and organized data; all these
challenges should be considered and worked on in the future.

8. Conclusions and Future Directions

CNN methods are widely used in the detection of plant diseases. It has solved the
problems of traditional object detection and classification methods. In this study, we
presented a detailed review of CNN-based research on plant leaf disease detection in crops
over the last five years. A total of 100 publications were reviewed based on detection
methods and model performance evaluation, comparison of popular CNN frameworks,
detailed description of CNN applications in agricultural fields, dataset preparation, the
problem and solution related to plant leaf disease detection, and publicly released datasets
in the relevant field. We addressed highly related research articles to present a comparative
analysis of various CNN models.

Most studies used CNN approaches, and they note that pre-training models compared
with training from scratch models on plant leaf datasets can quickly improve performance
accuracy, especially if there is a sufficient dataset for each class to train the models. More-
over, we found that most CNN approaches have many problems and challenges, one of
which is the lack of dataset, a severe challenge that researchers face while doing their
work. However, an essential future impact would be to develop highly efficient detection
approaches employing large datasets with different plant leaf diseases. This would also
address the class imbalance by requiring large generalized datasets.

Author Contributions: Conceptualization, E.E. and B.T.; methodology, E.E. and R.E.; formal analysis,
E.E. and R.E.; writing—original draft preparation, E.E., B.T. and R.E.; writing—review and editing,
E.E., B.T. and R.E.; supervision, B.T. and R.E. All authors have read and agreed to the published
version of the manuscript.

259



Agriculture 2022, 12, 1192

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations
The following abbreviations are used in this manuscript:

DL Deep Learning
CNN Convolutional Neural Networks
DCNN Deep Convolutional Neural Networks
FOA The Food and Agriculture Organization

References
1. Altieri, M.A. Agroecology: The Science of Sustainable Agriculture; CRC Press: Boca Raton, FL, USA, 2018.
2. Gebbers, R.; Adamchuk, V.I. Precision agriculture and food security. Science 2010, 327, 828–831. [CrossRef] [PubMed]
3. Carvalho, F.P. Agriculture, pesticides, food security and food safety. Environ. Sci. Policy 2006, 9, 685–692. [CrossRef]
4. Mohanty, S.P.; Hughes, D.P.; Salathé, M. Using deep learning for image-based plant disease detection. Front. Plant Sci. 2016,

7, 1419. [CrossRef] [PubMed]
5. Miller, S.A.; Beed, F.D.; Harmon, C.L. Plant disease diagnostic capabilities and networks. Annu. Rev. Phytopathol. 2009, 47, 15–38.

[CrossRef]
6. LeCun, Y.; Bengio, Y.; Hinton, G. Deep learning. Nature 2015, 521, 436–444. [CrossRef]
7. Najafabadi, M.M.; Villanustre, F.; Khoshgoftaar, T.M.; Seliya, N.; Wald, R.; Muharemagic, E. Deep learning applications and

challenges in big data analytics. J. Big Data 2015, 2, 1–21. [CrossRef]
8. Szegedy, C.; Liu, W.; Jia, Y.; Sermanet, P.; Reed, S.; Anguelov, D.; Erhan, D.; Vanhoucke, V.; Rabinovich, A. Going deeper

with convolutions. In Proceedings of the IEEE Conference on Computer Vision and Pattern Recognition, Boston, MA, USA,
7–12 June 2015; pp. 1–9.

9. Abade, A.; Ferreira, P.A.; de Barros Vidal, F. Plant diseases recognition on images using convolutional neural networks:
A systematic review. Comput. Electron. Agric. 2021, 185, 106125. [CrossRef]

10. Dhaka, V.S.; Meena, S.V.; Rani, G.; Sinwar, D.; Ijaz, M.F.; Woźniak, M. A survey of deep convolutional neural networks applied
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Abstract: In order to solve the problems of high millet agglomerates rate, high damage rate, and
high undelivered net loss rate in the process of mechanized harvesting of millet, a longitudinal
axial flow-staggered flexible threshing device for millet was designed on the basis of the existing
threshing device. The “staggered teeth” threshing drum and the micro rotating circular tube concave
screen work together to realize the flexible and low damage threshing of millet. The pre experiment
was carried out first, and the factors that have a great impact on the millet agglomerates rate, the
undelivered net loss rate, and the damage rate were found to be the feeding amount, the rotating
speed of the drum, and the threshing clearance. In order to further explore the influence of the
interaction between the factors on the millet agglomerates rate, the undelivered net loss rate, and the
damage rate, the regression orthogonal rotation combination test was carried out, and after the test,
the optimal parameter combination of feeding amount, drum speed, and threshing clearance was
determined. The results showed that when the feeding amount was 1.3 kg/s, the rotating speed of
the drum was 762 r/min−1 and the concave clearance was 15 mm, the millet agglomerates rate was
2.92%, the high undelivered net loss rate was 1.58%, and the damage rate was 0.37%.

Keywords: longitudinal axial flow; flexible; millet threshing device; staggered threshing element;
micro rotary tubular concave screen

1. Introduction

Millet is an important cereal crop in China, and its production and consumption scale
ranks first in the world. According to the statistics of the national millet and sorghum in-
dustrial technology system, in 2020, China’s millet planting area was about 1.5 million hm2,
with a total output of about 10 million tons. Moreover, millet is also an important cash crop
in China. The output of millet in China accounts for about 80% of the world’s output. The
raw grain of millet is mainly exported to Japan, South Korea, and other countries [1–5]. The
mechanized harvest of millet is an important link to realize the mechanization of the whole
process of millet production. It can reduce grain loss, reduce labor intensity, and improve
production efficiency.

The threshing device is the core component of grain harvesters, which determines the
quality of grain harvest. Longitudinal axial flow threshing devices have the advantages of
long threshing time, soft threshing, low damage rate, and high threshing efficiency [6–9].
The threshing elements of traditional grain combine harvesters are rigid. The grain code
can easily fall off during threshing, so the millet agglomerates rate and damage rate are
both high. Therefore, it is urgent to design a new type of millet threshing device with low
millet agglomerates rate, low damage rate, and low undelivered net loss rate.

Millet cultivation in foreign developed countries is lower, and it is mostly used as
feed [10–12], so the research that can be used as a reference is limited. Arnold [13] divided
the traditional threshing into impact threshing, rubbing threshing, and combing threshing
through many experiments, and pointed out that impact threshing is the main threshing
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form causing grain damage. According to this conclusion, the threshing device designed
in this study will reduce the impact on millet. Powar [14] found that the main cause of
millet grain damage is mechanical impact, but did not put forward an effective method
to solve this problem. Gummert [15] conducted the threshing performance test of the
axial-flow threshing device and found that appropriately increasing the rotating speed of
the threshing drum within a certain range can significantly improve the threshing efficiency
of threshing device, but there is a lack of research on the impact of increasing the rotating
speed of threshing drum on various indexes of threshing quality.

The research and development of domestic millet combine harvesters is still in its
infancy. With the national attention to the realization of mechanized grain harvest, the
research of scientific researchers has also made some progress. Xu [16] theoretically ana-
lyzed the axial threshing and separation system and established a mathematical model to
provide a design basis for the structural design of the longitudinal axial flow drum. Wu [17]
conducted a flexible beating test on Millet ears, which proved that the flexible threshing
method can be applied to millet threshing. First, the suitable parameters of grain separation
in high-speed photography were established, and then the appropriate parameters of
grain separation in high-speed photography were established. Zhang [18] developed an
axial-flow threshing and separation test-bed for millet with rod teeth, but the rod teeth had
a great impact on the ear of millet, which could easily increase the grain damage rate and
millet agglomerates rate, and the overall threshing effect was poor. Zong [19] found that
the combination effect of impact and rubbing was better by comparing the effects of three
different threshing methods on the threshing effect of rape, which proved the feasibility of
integrating multiple threshing methods for optimizing the threshing effect.

At present, there is little research on flexible threshing elements at home and abroad.
Most of the threshing elements of the threshing drum on the combine harvester are mainly
rigid elements such as corrugated rods and rod teeth [20–25], but this is not suitable for
threshing millet. The traditional threshing device such as bar threshing devices can not
meet the requirements of millet threshing because of its high millet agglomerates rate,
high damage rate, and high undelivered net loss rate. The purpose of this study was to
reduce the millet agglomerates rate to less than 3.5%, the undelivered net loss rate to less
than 3%, and the damage rate to less than 0.5%. In order to achieve this goal, the plan of
this study was to design the threshing device according to the existing foundation. Then
the mathematical model was established by using Hertz collision theory and D’Alembert
principle to carry out kinematic analysis. Finally, according to the experimental data, we
analyzed the influencing factors and established a mathematical model for parameter
optimization. The type of threshing element in this design was a “staggered type”, which
has a better fit with the ear of millet and is conducive to millet threshing. The material of
the threshing element is rubber, which has a flexible impact on millet. The combination
of the “staggered teeth” threshing element and the micro rotating circular tube concave
screen can effectively solve the problems of high millet agglomerates rate, high damage
rate, and high undelivered net loss rate in the threshing process of millet.

2. Materials and Methods
2.1. Complete Machine Structure

Based on the existing design methods of threshing devices, this study used Hertz
contact theory and D‘Alembert’s principle to design the threshing device. The structure of
the longitudinal axial flow staggered millet flexible threshing device is shown in Figure 1.
It is mainly composed of a feeding inlet, “staggered” threshing drum, top cover, micro
rotating circular tubular concave screen, frequency conversion motor, receiving box, and
frame. Among them, the “staggered” threshing drum is mainly composed of a conical
spiral feeding part and “staggered” flexible threshing part. The conical spiral feeding part
is mainly used to transport compressed grain logistics. The “staggered” threshing element
material is rubber, and its section shape is gear like. It is arranged on the whole threshing
drum in such a way that two adjacent threshing units are staggered by one tooth in turn, so
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it is called a “staggered tooth” threshing drum. The threshing unit on the “tooth stagger”
threshing drum can be well matched with the ear, and has good milling and threshing
performance for the millet. A deflector is installed on the inner surface of the drum top
cover, which is conducive to the axial transportation of millet materials. The micro rotating
circular tube concave screen is mainly composed of a circular tube screening unit that can
rotate around its own fixed axis and a micro support device. The rotary tubular screening
unit and the “staggered” threshing unit cooperate to form the principle of grinding and
threshing. The micro motion support device can perform reciprocating micro motion along
the horizontal direction. Compared with the traditional fixed concave screen, the vibration
formed in the threshing process makes the grain layer fluffy, which is more conducive to
the separation of millet and reduce the entrainment loss. A receiving box is placed at the
lower part of the device to collect the effluent, which is convenient for testing and analysis.

Figure 1. Structural diagram of longitudinal axial flow staggered millet threshing device: 1. feed inlet;
2. conical spiral feed housing; 3. top cover; 4. staggered threshing drum; 5. drive belt; 6. variable
frequency motor; 7. motor support; 8. concave screen micro motion support device; 9. rotary
tubular concave screen; 10. receiving box; 11. frame. (a) Assembled frame; (b) schematic diagram of
combination of “staggered teeth” threshing drum and micro rotating circular tubular concave screen.

2.2. Working Principle

During operation, the millet plant is fed evenly and continuously by the conveyor belt
at the feeding inlet. The shaft of the threshing drum is driven by the motor to rotate. The
conical spiral feeding head at the front end of the “staggered” threshing drum gradually
transports and compresses the loose grain plants and forcibly pushes them to the threshing
chamber. Under the combined action of the continuous feeding of materials in the threshing
chamber and the deflector on the inner surface of the top cover, the grain moves spirally
along the axial direction of the drum. At the same time, the material layer is squeezed in
the threshing chamber, and the threshing process is completed under the joint action of the
“staggered tooth” threshing unit of the threshing drum and the rotary tubular screening unit
on the concave screen. The adjacent rotary tubular screening unit of the concave screen can
rotate around its own fixed axis under the action of grain logistics. The friction generated by
rotation is conducive to the separation of millet agglomerates and grain on the ear, which
can further increase the depurification rate and reduce the millet agglomerates rate. The
concave screen is added with a micro motion support device. During threshing, the concave
screen is subjected to the continuous reaction force exerted by the millet plant, and then
the concave screen performs reciprocating micro motion in the horizontal direction. The
micro motion will weaken the impact force accompanying the threshing process, increase
the fluffy degree of the grain layer, further increase the separation rate of the grain passing
through the concave screen, and then the grain falls into the aggregate box. The threshed
millet stalks and miscellaneous residues are discharged out of the machine through the
straw discharge board.
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2.3. Key Component Design
2.3.1. The Design of Threshing Drum

The structure of the threshing drum is shown in Figure 2.

Figure 2. Structure diagram of threshing drum: 1. Main shaft; 2. conical spiral feed head; 3. spoke;
4. staggered threshing element; 5. grass discharge plate.

In order to balance the threshing effect and working load of the threshing device [26],
the length of the drum is designed according to Formula (1).

L1 ≥
q1

q0
(1)

In the formula, L1 is total length of threshing drum, m; q1 is the feeding amount of the
threshing device, kg/s; q0 is the feeding amount per unit length of the threshing element,
0.8~0.9 kg/(s·m).

When calculating the length of the threshing drum, the feeding amount must be
determined first. According to the research of Zhalnin [27], the density of grain in the
threshing gap is jointly affected by the feeding amount and the length of the threshing
drum. This also affects the damage rate of millet. Therefore, the feeding amount should
take a reasonable value. The feeding amount of the threshing device is 1.5 kg/s, which
can be obtained from Formula (1), and the value range of the total length of the threshing
drum is 1.67~1.875 m. Comprehensively, the length of the threshing drum in this design
was 1.8 m.

In order to solve the winding problem of millet plants on the threshing drum, the
circumference of the threshing drum must be greater than the length of millet plants.
Through the calculation of the length of millet plants in this test, it can be seen that the
length of millet plants is between 1000 and 1100 mm. It is found that the calculation formula
of the roller diameter [28] is

D1 ≥
1.5L2

π
(2)

In the formula, D1 is total length of threshing drum, m; L2 is the feeding amount of
the threshing device, kg/s.

According to Formula (2), the diameter of the drum is 477~525 mm. Comprehensively,
the diameter of threshing drum in this design is 500 mm.

2.3.2. The Design of Conical Spiral Feeding Head

The function of the conical spiral feeding head is to compress the grain plants and
push them into the threshing chamber so that the grains can spiral around the threshing
drum under the action of the deflector.

The conical spiral feeding head will produce high centrifugal force and friction in the
process of rotary feeding. The conical spiral feeding head rotates at an angular speed of.
The speed analysis of grain at any point e of the conical spiral feeding head is shown in
Figure 3.
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Figure 3. Grain speed analysis diagram of the feeding head.

The Figure 3 shows vy is the centripetal speed of grain on the conical spiral feeding
head, and the direction is pointing to the rotation center along point E; vh is the sliding
speed of grain on the conical spiral feeding head, and the direction is the tangent direction
parallel to the spiral line at point E; vj is the absolute speed of grain on the conical spiral
feeding head, and the direction is the deflection angle along the horizontal direction α1 + β1
of point E, where α1 is the spiral angle of the conical spiral feeding head and β1 is the
friction angle of grain on the conical spiral feeding head, which is measured to be 19◦; vjz is
the partial speed of the absolute speed of grain on the conical spiral feeding head on the
shaft, and the direction is parallel to the z shaft; vjy is the absolute speed of grain on the
conical spiral feeding head and the partial speed on the y shaft, and the direction is parallel
to the y shaft. It can be obtained from the speed analysis diagram in Figure 3.





vy = ω1r
µ1 = tanβ1
vy
vj

= sin(90o + β1)
sin(α1)

vh
vy

= sin(90o − α1 − β1)
sin(90o + β1)

vjz = vjcos(α1 + β1)
S = 2πrtanα1
ω1 = πn1

30

(3)

In the formula, µ1 is the dynamic friction coefficient between grain and conical spiral
feeding head; r is the radius of the gyration of grain at point e; S is the pitch length of the
conical spiral feeding head, mm; n1 is the rotating speed of the conical spiral feeding head,
r·min−1.

From Formula (3)

vjz =
n1S
60

cos2α1(1 − µ1tanα1) (4)

According to Formula (4), if we want to move the grain along the axial direction,
vjz > 0, we need to meet 1 − µ1tanα1 > 0, that is, tanα1 < cot β1; therefore, α1 < 90

◦ − β1,
α1 < 71

◦
, select the helix angle α1 = 30

◦
.

2.3.3. The Design of “Staggered Teeth” Threshing Element

The “staggered teeth” threshing element designed in this study and its assembly
relationship on the drum are shown in Figure 4. The utility model comprises a “staggered”
rubber roller, a spoke, an arc-shaped fixing plate, and a bolt group.
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Figure 4. Installation diagram of “staggered teeth” threshing element: 1. “Staggered” rubber roller; 2.
spoke; 3. arc fixed plate; 4. bolt group.

The arrangement of threshing elements is “staggered type”, which has the following
advantages. First, the contact mode between threshing element and millet during threshing
is surface contact. Compared with the line contact of traditional threshing element, the
contact area is larger and the shear force on the ear is smaller [29]. The millet agglomerates
is less likely to break from the spike stalk, so the millet agglomerates rate is also smaller.
Second, this arrangement will cause grooves on the outer surface of the threshing elements.
During threshing, there will be a pressure difference between the ears inside and outside the
groove, which is conducive to the separation of grains and grain yards, and can optimize
the threshing effect. Third, the concave convex arc caused by this arrangement can increase
the friction force on the millet, which is conducive to improving the threshing rate of the
millet and reducing the undelivered net loss rate.

2.3.4. Structural Design of Micro Motion Rotary Tubular Concave Screen

The grid bar of the traditional grid concave screen is a cuboid [30]. During threshing,
the shear force of the edge of the cuboid on the ear will cause the grain yard to break from
the ear handle. It is also easy to cause damage to the grain of millet, so the traditional
grid concave screen has a high grain stacking rate and damage rate. In view of the
above problems, this paper designed a micro rotating circular tube concave screen, and
its structure is shown in Figure 5. The micro rotary tube concave screen is composed of a
hollow tube rotary screening unit and a concave screen support device.

Figure 5. Structural diagram of micro rotating circular tubular concave screen: 1. side arc plate; 2.
hollow circular tube rotary screening unit; 3. concave screen support device.

The calculation formula for the diameter of the micro rotating circular tubular concave
screen [31] is

D2 = D1 + 2δ (5)

In the formula, δ is clearance between micro rotating circular tubular concave screen
and drum, mm.

The clearance between the micro rotating circular tubular concave screen and the
drum is 10 mm, and the diameter of the micro rotating circular tubular concave screen is
510 mm.
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The structure of the hollow circular tube rotary screening unit is shown in Figure 6.
The material of the hollow round pipe is polyurethane, which has high strength, tear
resistance, wear resistance, and other characteristics [32]. The hollow tube is installed
on the outermost layer of the rotary screening unit, and the ball support ring is located
between the hollow tube and the support shaft. The hollow tube rotary screening unit has
the following advantages: first, the hollow tube can rotate around its own axis, so the rolling
effect is better when it is matched with the roller. Second, the sieve hole formed between
the hollow round tubes is a long hole, which is conducive to the millet grains falling off the
grain yard and directly falling into the receiving box, increasing the separation rate of the
millet. Third, compared with the cuboid grid, the material of the hollow tube is flexible
and has a larger contact area with the ear of grain. Therefore, the impact force and shear
force of the hollow tube on the ear are smaller, which reduces the damage rate of the millet.
Fourth, compared with the traditional grid concave, when the concave screen has the same
size and the same number of rotations, the number of collisions between the hollow tube
and the hollow tube screening unit is lower, so the grain damage rate is reduced.

Figure 6. Schematic diagram of micro rotating circular tube concave screen: 1. side arc plate; 2. hollow
circular tube rotary screening unit; 3. concave screen support device. Structure diagram of hollow
circular tube rotary screening unit: (a) the overall structure diagram; (b) the side view.

The structure of concave screen support device is shown in Figure 7. Driven by
the grain logistics, the horizontal displacement wheel drives the concave screen to move
slightly left and right. The limit displacement is controlled by the micro adjustment bolt.
The isosceles connecting rod ensures the stability of the support device. The threshing
clearance range is 5~20 mm, which is adjusted by the opening and closing angle of the
isosceles connecting rod.

Figure 7. Structural diagram of concave screen support device: 1. plane fixing plate; 2. concave screen
support base; 3. isosceles connecting rod; 4. micro adjustment bolt; 5. horizontal displacement roller.

2.3.5. Dynamic Analysis of Millet on the Side of Top Cover

The dynamic model of the material on the top cover side is established by applying
the Hertz contact theory and D‘Alembert’s principle, and the force analysis of the material
moving to the top cover side at any position D is carried out, as shown in Figure 8.
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Figure 8. Schematic diagram of stress on the side of the top cover.

In the figure, Fsg is the friction force between the cover plate and the material, and Fsx
is the friction force between the rubber threshing element and the material. Let the relative
angular displacement between the material and the drum be θ, and the axial displacement
be z, θ ∈ [π, 2π], θ and z, which are all functions of time t. Then there is





mR
(•

θ

)2
= f1Fnxsinαsinφ − mgsinθ − Fnxcosφ

mR
••
θ = Fnxsinφ − f3Fngsinφ + f1Fnxsinαcosφ − Fngcosφ + mgcosθ

m
••
z = Fngsinφ − f3Fngcosφ − f1Fnxcosα

(6)

In the formula, f3 is the dynamic friction coefficient between the material and concave
plate; φ is the helix angle of the material relative to the cover plate, ◦.

From the above theoretical model, it can be concluded that the effect of the threshing
element and concave plate on material in axial flow threshing space is not only related to
the gravity of material, the friction characteristics between threshing element, top cover,
and concave screen and material, the structural parameters of threshing element, but also
related to the movement of the material in the threshing space.

3. Results
3.1. Test Materials and Equipment

The millet variety used in this experiment was Yugu 23, and its morphological structure
is shown in Figure 9.

Figure 9. Yugu 23 millet: (a) the figure shows the millet plant; (b) the figure shows the millet ear
head; (c) the figure shows the millet agglomerates; (d) the figure shows the millet grain.

The basic parameters of millet are shown in Table 1.
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Table 1. Basic parameters of the experimental millet.

Parameter Numerical Value

Average plant length/mm 1089
Average length of spike head of millet/mm 185
Number of grain yards on the head of millet

spike/piece 90~110

Average diameter of millet agglomerates/mm 8.4
Average grain diameter/mm 1.48

Plant moisture content/% 26.8~28.7
Grain moisture content/% 14.9~17.4

Mass of 1000 grains/g 2.98

The real object of the longitudinal axial flow staggered millet flexible threshing device
test-bed is shown in Figure 10.

Figure 10. Physical drawing of the millet flexible threshing device test bench.

3.2. Test Purpose

Through the single factor experiment on the threshing device, it was determined
that the key influencing factors on the millet agglomerates rate, damage rate, and non
threshing undelivered net loss rate were: feeding amount, drum speed, and threshing
clearance. The optimal level of each factor was determined, in which the optimal level range
of feeding amount is 0.8~1.8 kg/s, the optimal level of drum speed is 650~950 r·min−1,
and the optimal level of threshing clearance is 8~16 mm. In order to further explore the
joint influence law of the main threshing parameters on threshing effect, an orthogonal
regression rotation combination design experiment was adopted to achieve the purpose.

3.3. Test Method

Before the test, calculate and weigh the grain amount of a single test according to the
feeding amount, and then lay the millet plants evenly parallel to the feeding and conveying
direction. The conveyor belt shall reserve a 3 m long acceleration area. Adjust the rotating
speed of threshing drum to meet the test requirements. After its operation is stable, start
the conveyor belt to complete the process of conveying, feeding, threshing separation, and
receiving.

A regression orthogonal rotation combination experimental design was adopted [33,34].
Taking the feeding amount A, drum speed B, and threshing clearance C as test factors and
millet agglomerates rate y1, undelivered net loss rate y2, and damage rate y3 as evaluation
indexes, 23 groups of tests were completed. The test was carried out in accordance with
the national standard GB/T 5982-2017 thresher test method. Each test was repeated three
times, and the test results were taken as the average value. The better range of each factor
level is determined according to the single factor test, and the factor level coding table is
shown in Table 2.
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Table 2. Coad of factor level.

Code
Factor

A/(kg·s−1) B/(r·min−1) C/(mm)

1.682 1.8 950 20
1 1.6 890 17.5
0 1.3 800 14
−1 1 710 10.5
−1.682 0.8 650 8

Referring to the national standard GB/T 5982-2017 test method for the thresher, the
calculation formulas of millet agglomerates rate y1, undrained undelivered net loss rate y2,
and damage rate y3.

y1 =
m1

m
× 100% (7)

y2 =
m2

m
× 100% (8)

y3 =
m3

m0
× 100% (9)

In the formula, m1 is the grain weight of millet agglomerates in the mixture of stripped
products, g; m2 is the loss of grain quality without threshing, grain remaining on the ear
discharged from the grass outlet, g; m3 is the mass of damaged grain in the sample, g; m is
the total grain mass, g; m0 is the total mass of grain sampled, g.

3.4. Analysis of Test Results

The test scheme and its results are shown in Table 3. Among them, x1, x2, and x3
correspond to the coding values of A, B, and C respectively.

Table 3. Test scheme and results.

Serial
Number A B C y1/% y2/% y3/%

1 −1 −1 −1 5.65 1.8 0.62
2 1 −1 −1 5.1 0.71 0.32
3 −1 1 −1 5.98 1.42 0.9
4 1 1 −1 6.02 1.75 1.31
5 −1 −1 1 1.05 0.82 0.20
6 1 −1 1 2.533 1.8 0.42
7 −1 1 1 7.02 1.55 0.63
8 1 1 1 4.6 1.65 1.05
9 −1.682 0 0 6.1 0.46 1.52

10 1.682 0 0 2.51 0.75 1.91
11 0 −1.682 0 2.40 1.75 0.35
12 0 1.682 0 7.6 1.52 1.04
13 0 0 −1.682 5.5 1.54 0.55
14 0 0 1.682 5.5 1.54 0.10
15 0 0 0 3.02 1.54 0.49
16 0 0 0 3.49 1.61 0.48
17 0 0 0 3.2 1.42 0.48
18 0 0 0 4.4 1.48 0.31
19 0 0 0 4.85 1.58 0.39
20 0 0 0 3.12 0.51 1.42
21 0 0 0 3.58 1.49 0.58
22 0 0 0 2.95 1.51 0.63
23 0 0 0 3.3 1.57 0.53
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The software design expert 10.0.7 was applied to carry out multiple regression analysis
on the test data. The quadratic model of millet agglomerates rate y1, undelivered net loss
rate y2, and damage rate y3 was significant (p < 0.0001). The regression coefficient was
F-tested under the confidence of 0.05. The simplified regression equation obtained after
excluding the insignificant items as follows:

y1 = 3.54 − 0.698x1 + 1.171x2 − 0.590x3 + 0.593x2x3 + 0.566x2
2 + 0.474x3

2 (10)

y2 = 1.51 + 0.085x1 − 0.084x2 + 0.043x3 + 0.045x1x2 − 0.068x1x3 + 0.077x1
2 + 0.048x2

2 + 0.041x3
2 (11)

y3 = 0.48 + 0.11x1 + 0.23x2 − 0.106x3 + 0.081x1x2 + 0.074x1
2 + 0.106x2

2 (12)

3.4.1. Analysis of Variance of Regression Model

The analysis of variance of Formulas (10)–(12) was carried out, and the analysis results
are shown in Table 4. It can be seen from the table that the model mismatches of the
three indicators y1, y2, and y3 were p > 0.05, indicating that the model fitting effect of
the three indicators is good. The regression equation of indicator is p < 0.0003, and the
regression equation of indicators and is p < 0.0001, indicating that the regression equation
was extremely significant.

Table 4. Analysis of variance.

Index Source of Variation SS df MS F p

y1

Regression 44.06 9 4.9 8.8 0.0003
Surplus 7.23 13 0.56
Misfit 3.8 5 0.76 1.78 0.2242
Error 3.43 8 0.43
Total 51.29 22

y2

Regression 0.44 9 0.049 12.31 <0.0001
Surplus 0.051 13 0.0039
Misfit 0.014 5 0.0029 0.63 0.6861
Error 0.037 8 0.0046
Total 0.49 22

y3

Regression 1.36 9 0.15 12.03 <0.0001
Surplus 0.16 13 0.013
Misfit 0.092 5 0.018 2.04 0.1762
Error 0.072 8 0.0090
Total 1.53 22

The test results of partial regression coefficient of regression equation show that the
primary and secondary relationships of various factors on millet agglomerates rate y1 and
damage rate y3 were drum speed, feeding amount, and threshing clearance. The primary
and secondary relationships of each factor on the non threshing undelivered net loss rate
y2 were feeding amount, drum speed, and threshing clearance.

3.4.2. Analysis of the Influence of Various Factors on the Millet Agglomerates Rate

The relationship surface between each factor and millet agglomerates rate y1 is shown
in Figure 11. As can be seen from Figure 11a, the drum speed increased from 710 r·min−1

to 890 r·min−1, and the millet agglomerates rate showed a gradual increasing trend. With
the increase of the rotating speed of the drum, the speed and acceleration of the millet
plant in the threshing and separation space became larger, the resultant force of the millet
agglomerates on the ear became larger, the millet agglomerates and the ear handle were
easier to break, and the broken millet agglomerates were easier to pass through the concave
screen and fall into the aggregate box, resulting in the increase of the millet agglomerates
rate. The drum speed remained unchanged at a certain level, the feeding amount increased
from 1 kg/s to 1.6 kg/s, and the millet agglomerates rate decreased gradually. With
the increase of feeding amount, more grains entered the separation space per unit time,
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resulting in the increase of grain logistics density, the proportion of ear millet agglomerates
subjected to friction from each other in the threshing process increased, and the resultant
force was gentler, which reduces the possibility of millet agglomerates breaking from ear
head. At the same time, with the increase of grain logistics density, the broken millet
agglomerates do not easily pass through the concave screen, and continue to be threshed
by grinding in the threshing separation space, which is further conducive to the reduction
of millet agglomerates rate.

Figure 11. Influence of drum speed, feeding amount, and threshing clearance on millet agglomerates
rate. (a) the picture shows the influence of drum speed and feeding amount on millet agglom-
erates rate; (b) the picture shows the effect of threshing clearance and feeding amount on millet
agglomerates rate; (c) the picture shows the effect of threshing clearance and drum speed on millet
agglomerates rate.

As can be seen from Figure 11b, as the threshing gap increased from 10.5 mm to
17.5 mm, the millet agglomerates rate gradually decreased. With the increase of thresh-
ing clearance, the grinding and rubbing effect of grain in the threshing space decreased,
the rubbing force of millet agglomerates of ear decreased, and the possibility of millet
agglomerates and ear fracture decreased. At the same time, with the increase of threshing
clearance, the movement space of grain in the threshing space increased, and the millet
agglomerates weight was lighter, which is easier to be in the upper layer of the threshing
space, which can further reduce the millet agglomerates rate.

As can be seen from Figure 11c, when the threshing clearance is fixed to a certain level,
the millet agglomerates rate also decreased gradually with the decrease of drum speed,
indicating that there is a positive correlation between drum speed and millet agglomer-
ates rate.

3.4.3. Analysis on the Influence of Various Factors on Undelivered Net Loss Rate

The relationship surface between each factor and undelivered net loss rate is shown in
Figure 12. As can be seen from Figure 12a, when the drum speed increases from 710 r/min−1

to 890 r/min−1, the undelivered net loss rate of non-stripping tended to decrease gradually.
With the increase of drum speed, the intensity and frequency of grinding and rubbing of
grains in the threshing space gradually increased, and the threshing effect on grains was
further enhanced. Millet grains more easily fall off from the ear, which is conducive to
reducing the undelivered net loss rate of millet. When the rotating speed of the fixed drum
reached a certain level, the feeding amount increased from 1 kg/s to 1.6 kg/s, and the
undelivered net loss rate gradually increased. With the increase of the feeding amount,
the grain logistics density in the threshing space increased, the threshing element did not
thresh the grain completely, and the rubbing force on the ears between the grain layers
decreased, resulting in the increase of the undelivered net loss rate.
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Figure 12. Influence of drum speed, feeding amount, and threshing clearance on undelivered net loss
rate. (a) the picture shows the influence of drum speed and feeding amount on undelivered net loss
rate; (b) the picture shows the effect of threshing clearance and feeding amount on undelivered net
loss rate; (c) the picture shows the effect of threshing clearance and drum speed on undelivered net
loss rate.

As can be seen from Figure 12b, as the threshing gap increased from 10.5 mm to
17.5 mm, the undelivered net loss rate of non threshing decreased gradually. This is related
to the structure of the concave screen designed in this paper. The threshing gap increased,
the resultant force of the contact between the millet ear in the threshing unit and the
screening unit decreased in the axial direction, the acceleration of the grain logistics in
the axial direction decreased, the time of the grain logistics in the threshing space became
longer, and the threshing was more sufficient, which is conducive to the reduction of the
undelivered net loss rate of non threshing.

It can be seen from Figure 12c that when the threshing clearance was fixed to a
certain level, the non threshing loss decreased first and then increased with the increase
of drum speed, indicating that there was a negative correlation between drum speed and
undelivered net loss rate.

3.4.4. Analysis of Influence of Various Factors on Damage Rate

The relationship surface between each factor and damage rate y3 is shown in Figure 13.
As can be seen from Figure 13a, the damage rate increased significantly as the drum speed
increased from 710 r/min−1 to 890 r/min−1. With the increase of the rotating speed of the
drum, the intensity and frequency of the impact and grinding of the threshing element on
the grain flow located in the threshing separation space increase, resulting in the increase
of the damage rate of millet grains. When the rotating speed of the drum was fixed to a
certain level, the feeding amount increased from 1 kg/s to 1.6 kg/s, and the damage rate
increased slowly, but the increase was small. With the increase of feeding amount, the grain
logistics density increased, which leads to the increase of the resultant force of rolling and
rubbing of the ear being direct contact with the threshing element, and the enhancement of
rolling and rubbing effect leads to the increase of the damage rate.

As can be seen from Figure 13b, as the threshing clearance increased from 10.5 mm
to 17.5 mm, the damage rate gradually decreased. The reason is that with the increase
of threshing clearance, the grinding and rubbing effect of grains located in the threshing
space decreased, and the millet ears had a larger buffer space when impacted by the roller,
resulting in a smaller damage rate.

It can be seen from Figure 13c that when the fixed threshing gap was at a certain level,
the drum speed increased and the damage rate increased, indicating that the drum speed
was positively correlated with the damage rate.
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Figure 13. Influence of drum speed, feeding amount, and threshing clearance on damage rate. (a) the
picture shows the influence of drum speed and feeding amount on damage rate; (b) the picture shows
the effect of threshing clearance and feeding amount on damage rate; (c) the picture shows the effect
of threshing clearance and drum speed on damage rate.

3.4.5. Parameter Optimization Analysis of Threshing Device

Learn the theory of multivariate statistical analysis and establish a mathematical
model to optimize and analyze the millet agglomerates rate, undelivered net loss rate and
damage rate.

(1) Objective function

Using the mathematical model established in Formulas (10)–(12), the millet agglomer-
ates rate, undelivered net loss rate and damage rate are minimized under constraints, and
the objective functions min y1, min y2, and min y3 are established.

(2) Constraints

Indexes y1, y2, and y3 shall be greater than 0 while obtaining the minimum value
respectively. The coding value of each factor must be within the range selected by the test,
and the established constraints are

{
yj ≥ 0, (j = 1, 2, 3)
−1.682 ≤ xi ≤ 1.682, (i = 1, 2, 3)

(13)

The regression mathematical model was established according to Formula (13) and
optimized by using design expert 10.0.7 software. The weights of millet agglomerates rate
y1, undelivered net loss rate y2, and damage rate y3 were 0.4, 0.3, and 0.3 respectively. The
optimum parameter combination was optimized and determined as follows: the feeding
amount was 1.3 kg/s, the rotating speed of the drum was 762 r/min−1, and the concave
clearance was 15 mm. At this time, the millet agglomerates rate of millet was 2.92%, the
undelivered net loss rate of undrained grain was 1.58% and the damage rate was 0.37%.

3.5. Verification Test

The optimal parameter combination of software optimization did not appear in the
test, so it is necessary to carry out verification test. The results are shown in Table 5.
The verification test results are close to the software optimization results. Within the
allowable error range, it is considered that the test results are consistent with the software
prediction results.
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Table 5. Verification test results.

Test Serial Number
Index

y1/% y2/% y3/%

Estimate 2.92 1.58 0.37
Test 1 2.89 1.57 0.39
Test 2 2.91 1.59 0.41
Test 3 2.93 1.61 0.36

4. Conclusions

(1) Aiming at the existing problems of millet threshing, a longitudinal axial flow staggered
flexible threshing device for millet was designed. Compared with traditional threshing
devices such as peg-tooth axial flow threshing and separating unit, bar threshing
device, and 5GJT-400 millet thresher, it has the following advantages: the threshing
element material of the drum adopts wear-resistant rubber, and the threshing process
is gentler. The concave screen is a micro rotating circular tube concave screen. The
concave screen screening unit can rotate, and the concave screen support device can
micro move. The whole system uses the grinding principle to thresh. The device can
meet the requirements of low millet agglomerates rate, low undelivered net loss rate,
and low damage rate.

(2) The key structural parameters of the threshing drum and flexible micro motion
concave were designed and analyzed, and the dynamic analysis of grain located on
the side of top cover at any time was carried out by using the principle of d’Alembert.
The results showed that the effect of the threshing element of the drum and screening
unit of the concave screen on grain and the gravity of grain, the friction characteristics
between grains, the structural parameters of the threshing element and screening unit,
and the motion track of grain in the separation space acceleration are related.

(3) Through the analysis of the test results, it was found that the primary and secondary
relationships of each factor on the millet agglomerates rate and damage rate were
drum speed, feeding amount, and threshing clearance. The primary and secondary
relationships of the influence of various factors on the undelivered net loss rate of
non-threshing were feeding amount, drum speed, and threshing clearance.

(4) For millet plants with grain moisture content in the range of 14.9~17.4%, the optimal
parameter combination of longitudinal axial flow staggered millet flexible threshing
device is as follows: feeding amount of 1.3 kg/s, drum speed of 762 r/min−1 and
concave clearance of 15 mm. At this time, the millet agglomerates rate of millet was
2.92%, the undelivered net loss rate of non-threshing was 1.58%, and the damage rate
was 0.37%.
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Abstract: The middle and lower reaches of the Yangtze River are the main production area of rapeseed.
Small windrowers with two tracks are adopted in this area, which have lower efficiency. With the
advancement of large-scale rape planting, medium and large windrowers are urgently needed;
however, most medium and large windrowers are wheeled machines which have poor adaptability
to sticky soil in rice–rape rotation areas. Therefore, a wheel-track high clearance chassis for rape
windrower was developed. Theoretical analysis and simulation of the main performance of this
chassis were investigated. Mathematical models of the relationship between the chassis eccentricity
and running resistance, uphill and downhill angle and the height of obstacle were established. Then,
three-dimensional modeling and dynamic simulations of a wheel-track high clearance chassis of
a rape windrower in wet clay soil were carried out based on Pro/E and RecurDyn software. The
simulation results indicated that when the chassis ran on flat hard road at the same speed, eccentricity
had little effect on average walking speed; the coefficient variation of speed decreased with the
increase of eccentricity, while the driving torque and its coefficient variation decreased first and
then increased. The minimum driving torque and the coefficient variations were obtained when
the eccentricities were 1484 mm and 1584 mm. Field experiments were carried out on two kinds of
ground. The results showed that on flat hard road, the speed of the wheel-track high clearance rape
windrower was 0~20.22 km/h, the minimum turning radius was 5.965 m; on rice stubble field with
38.7% water content, the working speed was 0~9.12 km/h, the minimum turning radius was 6.498 m,
and the climbing angle was over 20◦. All parameters of the wheel-track high clearance chassis met
the design specifications, and the working efficiency increased over 100% compared with the existing
two-tracked rape windrower. A new kind of rape windrower for the middle and lower reaches of the
Yangtze River was provided.

Keywords: wheel-track high clearance chassis; walking performance; climbing angle; simulation;
rape windrower

1. Introduction

The existing chassis of rape windrowers is divided into two types: two tracked chassis
and four wheeled high clearance chassis. A two tracked chassis has strong adaptability to
soil, which is mainly applicable to rape windrower in the middle and lower reaches of the
Yangtze River. A four wheeled high clearance chassis is mainly used for rape windrower
of dry-land cultivation in northern China [1,2]. With the gradual advancement of land
transfer, rape planting areas in rice–oil rotation regions of the Yangtze River Basin have
been expanding, so medium and large-sized harvesting equipment is urgently needed.
Most of the large-sized rape windrowers have wheeled chassis, which are not suitable for
sticky and heavy soil with high moisture content. They sink and slip easily and cannot
work well [3–5]. In this paper, a wheel-track high clearance chassis is proposed. Triangular
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tracks and rubber tires are combined to make full use of the high passing of the track and
the flexibility of the wheel.

In China, research on wheel-track structure has mainly focused on mobile robots.
Conversion mechanisms of different walking forms such as wheel, track and leg have been
designed, motion equations in various states have been constructed, and various virtual
prototypes have been established. The step walking performance, stability and power
consumption of each walking mechanism under different working environments have been
analyzed [6–11]. All these studies investigated the machines used in workshops or setting
hard roads.

In recent years, in order to increase the walking performance and adaptability of
agricultural machinery equipment, research on agricultural machinery chassis under vari-
ous working environments has been carried out. Theses chassis were used for sugarcane
harvesting, orchard plant protection and harvesting, forest land slope operation, coal mine
underwater operation and so on. A triangle tracked chassis for a sugarcane harvester was
designed by Bai Yuanqiang. The adaptability of a triangle track and flat track combination
to slope ground was better than that of a traditional track sugarcane harvester [12]. A four
triangular tracked camellia fruit picking machine with good adaptability to southern gentle
slope land was developed by Cai Gangchu [13]. A two triangle tracked orchard chassis
was designed by Wang Feng and the performance met the actual requirements of orchard
work [14]. A wheel-track high clearance chassis of a paddy field sprayer was designed by
Zeng Shan, and the theoretical analysis of steering performance was carried out. The force
analysis of trapezoidal support under load was carried out to optimize the walking device.
The minimum turning radius of this machine was 3380 mm [15]. A multifunctional power
chassis for orchard was designed by Hao Chaohui. The turning performance, stability
performance and ridge crossing performance of the chassis were analyzed theoretically.
The minimum turning radius was 2000 mm and the maximum climbing angle was 24◦ [16].
The performance analysis of the tracked tractor climbing obstacle was carried out by Pan
Guanting. The relationship between the obstacle height, slope angle and the centroid
position of the tractor was obtained by simulation, and the obstacle heights under different
speeds and ramp angles were also obtained [17].

Several kinds of chassis, such as four triangular tracked flat tracked chassis or two-
wheeled two-tracked type chassis, are widely used for large tractors, harvesters and seeders,
which provide greater ground contact and effectively reduce grounding pressure and soil
damage. The John Deere 9620RX four triangular tracked tractor, C100 two-wheeled two-
tracked harvester, CASE 6088 two triangular tracked two wheeled harvester and CLAAS
LEXION770 two flat tracked two wheeled harvester have advantages.

It follows that research on wheeled and tracked chassis in China or abroad are mainly
applied to special function robots and some farm machinery for woodland, orchards or
large farms in dry land areas. However, this kind of chassis is seldom used for high
clearance machines.

In this paper, a detailed analysis of the walking performance and stability performance
of a high clearance chassis for rape windrower was carried out, which provided a basis for
the development of large-scale rape windrowers in the Yangtze River Basin.

2. Performance and Simulation Analysis of Chassis
2.1. Structure and Working Principle of a Wheel-Track High Clearance Chassis for Rape Windrower

The structure of a wheel-track high clearance chassis for rape windrower is shown
in Figure 1. It mainly includes two parts: swath header and wheel-track high clearance
chassis. The front walking mechanisms are two triangle tracks, which are the driving parts;
the back walking mechanisms of the chassis are two rubber tires which are follower wheels.
The chassis is also composed of the engine, the pump motor power system, the chassis
frame, the header suspension frame, and the fuel tank.
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Figure 1. Structural diagram of a wheel-track high clearance rape windrower. (A) Main view;
(B) Vertical view (removal of cab and frame top cover).

Triangular tracks are driven by a hydraulic system to pull the machine forward and
backward. The steering mechanism is driven by a hydraulic system with a selector valve,
which is controlled by the steering wheel in the cab. The rubber tires are deflected by the
steering mechanism to steer the machine. When the machine works, the cutter cuts the
crops down, which are then moved to the middle gap by the conveyor belt on both sides of
the header. Therefore, the chassis not only needs the functions of walking, climbing and
crossing the terrain, but also needs enough space to let the plants that have been cut lay
smoothly under the chassis. The specific structural parameters and technical indicators are
shown in Table 1.

Table 1. Main technical parameters of the wheel-track high clearance chassis.

Parameters/Units Numerical Value (Manner)

Power/kW 68
Driving mode Two-track drive
Steering mode Rear-wheel steering

Walking mechanism Wheel-track combination
Minimum ground clearance/mm 970

Front track gauge/mm 2090
Rear wheel gauge/mm 2646

Wheelbase 2950
Uphill and downhill angle/◦ 20

Walking speed/km/h ≥20

2.2. Analysis of Driving Resistance
2.2.1. Analysis of Wheel and Track Load

The force diagram of the chassis frame and swath header (located in the harvesting
state) on the horizontal ground is shown in Figure 2. O1 and O2 are, respectively, the force
points of the frame on the triangular track and wheel, O3 is the center of gravity of the
header, and O4 is the center of gravity of the chassis. Two equations are used to explain the
balance at steady state, as below.

{
Ft + Fw = G3 + G4
G3l1 + FwL = G4e

(1)

After calculating: {
Fw = G4e−G3l1

L

Ft =
(G3+G4)L−G4e+G3l1

L

(2)

where l1 is the horizontal distance between the gravity center of the swath header and
the action point of the track on the frame, 1880 mm; L is wheelbase, 2950 mm; e is the

287



Agriculture 2022, 12, 1150

eccentricity of the chassis frame (chassis frame: swath header, tires and tracks are not
included), which is the horizontal distance between the gravity center of the chassis frame
and the center point of the track, mm; all the eccentricities mentioned below are equivalent
to e; G3 is the weight of header and G4 is the weight of chassis frame, which may be taken
as 10,000 N and 20,000 N, respectively. Fw, Ft are the forces applied by the wheel and the
track, respectively, to the frame, N.
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produced on the track, which is related to the force bearing point from the chassis frame 
and the geometric center of the track [18–21]. The motor output shaft is connected to the 
triangular track’s driving wheel to transmit torque and force. The projection of the drive 
wheel center on the ground coincides with the projection of the track geometric center on 
the ground. The schematic diagram of the interaction force between a single triangular 
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where dF  is the deformation resistance of soil caused by ground extrusion of tack mi-
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2.2.2. Analysis of Driving Resistance

When the track is running, the soil is compacted and the compaction resistance is
produced on the track, which is related to the force bearing point from the chassis frame
and the geometric center of the track [18–21]. The motor output shaft is connected to the
triangular track’s driving wheel to transmit torque and force. The projection of the drive
wheel center on the ground coincides with the projection of the track geometric center on
the ground. The schematic diagram of the interaction force between a single triangular
track and the ground is shown in Figure 3.
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The differential formula of soil deformation resistance to the front guiding wheel
pressed into the internal arc area of soil can be established from Figure 3 [20]:

dFRC = p′bdS (3)

where dFRC is the deformation resistance of soil caused by ground extrusion of tack mi-
croelement connection, kN; p′ is per unit area ground pressure of track, kPa; b is the width
of track; dS is microelement arc length in extruded soil in the front of guide wheel, m.

It can be seen from Figure 3:
dS = rdα (4)

where r is radius of guiding wheel, m. dα is the microelement angle between the radius of
any part of the guiding wheel and the radius perpendicular to the ground, rad.

Track subsidence depth of any part in the calculation range:

Z‘ = rcosα− rcosα0 = r(cosα− cosα0) (5)
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where Z‘ is the rack subsidence depth, m. a0 is the angle between the radius of the guiding
wheel contacted with the ground and the radius perpendicular to the extruded ground,
rad. α is the angle between the radius of any point and the radius perpendicular to the
extruded ground.

The relationship between ground pressure p′ and subsidence depth for any part of the
track is as follows:

p′ =
(

Kc

b
+ Kϕ

)(
Z′
)n (6)

where Kc is the deformation modulus determined by viscous composition of soil, kN/mn+1.
Kϕ is the deformation modulus determined by frictional elements of soil, kN/mn+2. n is
soil deformation index. b is the width of track.

Insert Equation (5) into Equation (6):

p′ =
(

Kc

b
+ Kϕ

)
rn(cosα− cosα0)

n (7)

It can be seen from Figure 3 that the horizontal resistance differential equation of soil
deformation is:

dF′RC = dFRCsinα = p′b sin αdS (8)

Insert Equations (4) and (7) into Equation (8):

dF′RC = b
(

Kc

b
+ Kϕ

)
rn+1(cosα− cosα0)

n sin αdα (9)

The horizontal deformation resistance is obtained by integrating Equation (9):

F′RC =
∫ α0

0
dF′RC =

b
n + 1

(
Kc

b
+ Kϕ

)
rn+1(1− cos α0)

n+1 (10)

It can be seen from the geometrical relationship of Figure 3:

cos α0 =
r− Zmax

r
(11)

where Zmax is the maximum subsidence depth, m.
Insert Equation (11) into Equation (10):

F′RC =
b

n + 1

(
Kc

b
+ Kϕ

)
Zn+1

max (12)

According to Equations (6) and (12), the horizontal deformation resistance of one of
the tracks is:

F′RC =
b

n + 1
PmaxZmax (13)

where Pmax is the maximum ground pressure, kPa.
The machine has two tracks, and the gravity center of the track coincides with the

geometric center in the horizontal direction. Track ground contact pressure is assumed to
be uniform, and the average contact pressure can be calculated according to the following
equation.

Pa =
G

2bLa
(14)

where G is the combined forces of gravity and vertical load on two tracks, kN.
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The average subsidence depth is as follows:

Za =


 G

2bLa

(
Kc
b + Kϕ

)




1
n

(15)

where Za is the average subsidence depth.
Insert Equations (14) and (15) into Equation (13), and the soil resistance of a single

track is:
F′RC =

b
n + 1

PaZa (16)

Therefore, the total soil resistance of the two tracks is:

F′RC =
2b

(n + 1)
(

KC
b + Kϕ

) 1
n

(
G

2bLa

) n+1
n

(17)

It can be seen that increasing the track length is more effective than widening the track
to reduce the compaction resistance under the same ground pressure.

In addition to the resistance of soil deformation, the internal friction also generates
resistance during the driving process, which is proportional to the vertical force on the
track as Equation (18).

FRF = f0G (18)

where FRF is the friction resistance of the track, N; f0 is internal friction resistance coefficient
of track (generally, f0 = 0.07).

Therefore, the total resistance of the track when it walks is:

FR = F′RC + f0G =
2b

(n + 1)
(

KC
b + Kϕ

) 1
n

(
G

2bLa

) n+1
n

+ f0G (19)

where G = Ft + Gt the total weight of two tracks Gt = 8800 N, Ft can be found from
Equation (2), soil deformation modulus K = KC

b + Kϕ. Test value of viscous soil is selected
as 90 kN/mn+2, soil deformation index n = 0.5 [20].

2.3. Performance Analysis of Uphill and Downhill

The longitudinal stability is an important indicator of the high clearance machine,
and it also reflects the uphill and downhill performance of the machine. For climbing
performance, in addition to considering the traction performance of the machine, safety is
more important. It should meet the following two points, i.e., that the machine can go up
or down the slope safely. Firstly, the whole machine does not flip, and the contact force
between the front track and the ground should be greater than 0 when it is uphill, and the
contact force between the rear wheel and the ground should be greater than 0 when it is
downhill. Secondly, the triangular track does not turn 360◦ around driving shaft. Because
the front track is only connected with the frame through the central axis O1 of the driving
wheel, the triangular track can rotate 360◦ around O1. In order to ensure that the track does
not flip entirely, it is necessary to ensure that the intersection of the extension line of force
sustained by the track at O1 and the slope should be in the contact surface of the track and
slope [22].

When the machine goes up or down the slope, the header would rise to the highest
position, and the gravity center of the header rises too. The stress diagram is shown in
Figure 4.
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2.3.1. The Whole Machine Stability Analysis of Uphill and Downhill

When the machine is in the critical condition of uphill, the force between the front
track and ground is 0. The tire is regarded as a rigid body, and the moment-equilibrium
equation is:

G3 sin β(h1 + h4) + G1 sin βh4 + G4 sin β(h2 + h4) + G2 sin βh5 = G3 cos β(l1 + L) + G1 cos βL + G4 cos β(L− e) (20)

So:

tan β =
G3(l1 + L) + G1L + G4(L− e)

G3(h1 + h4) + G1h4 + G4(h2 + h4) + G2h5
(21)

where G1, G2 are weights of track and wheel, 8800 N and 1200 N, l1 is distance along X
axis between gravity center of header and the force bearing point of track, 1957 mm; L is
wheelbase, 2950 mm; h1 is the distance along Y axis between gravity center of header and
triangle track rotation center of 808 mm (header is in lifting position); h2 is the distance
along Y axis between gravity center of chassis frame and triangle track rotation center,
873 mm; h4 is the distance along Y axis between triangle track rotation center and ground.
h5 is the distance along Y axis between the tire center and the ground, 497.5 mm.

Putting the known values in Equation (21), the maximum angle of the slope that the
machine can climb is:

βup = tan−1 13403− 2e
5050.34

(22)

The calculation of downhill critical angle is similar to that of uphill. If the whole
machine is unstable when going downhill, the chassis frame and header would flip around
the drive shaft of the track. When the contact force between the rear wheel and ground is 0,
the torque balance equation of the critical state is:

G3 sin βh1 + G3 cos βl1 + G4 sin βh2 + G2 sin β(h4 − h5) = G4 cos βe + G2 cos βL (23)

We can get:

tan β =
G4e + G2L− G3l1

G3h1 + G4h2 + G2(h4 − h5)
(24)

The known parameters are substituted into Equation (24):

βd = tan−1 2e− 1603
2569.66

(25)
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2.3.2. The Track Stability Analysis of Uphill and Downhill

The contact area and contact force between the track and ground change a lot when
the machine is on the slope compared with that on the flat ground. In order to ensure that
the track does not flip, the force at point O1 needs to be determined first. From the above
analysis, it can be seen that the rear wheel is a slave wheel without driving force, and the
walking resistance is much smaller than that of the track. The ground support reaction
force of the wheel is much larger than the frictional resistance, so the support reaction force
of the wheel on the frame is simplified to the force perpendicular to the slope. The stress
analysis of the frame is shown in Figure 5.
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The moment balance equations are as below:




G3 sin β + G4 sin β− Fxt = 0
Fyt + Fw − G3 cos β− G4 cos β = 0

G3 sin βh1 + G4 sin βh2 + G4 cos βe− G3 cos βl1 − FwL = 0
(26)

where Fxt, Fyt are forces of track on frame in X and Y direction, N. Fw is the force of rear
wheel on frame, N; h3 is the distance along Y axis between force bearing point of the wheel
and the centroid of chassis, mm.

After calculation, Fxt and Fyt can be expressed as below:

Fxt = G3 sin β + G4 sin β (27)

Fyt =
G3 cos β(L− l1) + G4 cos β(L− e)− G3 sin βh1 − G4 sin βh2

L
(28)

The force sustained by the track from the chassis frame and its own gravity is shown
in Figure 6. The triangular track is subjected to the ground force, the frame reaction force
F′xt, F′yt and its own gravity Gt. The track is arranged symmetrically on the left and right
sides, and the distance from the center of the driving axle to the center of its gravity point
O5 is h′2. When the triangular track reaches the critical flipping position, it contacts the
ground only at point Q. Therefore, the requirement that the triangular track does not flip
itself is: (

F′yt + Gt cos β
)

l′1 > F′xth
′
1 + Gt sin β

(
h′1 − h′2

)
(29)

where F′xt and F′yt have equal values but opposite directions with Fxt and Fyt, l′1 is the
distance from the track driving center to the only contact point of track and ground along
X axis, 550 mm; h′1 is the distance from track driving center to the ground along Y axis,
633 mm; h′2 is the distance from track driving center to the gravity center along Y axis,
238 mm.
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According to Equations (27)–(29), an inequality can be derived as below:

tan β <
G3Ll′1 + G4Ll′1 + G3l1l′1 + GtLl′1 − G4l′1e

G3h1l′1 + G4h2l′1 + (G3 + G4)Lh′1 + GtL
(
h′1 − h′2

) (30)

The known parameters are substituted into the above equation:

tan β <
13403− 2e

14604
(31)

When the machine is uphill, the maximum angle that the triangle track can work
normally is as below:

βsup = tan−1 13403− 2e
14604

(32)

The analysis method of downhill is similar to that of uphill. The force schematics of
the rape windrower going downhill are shown in Figure 7, and the equation is established
as follows:





G3 sin β + G4 sin β− Fxt = 0
Fyt + Fw − G3 cos β− G4 cos β = 0

G3 sin βh1 + G3 cos βl1 + G4 sin βh2 − G4 cos βe + FwL = 0
(33)
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Results obtained by calculation as follows:

Fxt = G3 sin β + G4 sin β (34)
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Fyt =
G3 cos β(L + l1) + G4 cos β(L− e) + G3 sin βh1 + G4 sin βh2

L
(35)

The requirement that triangle track does not flip 360◦ when it is downhill is the same
as uphill: (

F′yt + Gt cos β
)

l′1 > F′xth
′
1 + Gt sin β

(
h′1 − h′2

)
(36)

So, the critical angle is:

tan β <
G3(L + l1)l′1 + G4(L− e)l′1 + Gtl′1L

G3Lh′1 + G4Lh′1 + GL
(
h′1 − h′2

)
− G3h1l′1 − G4h2l′1

(37)

The known parameters are substituted by values, then Equation (37) can be simplified
to the following:

tan β <
13403− 2e

9496
(38)

When the machine is downhill, the maximum angle where the triangle track does not
flip 360◦ is:

βsd = tan−1 13403− 2e
9496

(39)

From Equations (22), (25), (32) and (39), the relationship between the critical angle
of the uphill and downhill slope of the machine and the eccentricity of the chassis is
shown in Figure 8. The critical angle of uphill and downhill decreases with the increase
of chassis frame eccentricity; the critical angle of the triangular track downhill decreases
and that of uphill increases. In Figure 8, the vertical coordinate of point A is 20◦, which
is the minimum angle of uphill and downhill that the machine should satisfy, and the
corresponding horizontal coordinate is 1269 mm, which is the minimum eccentricity for the
chassis. With the increase of eccentricity, the limit angle of uphill and downhill of the whole
machine gradually increases, and the angle of uphill gradually decreases after reaching
point B. The eccentricity of the horizontal coordinate corresponding to point B is 1684.3 mm,
and the vertical coordinate is 34.5◦, which is the maximum angle uphill and downhill of
the whole machine.
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2.4. Performance Analysis of Ridge Crossing

There are great differences between a wheel-track chassis, a four-wheel chassis and a
double-track chassis. The schematic of a triangle track crossing ridge is shown in Figure 9.
It mainly experiences the following four stages when crossing the ridge [23].

In the first stage, the track contacts the steps, and the triangular track rotates clockwise
around the center of the rotation axis; the whole machine also rotates clockwise besides
moving forward. If one track and one tire are selected as the research objects, in this
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process, the contact between the machine and ground changes from one point (contact
point between wheel and ground) and one face (face and face contact between the track
and ground) to two lines and one point, namely lines A and B in Figure 9 and the contact
point between wheel and ground.
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Figure 9. Schematic of triangular track crossing the ridge.

The second stage is the obstacle crossing process where the machinery continues to
move forward. The rotation angle of the triangular track increases until the counterclock-
wise torque is generated around O1 by the force exerted on the triangular track at point A,
then the contact force at point B gradually decreases to 0. In this process, the relationship
between the machine and ground changes from a three-point contact to two-point contact.

The third stage is the completion stage of track obstacle crossing. In this process, the
track gradually ascends and rotates counterclockwise around point O1 until it fully contacts
the ridge. The relationship between machine and ground changes from two-point contact
to point-surface contact.

The fourth stage is the completion stage of the whole machine obstacle crossing. As
the machine continues to move forward, the wheels make contact with the ridge and cross
to complete the whole process of an over-obstacle.

It is necessary to ensure that the triangular track does not flip itself when the machine
crosses the ridge completely, and the height of the obstacle is less than the radius of the rear
wheel. Therefore, the following conditions should be satisfied between the ridge height
and the triangular track parameters:

{
H = (l′1 − h′2 tan β) sin β + (r′ − r′ cos β)

H < h5
(40)

In the formula, H is the height of an obstacle that the machine can cross, mm; r′ is the
distance from the center of guiding wheel to ground, 245 mm; β is the angle between the
track and ground.

According to Equation (32), we can see the angle range at which the track does not
flip 360◦ when uphill. According to Equation (40), the maximum height of the obstacle can
be obtained. It is also known that the maximum height of the obstacle which the machine
can cross is related to the mechanism parameters and eccentricity of the chassis. When
the chassis structure parameters are determined, the relationship between the maximum
obstacle height and eccentricity is as follows:





tan β = 13403−2e
14604

Hmax = (550− 238 tan β)

√
tan2 β

1+tan2 β
+ 245

(
1−

√
1

1+tan2 β

) (41)

When the eccentricity increases, the critical angle of flipping 360◦ of the triangle track
decreases, and the obstacle height decreases.

295



Agriculture 2022, 12, 1150

2.5. Analysis of Turning Performance

When the machine turns, it should avoid additional resistance with the ground and
require the wheel (track) to roll purely without sliding, so the turning movement process
conforms to Ackermann steering geometry and the axes of all wheels intersect at the center
of rotation [24]. When the machine turns, rear wheels are active steering, one of them is
deflected by index cylinder, and the other one is deflected by four-bar linkage, while the
front tracks steer by differential. Taking the right turning as an example, the turning plane
is shown in Figure 10.
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Figure 10. Diagram of turning.

According to the geometric relationship:




L =
(

R− B1
2

)
tan δR

L =
(

R + B2
2

)
tan δL

(42)

where R is turn radius, distance from turning center point to chassis center line, m; B1 is
the distance of two tracks, m; B2 is the distance of two rear wheels, m; δL is the left back
steer angle, rad; δR is the right back steer angle, rad.

In order to satisfy the above equations, the turn angles δL and δR of the outer and inner
wheels should meet the following requirements:

δR = cot−1
(

cot δL −
B2

L

)
(43)

When steering, any point of the machine rotates around point O0, and if the windrower
steering angular velocity is named ω, the speed of the two tracks and two wheels are
as follows: 




v1 = ω
(

R− B1
2

)

v2 = ω
(

R + B1
2

)

v3 = ω

(
R− B2

2
cos δR

)

v4 = ω

(
R+ B2

2
cos δL

)
(44)

where v1, v2, v3, v4 are speeds of wheels and tracks, B1 is the distance of two tracks.
Therefore, the speed relationship of the left and right tracks is:

v1

v2
=

R1

R1 + B1
(45)
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The geometric relationship in Figure 10 shows:

R1 = L cot δR +
B2 − B1

2
(46)

Put Equation (46) into Equation (45), and the speed ratio of two tracks can be obtained as:

v1

v2
=

2L cot δR + B2 − B1

2L cot δR + B2 + B1
(47)

The theoretical turn radius is:

R = L cot δR +
B2

2
(48)

Equation (48) shows that the theoretical turn radius is related to the steering angle and
the center distance between two rear wheels. The larger the turn angle is, the smaller the
turning radius becomes. Putting known values L = 2950 mm, δR = 35◦, B2 = 2646 mm
into Equation (48), the minimum turn radius 5537.28 mm can be gained.

2.6. Kinematics Simulation and Analysis
2.6.1. Creation of Simulation Model

A three-dimensional solid model is created based on Pro/E software, and the model is
exported in Parasolid (*.x-t) format. Then, the model is imported into software RecurDyn,
maintaining the assembly relationship and simplifying the solid model [25–29]. As the
model is simplified, the weight of the machine is quite different from the actual weight, so
it is reset according to the actual weight of the machine [30].

The front triangle track is built in Track (LM) module of RecurDyn, the wheel model is
built in Tire module, and the constraints and traction between components are built [31,32].
The track system is connected with the frame by rotating join. The track drives the move-
ment of each link through the rotation of the driving wheel to pull the machine forward.
The modeling is shown in Figure 11. The driving function of two tracks is: step (time, 0, 0,
1.5, −3.32), which means that the speed of the driving wheel increases from 0 to 3.32 rad/s
in the period of 0~1.5 s.
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Figure 11. Three-dimensional model of a rape windrower.

2.6.2. Simulation Analysis of Walking on Flat Ground

Clay soil model is selected as track contact soil. With the increase of eccentricity, the
ability of crossing ridge is reduced. Therefore, the eccentricity is set based on the points
A and B in Figure 8. Simulations are operated at 100 mm increments from 1184 mm to
1784 mm. A single factor simulation test is carried out with test indexes of walking speed
and driving torque. The simulation time is set as 15 s and the number of steps is set as 100.
The simulation results of the walking speed and the driving torque of a single track when
the chassis eccentricity is 1184 mm, 1484 mm and 1784 mm are shown in Figures 12 and 13.
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Figure 13. Driving torque with different eccentricities.

In Figures 12 and 13, the blue curves are velocity–time curve and torque–time curve at
eccentricity of 1184 mm, the green curves are velocity–time curve and torque–time curve at
eccentricity of 1484 mm, and the red curves are velocity–time curve and torque–time curve
at eccentricity of 1784 mm. It can be seen that with the increase of eccentricity, the smoother
the velocity and torque become.

When the system is stable, the average speed and average driving torque of the
simulation during 3~14 s are selected. The average speed is calculated as follows:

v =
1
n ∑n

i=1 vi (49)

where v is the average speed, mm/s; vi is instantaneous speed of each sampling point,
mm/s; n is the number of sampling points.

The relationship between eccentricity and average speed and average driving torque
is shown in Figure 14.
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Figure 14. Relationship between speed, torque and eccentricity.

With the increase of eccentricity, the average speed of the machine changes very little.
When the eccentricity is 1284 mm, the maximum speed is 1081.6 mm/s. The average driving
torque decreases first and then increases slowly with the increase of eccentricity. When
the eccentricity is 1484 mm, the minimum driving torque of a single track is 816.26 N·m.
Inserting this value of eccentricity into Equations (2) and (19), the theoretical driving
resistance of the track is 5789 N. As the diameter of the driving wheel is 577 mm, the
theoretical driving torque of a single track is 835.1 N·m. The internal friction of the machine
is not considered in the simulation, so the value of simulation is smaller than that of the
theoretical calculation, which verifies the correctness of the theoretical calculation.

Average speed and torque reflect the performance of the machine in a period of
time. Regular vibration occurs when the track links make contact with the ground, so the
instantaneous speed and torque have large differences, and coefficient variation (CV) can
be used to judge the instantaneous stability which is calculated in Formulas (50) and (51).

S =

√
1

n− 1 ∑n
i=1(vi − v)2 (50)

where S is speed standard deviation.

CV =
S
v
× 100% (51)

where CV is coefficient variation of speed.
The calculation method of torque coefficient variation is the same as that of the speed

coefficient variation.
The relationship between the coefficient variation of speed and torque and eccentricity

is shown in Figure 15. The coefficient variation of speed decreases with the increase of
eccentricity, and the stability becomes better and better. When the eccentricity is less
than 1384 mm, the coefficient variation of speed varies significantly with the eccentricity.
When the eccentricity is over 1384 mm, the change is slow and tends to be stable. The
coefficient variation of driving torque decreases first and then increases with the increase of
eccentricity. When the eccentricity is 1584 mm, the smallest coefficient variation is obtained,
so the stability is the best.

The mechanical analysis shows that the eccentricity has a great influence on the driving
resistance, stability, climbing performance and obstacle crossing ability of the machine.
The simulation analysis of the machine walking in sticky soil shows that the eccentricity
has little influence on the average walking speed, but has great influence on the speed
stability, average driving torque and driving torque stability. When the values of eccentricity
are 1484 mm and 1584 mm, the value of minimum driving torque is 816.26 N·m and its
coefficient variation is 140.99%.
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According to the analysis of Section 2.3.2, when the uphill and downhill angle of
the machine meets the design requirement of 20◦, the eccentricity should be greater than
1269 mm. The maximum uphill and downhill angle can be obtained when the eccentricity
is 1684.3 mm. In summary, taking driving torque as the main reference, and considering
other indicators, the eccentricity is selected as 1500 mm. Therefore, the working parts can
be arranged according to this eccentricity.

2.6.3. Simulation of Uphill and Downhill

The simulation of uphill and downhill is carried out with the eccentricity of 1500 mm,
as in Figures 16 and 17. The normal uphill and downhill states are shown in Figures 16A
and 17A. The instability state of uphill and downhill is shown in Figures 16B and 17B.
When the machine is uphill, the triangle track is unstable first, and the track flips around the
driving axle. When the machine is downhill, the chassis frame flips around the driving axle
first, which is consistent with the theoretical calculation results and verifies the correctness
of the theoretical calculation.

Agriculture 2022, 12, x FOR PEER REVIEW 17 of 21 
 

 

machine flips, the subsidence depth of the whole track does not change much, so the tri-
angle track is relatively stable. The deviation between the simulation value and theoretical 
value is mainly affected by vibration factors in movement. 

  

Figure 16. Uphill simulation. (A) Stable uphill state; (B) Unstable uphill state 

  
Figure 17. Downhill simulation. (A) Stable downhill state; (B) Unstable downhill state 

3. Test Results and Discussion 
3.1. Walking Performance 

In order to test the walking performance of the wheel-track high clearance chassis of 
this rape windrower, experiments were carried out on hard flat road and rice stubble field, 
as shown in Figures 18 and 19. The rice stubble field was located in Comprehensive 
Demonstration Base of Rice and Wheat Science and Technology in Taizhou, Jiangsu, 
China. It was a rice stubble field after full straw returning. Soil physical parameters were 
as follows: moisture content was 38.7%, average soil hardness at 15 cm depth was 1233.4 
kPa, average soil hardness at 30 cm depth was 1654.8 kPa, and the stubble height of rice 
was less than 10 cm. 

First, the driver increased the speed to the top value of the corresponding gear posi-
tion in the preparatory area. Then, the machine passed through the 20 m test area at a 
uniform speed, and the passing time was recorded. This process was repeated three times. 
The three 20 m passing times on hard flat ground of walking gear were 3.61 s, 3.48 s and 
3.59 s; the average speed was 20.22 km/h. The three 20 m passing times of working gear 
on rice stubble field were 7.71 s, 7.56 s and 8.40 s and the average speed was 9.12 km/h, 
which satisfied the design index. 

Figure 16. Uphill simulation. (A) Stable uphill state; (B) Unstable uphill state.

Agriculture 2022, 12, x FOR PEER REVIEW 17 of 21 
 

 

machine flips, the subsidence depth of the whole track does not change much, so the tri-
angle track is relatively stable. The deviation between the simulation value and theoretical 
value is mainly affected by vibration factors in movement. 

  

Figure 16. Uphill simulation. (A) Stable uphill state; (B) Unstable uphill state 

  
Figure 17. Downhill simulation. (A) Stable downhill state; (B) Unstable downhill state 

3. Test Results and Discussion 
3.1. Walking Performance 

In order to test the walking performance of the wheel-track high clearance chassis of 
this rape windrower, experiments were carried out on hard flat road and rice stubble field, 
as shown in Figures 18 and 19. The rice stubble field was located in Comprehensive 
Demonstration Base of Rice and Wheat Science and Technology in Taizhou, Jiangsu, 
China. It was a rice stubble field after full straw returning. Soil physical parameters were 
as follows: moisture content was 38.7%, average soil hardness at 15 cm depth was 1233.4 
kPa, average soil hardness at 30 cm depth was 1654.8 kPa, and the stubble height of rice 
was less than 10 cm. 

First, the driver increased the speed to the top value of the corresponding gear posi-
tion in the preparatory area. Then, the machine passed through the 20 m test area at a 
uniform speed, and the passing time was recorded. This process was repeated three times. 
The three 20 m passing times on hard flat ground of walking gear were 3.61 s, 3.48 s and 
3.59 s; the average speed was 20.22 km/h. The three 20 m passing times of working gear 
on rice stubble field were 7.71 s, 7.56 s and 8.40 s and the average speed was 9.12 km/h, 
which satisfied the design index. 

Figure 17. Downhill simulation. (A) Stable downhill state; (B) Unstable downhill state.

300



Agriculture 2022, 12, 1150

The simulation shows that the maximum climbing angle of the machine is 28◦, which
is about 8.5◦ smaller than the theoretical calculation value. When the track is uphill, the
combined force direction of the track deviates greatly from the track center line, which
leads to the uneven distribution of the pressure between the track and the ground. The
pressure on the latter part of the track is significantly higher than that on the front part.
Therefore, the subsidence depth is not uniform, as shown in Figure 16B. The flipping of the
track is not only affected by the slope angle, but also by the different subsidence depths of
the track; at the same time, the vibration in the movement process also affects the stability,
so the simulation angle is smaller than the theoretical calculation value.

The maximum downhill angle of the simulation is 26◦, which is about 2.5◦ smaller
than the theoretical calculation value. It can be seen from Figure 17B that even if the
whole machine flips, the subsidence depth of the whole track does not change much, so
the triangle track is relatively stable. The deviation between the simulation value and
theoretical value is mainly affected by vibration factors in movement.

3. Test Results and Discussion
3.1. Walking Performance

In order to test the walking performance of the wheel-track high clearance chassis
of this rape windrower, experiments were carried out on hard flat road and rice stubble
field, as shown in Figures 18 and 19. The rice stubble field was located in Comprehensive
Demonstration Base of Rice and Wheat Science and Technology in Taizhou, Jiangsu, China.
It was a rice stubble field after full straw returning. Soil physical parameters were as
follows: moisture content was 38.7%, average soil hardness at 15 cm depth was 1233.4 kPa,
average soil hardness at 30 cm depth was 1654.8 kPa, and the stubble height of rice was
less than 10 cm.
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First, the driver increased the speed to the top value of the corresponding gear position
in the preparatory area. Then, the machine passed through the 20 m test area at a uniform
speed, and the passing time was recorded. This process was repeated three times. The
three 20 m passing times on hard flat ground of walking gear were 3.61 s, 3.48 s and 3.59 s;
the average speed was 20.22 km/h. The three 20 m passing times of working gear on rice
stubble field were 7.71 s, 7.56 s and 8.40 s and the average speed was 9.12 km/h, which
satisfied the design index.

3.2. Climbing Test

The climbing performance test was carried out on the ground shown in Figure 20.
Two steel plate tracks with a length of 6 m and a width of 0.8 m and four supporting legs
were used to build the ramp. The large slope angle adjustment was realized by changing the
supporting legs at different heights. The slope fine-tuning was implemented by changing
the installation position of legs. In order to avoid danger, a limit block was installed on the
side of the triangular track to prevent security accidents caused by automatic flipping of
the track during climbing.
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In the experiment, the machine could climb up the 20◦ slope with a slow speed, and
the design performance of the machine was satisfied.

3.3. Turning Radius Test

Turning tests were conducted on the flat hard road and rice stubble field respectively.
According to the minimum turning radius measurement method of GB/T3871.5-93 Test
methods for agricultural wheeled and tracklaying tractors, the machine was driven at a low and
uniform speed; at the same time, the steering wheel was respectively turned to the left or
right limit positions. The machine drove out of the experiment block after it finished a
whole circle path. Then, the turning radius of the inner track of the machine was measured.
The experiments on two fields were both conducted three times; the results are shown in
Table 2.

Table 2. Turning radius of inner track.

Serial Number 1/mm 2/mm 3/mm Average
Value/mm

Flat and hard
road

Left-turn 4950 4880 4890 4906.7
Right-turn 4960 4900 4900 4920

Rice stubble
field

Left-turn 5450 5440 5440 5443.3
Right-turn 5460 5450 5450 5453.3

The minimum turning radius of the machine was Rmin = Ra + 0.5B1, where Ra is the
radius of inner track, mm; B1 is the track gauge, 2090 mm.
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Therefore, the minimum turning radius of the machine on flat hard road was 5.965 m,
and the minimum turning radius on rice stubble field was 6.498 m.

In the theoretical calculation, it is assumed that the four wheels (tracks) are pure rolling
without transverse or longitudinal slip. However, in fact, when the machine turns, the
direction is controlled by the rear wheel, the front tracks were in a passive differential
steering motion, and the slip phenomenon is inevitable. Therefore, the experimental
radius is greater than the theoretical one. When the ground condition becomes worse, the
resistance becomes larger, thus the effect of differential steering is poor, and a larger turning
radius is acquired when running on rice stubble field than on flat hard ground.

4. Conclusions

(1) The mechanism and working principle of the wheel-track high clearance chassis of
rape windrower were introduced, and the models of mathematical relations between
the walking performance, stability performance and the eccentricity of the chassis
frame were built.

(2) Three-dimensional model and dynamic simulations of a wheel-track high clearance
rape windrower were conducted using Pro/E and RecurDyn software. When the
machine was driven at the same speed, the walking speed changed little with the
increase of eccentricity, and the coefficient variation of speed decreased gradually.
The average driving torque and the coefficient variation decreased first and then
increased. Minimum driving torque and the coefficient variation were obtained when
the eccentricities were 1484 mm and 1584 mm. The chassis frame eccentricity was
defined as 1500 mm, according to the theoretical calculation and simulation analysis.
The maximum angle of uphill and downhill was 28◦ and the maximum height of the
crossing ridge was 266.15 mm.

(3) The performance experiments of wheel-track high clearance rape windrower in flat
hard ground and rice stubble field were carried out. The test showed that the speed
running on flat hard road was 0~20.22 km/h and the minimum turning radius was
5.965 m; the working speed in rice stubble field was 0~9.12 km/h and the minimum
turning radius was 6.498 m. The machine could steadily climb the slope of 20◦.

(4) A new kind of wheel-track high clearance chassis was developed, which could hang
on the swath header over than 3.5 m wide. All parameters of the chassis met the
design requirements, and the work efficiency increased over 100% compared with the
existing two-tracked rape windrower. This provided another kind of equipment for
rapeseed harvesting in the Yangtze River Basin.
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Abstract: The seed filling of a seed-metering device is a critical process in sugarcane cultivation
operations. To analyze the contact between billets, the related mechanical components, and the law of
billets movement in the seed-metering device, a simulation of the seed-filling process based on EDEM
was proposed, and a geometric model of the seed-metering device, a particle model, and a contact
model were established by EDEM software. The physical experimental results and simulation results
of the angle of repose were compared. The experimental results showed that the relative error of the
angle of repose experiment was 6.67%, which verified the effectiveness of the material parameters of
single-bud billet; the linear correlation coefficient of the seed-filling experiment was 0.762 for Sq and
0.869 for Se, which demonstrated the validity of using EDEM software to simulate the seed-filling
process. Finally, the velocity and force of the particles in the seed-filling process were analyzed in
EDEM. The analysis results indicated that there are two circulation circles in the seed box, and the
larger the circulation circle, the easier the billets enter the rake bar. The EDEM simulation provides a
basis for optimizing the structure and parameters of the sugarcane billet planter in future work.

Keywords: numerical simulation; seed-filling; single-bud billet; seed-metering; EDEM

1. Introduction

Sugarcane planting is one of the most labor-intensive and time-intensive procedures
in sugarcane production. Traditional planting method of whole-stalk planters and real-time
cutting planters requires great human force and large number of seed stalks. Therefore,
billet planter is increasingly popular in sugarcane cultivation because of its high efficiency
and low labor intensity. [1]. The single-bud billet planter discharges single-bud billets from
a seed box using rake bars [2]. Seed-filling is critical in the entire seed metering process,
whereas the seed-filling uniformity has a direct impact on the seed metering quality of
the planter. The seed-filling process is as follows: the billets in the seed box fill the rake
bar when the rake bar chain moves, and then the billets move toward the seeding channel
inlet because of the gravity, the rake bar driving force, and the billet interaction. The
mechanical structure parameters, physical and mechanical properties of billets, and their
mutual movement all affect the seed-filling process. The interaction force between billets
and the mechanical structure, billet displacement, and velocity are important for designing
and optimizing sugarcane billet planter machinery components. The discrete element
method (DEM) proposed by P.A. Cundall [3] has become a general method for analyzing
the contact between particles and the related mechanical components [4], and the law of
seed movement in measurements [5].
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Most of the traditional agricultural machinery research methods are based on the-
oretical analysis and experimental research [6], but the traditional test method is time-
consuming, laborious, and subject to seasonal constraints. With the rapid development
of computer technology, DEM and its numerical simulation software, EDEM, have been
extensively used in the field of agricultural engineering [7,8].

The EDEM simulation software is often adopted to analyze the velocity, force, and
other important information about seeds in the working process. Sun et al. [9] obtained
the maximum discharging velocity and force of the particles at different helix angles in
the drilling process. Yudao et al. [10] used EDEM to simulate the working process of a
cottonseed-metering device at various speeds and tilt angles. The trajectories of individual
seeds in the seed-metering device were obtained, and the stress variation trend in the grain
group was determined as a function of time. Based on the EDEM theory, Miao et al. [11]
studied the vibration and seed population distribution of Pinus sylvestris var. Mongolica.
Ghodki et al. [12] simulated the motion of black pepper seeds in a cryo-grinding system
in all directions and studied their flow characteristics. Horabik et al. [13] investigated
the variation trends of stress radial distribution during seed movement by simulating the
distribution of stress components within the bulk of pea seeds in a shallow model silo.

Meanwhile, a plethora of studies conducted EDEM simulation tests to optimize ma-
chinery structures. Li et al. [14] simulated the sowing process, established the regression
equation for sowing depth, and determined the structural size of the telescopic pipe. Lu
et al. [15] studied the movement principles of rice seeds on the vibration plate and op-
timized the parameters of a vibratory even-seeding device for hybrid rice by using the
Hertz-Mindlin non-sliding contact model to simulate the working process of a V-T type
vibrating plate. Xu et al. [6] used EDEM to simulate the crushing process of cucumber
straw and investigate the optimal crushing process parameters to improve the crushing
efficiency and reduce power consumption. He et al. [16] designed a centralized fertilizer
ejecting device and analyzed the fertilizer ejecting performance using EDEM to optimize
the structural parameters of the fertilizer ejecting wheel. Liu et al. [17] established the
simulation model of the fertilizer shunt plate and an evaluation model of the fertilization
effect to optimize the structural parameters of the fertilizer shunt plate through EDEM
simulation. Liu et al. [18] used EDEM to simulate the nest hole wheel with three different
hole structures and then conducted experiments to validate the simulation results.

Based on the previous research on the seed-filling uniformity of sugarcane single-
bud billet planter and the physical and mechanical properties of single-bud billets, this
study established the particle model of a single-bud billet, the geometric model of a
sugarcane seed-metering device, the contact model between the billet and the boundary,
and the contact model between billets. With EDEM, the seed-filling process of single-
bud billets in the seed-metering device was simulated, and the angle of repose physical
experimental result and simulation result were compared to validate the input parameters.
Meanwhile, the seed-filling physical experimental result and the simulation result were
compared to validate the feasibility of the simulation experiment using EDEM. Finally, the
interaction between the billet and rake bar and the movement law of billets in the seed box
were investigated in the EDEM software, providing a theoretical basis for future digital
planter design.

2. Materials and Methods
2.1. Particle Model of Single-Bud BILLET

The particle model of a single-bud billet in the building module of the EDEM particle
model was established as follows. First, the particle model of a single-bud billet is approxi-
mated to a cylindrical shape, and the material particle is assembled by three filling spheres
according to the radius and length of the billet, as shown in Figure 1. Then, the radius and
position coordinates of the filling spheres are calculated based on the billet size. Finally, the
particle models of the same shapes with different sizes are randomly generated within a
diameter range of 25–30 mm based on the size distribution of single-bud billets.
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Figure 1. Model diagram of single-bud billet.

The particles were dynamically generated under a normal distribution in the particle
plant at a rate of 60 particles per second, with 800 particles for the simulation experiments
of the angle of repose and 200 particles for the seed-filling simulation experiment, and the
same number of billets was used in physical experiments. It took 4 s for the 200 particles
produced to drop completely, and then the rake bar began to move at a uniform linear
speed of 0.848 m/s. The total simulation time was 57.6 s. The time step was set to 20% of
the Rayleigh time step to ensure the simulation accuracy, and the simulation grid was set
to two times of the particle radius to reduce the calculation time.

2.2. Geometric Model of Single-Bud Billet Seed-Metering Device

The three-dimensional model of the single-bud billet seed-metering device was created
using the PorE software and then imported into the EDEM software, as shown in Figure 2.
Because only the seed-filling process was studied in the simulation experiments, the
geometric model was simplified to include only the seed box, rake bar chain, and rake bar
in the simulation environment, thus reducing the calculation amount in the simulation
process. The rake bar chain in the seed box drives the rake bar to expel the single-bud billet
from the billet population in the seed box. The material of seed-metering device is steel.
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The linear speed of the rake bar moving in a straight line along the seed box can be
calculated with the rotational speed n and radius R of the driving wheel of the rake bar
chain. The calculation formula is as follows:

V = 2π·R·n (1)

In the simulation and physical experiment of the seed-filling process, the rotational
speed of the driving wheel of the rake bar chain was set to 90 rpm, and the corresponding
linear speed of the rake bar is 0.848 m/s.

2.3. Contact Model and Parameters Setting

In EDEM, the Hertz-Mindlin (no-slip) contact model was adopted for particle-particle
and particle-boundary (including the rake bar and seed box) to achieve accurate and effi-
cient seed-filling simulation results, and there is no binding effect between billet particles.

The parameter setting of the global variable significantly affects the simulation accu-
racy of EDEM preprocessing [9]. According to Liu et al. [19], the sugarcane billet particles
were set with a Poisson’s ratio of 0.344 and a shear modulus of 1.08 × 107 Pa. All the
steel geometries in the model were set with a Poisson’s ratio of 0.3, a shear modulus of
7.9 × 1010 Pa, and a density of 7850 kg/m3 [20]. The setting of other physical and con-
tact mechanical property parameters is shown in Table 1. The average values of these
parameters were selected based on the test measurement results of the previous study [21].

Table 1. The setting of the material physical and contact mechanical property parameters.

Materials Parameter Value

Billet
Poisson’s ratio 0.344

Shear modulus (Pa) 1.08 × 107

Density (kg/m3) 244.67

Steel
Poisson’s ratio 0.3

Shear modulus (Pa) 7.9 × 1010
Density (kg/m3) 7850

Billet–billet
Coefficient of restitution 0.668
Static friction coefficient 0.352

Rolling friction coefficient 0.026

Billet–steel
Coefficient of restitution 0.572
Static friction coefficient 0.377

Rolling friction coefficient 0.039

2.4. Angle of Repose Experiment

The angle of repose is the maximum angle between the surface of the bulk material
pile naturally formed on the plane and the horizontal plane [22]. It reflects the macroscopic
flow characteristics of the particulate system and is strongly related to inter-particle friction
properties [23,24].

The hollow cylinder method was used to determine the static angle of repose of a
cohesionless material [25]. The method is convenient and simple, and it has been widely
used [26–29]. The variety of sugarcane billet used in this paper was Tai Tang F66. The
selected billets were poured into the bottomless stainless-steel cylinder with a diameter of
40 cm and a length of 120 cm on the horizontal plane, and the billet surface was kept flat.
Then, the cylinder was lifted to a certain distance at a speed of 33 mm/s, and the billets in
the cylinder would completely overflow under gravity until a static condition was reached.
The angle of repose was calculated by measuring the radius and height of the pile. In the
experiment, each group of tests was repeated three times.

The simulation test procedure was similar to the physical test procedure. The factory
was located at the top of the cylinder, and the generated particles fell under gravity. The
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cylinder was raised at a speed of 33 mm/s, and then the billet particles began to flow, form-
ing a static billet pile. The angle measurement tool “protractor” and the slicing tool in the
EDEM software were used to measure the angle of repose, and the slice orientation was set
in the X-direction with a slice depth of 50 mm and close to the center, as shown in Figure 3.
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Figure 3. Generation of single-bud billets model’s pile for simulation.

2.5. Seed-Filling Experiment

Figure 4 shows the physical seed-filling experiment setup for seed-metering device.
The details of seed-metering device design in the reference [2]. During the experiments, a
hydraulic motor drove the rake bar chain using the driving wheels, and the billets were
driven by the rake bar to move along the wall of the seed box. The sugarcane billets
filled the rake bar and moved toward the inlet of the seeding channel. The lateral plate
of the seed box was removed to better observe the seed-filling process. A hall sensor was
used to measure the rotational speed of the rake bar chain wheel. Meanwhile, a hydraulic
cylinder was adopted to adjust the angle of the rake bar chain, and a digital camcorder was
used to record the seed-filling process. The ratio between the number of rake bars with
1–2 billets and the total number of rake bars is called the qualification filling rate Sq. The
ratio between the number of rake bars with no billets and the total number of rake bars is
called the miss out filling rate Se. In this study, the two indexes were used to evaluate the
seed-filling uniformity. According to previous work [2], the rotation speed of the rake bar
chain wheel was set to 90 rpm, the number of billets was set to 200, and the angle of the
rake bar chain was set to four levels (97◦, 107◦, 117◦, and 127◦) with each treatment being
repeated three times.
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The simulation experiment was conducted as follows: First, the 3D model of the
single-bud billet seed-metering device was imported into the EDEM software. The material
was configured using the parameters listed in Table 1, and the movement parameters are
introduced in Section 2.2. After 200 billet particles were generated, the rake bar chain began
to move, and the total simulation time was 53.6 s. The simulation experiment was repeated
three times for each rake bar chain angle.

3. Results and Discussion
3.1. Analysis of the Angle of Repose Results

Under the condition of a bottomless stainless-steel cylinder, the angles of repose of the
physical experiment are 27.57◦, 28.63◦, and 29.41◦, with an average of 28.54◦. Meanwhile,
the simulation angles of repose are 30.85◦, 30.36◦, and 30.33◦, with an average of 30.51◦.
Compared to the physical angle of repose of single-bud billet, the relative error of the
simulation experiment is 6.67%, which is within a reasonable range. It verifies the feasibility
of the material parameter setting of the single-bud billet. A parameter calibration study
can be conducted in the future to improve the accuracy of the simulation results. These
parameters were used in the seed-filling simulation and compared to the physical results to
further validate the feasibility of the EDEM simulation experiments.

3.2. Analysis of the Seed-Filling Experiment Results

As illustrated in Figure 5, the qualification filling rate Sq and the miss out filling rate
Se under different angles of the rake bar chain in the physical and simulation experiments
have the same variation trend. With the increase in the angle of the rake bar chain, the
Sq increases first from 43.52% to 76.4% and then decreases to 71.96% in the physical
experiments, whereas it increases first from 67.92% to 89.84% and then decreases to 80.46%
in the simulation experiments. The variation trend of Se is the opposite to that of Sq.
Because there were only 200 billets in the seed box, the Sq in both physical and simulation
experiments is low. The increase in billets improves the Sq, which has been demonstrated
in the previous study [2], but it also increases the simulation time. The Sq in the simulation
experiments is generally higher than that in the physical experiments, which may be related
to the individual difference in the billets of the physical experiments. The parameters are
also variable, and the vibration of the rake bar chain and seed box may affect the physical
experimental results. According to the linear regression analysis of the simulation and
physical experimental results, the linear correlation coefficient was 0.762 for Sq and 0.869 for
Se. The simulation result is consistent with the physical experiment result, demonstrating
the validity of using the EDEM software to simulate the seed-filling of billets. The single-
bud billet seed-metering device has been applied in HN 2CZD-2 single-bud sugarcane
planter. The planter did a good job in the farm of Guangdong Guangken Agricultural
Machinery Service Co., Ltd., Guangzhou, China.
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3.3. Motion of Single-Bud Billet in Seed-Metering Device Analysis

Figure 6 shows the motion of the single-bud billet in the rake bar of the seed-metering
device. According to physical experimental results, the rake bar chain speed was set to
90 rpm, the billet number was set to 200, and the initial velocity of the billet in the seed box
was set to 0 m/s. When the rake bar chain began to move, the billets were lifted into the rake
bar, moved to the highest point in the seeding channel, and finally thrown out. Figure 5.
shows a cross-sectional view of the middle of the seed box to illustrate the movement of
billets in the rake bar and seed box. In this figure, the particle velocity is represented by
red, green, and blue from high to low. The particle velocity in the seed-metering device
varies with color. Under the action of the rake bar, the billets in the rake bar moved at a
relatively high speed. The surrounding billets followed the movement trend of the rake bar
due to the friction among the billets and moved lower, whereas other billets that were not
affected by the movement remained stationary.
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Figure 6. Motion simulation results.

To clearly illustrate the movement trajectory of billets, the seed box was sliced from
the middle with a slice depth of 100 mm, and the movement of each billet is shown as a
stream type in Figure 7. As shown in Figure 7a, the billets close to the rake bar moved
upward with the rake bar, whereas those not filling the rake bar moved to both sides when
the rake bar left the billet population. Other billets gradually moved along the inclined
plane of the seed box towards the rake bar chain, forming two small circulation circles on
both sides of the rake bar chain. An obvious circulation circle can be observed on the side
view of the seed box (Figure 7b). When the rake bar left the billet population, the billets
moved counterclockwise to return around the rake bar chain. It can be inferred that the
more inclined the rake bar, the larger the circle, and the greater the probability of billets
entering the rake bar. However, the high probability of multiple billets entering one rake
bar will affect the seed-filling uniformity, which explains why there is an optimal value of
the rake bar angle. In both physical and simulation experiments, the optimal angle of the
rake bar was 117◦.
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Figure 7. The simulated motion of billets in the seed-filling process. (a) Front view of the seed box;
(b) side view of the seed box.

As shown in Figure 8, the single particle trajectory in the EDEM simulation was
extracted by selecting the moving particle in the seed box. The trajectories of three billets
that failed to enter the rake bar are shown in Figure 8a. Due to population friction, the
three billets in the upper population gradually moved down close to the rake bar and then
began to move upward following the rake bar. More specifically, billet 1 was far from the
rake bar and quickly stopped moving; billet 2 did not enter the rake bar and remained in
the upper population when the rake bar left the population; billet 3 entered the rake bar
but quickly dropped back into the population.
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Figure 8. The trajectory of the selected billets in the seed-filling process. (a) The trajectory of the billet
that did not enter the rake bar; 1: billet 1; 2: billet 2; 3: billet 3; (b) the side view of the trajectory of the
billet that entered the rake bar; 5: billet 5; 6: billet 6; 7: billet 7.

Figure 8b shows the trajectory of four billets that successfully entered the rake bar.
Billet 4 entered the rake bar while it was still inside the population; billet 5 entered the rake
bar before it left the population; billets 6 and 7 entered the same rake bar at the same time,
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and their trajectories intersected until they fell. The color of the trajectory indicates the
magnitude of acceleration, with the brown line indicating a greater acceleration magnitude
than the blue line. When the four billets moved at a uniform speed with the rake bar, the
acceleration was zero, and the trajectory was colored in blue. The comparison of Figures 6
and 7 indicate that the trajectory of the billets entering or exiting the rake bar is included in
the circulation. The larger the circulation circle, the easier it is for billets to enter the rake
bar. Therefore, the seed-metering device can be improved to bring more billets close to the
rake bar while covering the rake bar more to expand the circulation circle.

The velocity and total force of a random particle at a certain time can also be obtained
in EDEM. Figure 9 shows the motion parameters of billet 3 in Figure 7a. After 4 s of particle
generation, the rake bar began to move. Meanwhile, billet 3 moved downward at a slow
speed due to population friction. The billet encountered the rake bar at the time of 30 s but
did not enter it. The total force and velocity fluctuated several times due to the action of
other rake bars.
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Figure 9. The motion of billet 3 with time (a) the velocity of billet 3; (b) the total force of billet 3.

Figure 10 shows the motion parameters of billet 4 in Figure 8b. Billet 4 was generated
in the lower part of the population and subjected to the population friction from 4 s to 9 s,
but the velocity was low, and the total force fluctuated slightly. The total force changed
dramatically as billet 4 entered the rake bar at 9 s and followed the rake bar through the
population at a uniform speed. Then, billet 4 and the rake bar left the population at 14 s.
The velocity was constant, and the force was zero. At 19 s, billet 4 reached the highest point
and began to fall, and its velocity rose rapidly until landing. By comparing Figures 8 and 9,
the billets that did not successfully enter the rake bar were affected more by forces, and
whether this will cause damage to the billets needs further investigation.
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Figure 10. The motion of billet 4 with time (a) the velocity of billet 4; (b) the total force of billet 4.
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4. Conclusions

In this paper, the seed-filling process of single-bud billets in the seed-metering device
was simulated in EDEM. The single-bud billet particle model was established based on
three filling spheres, the contact model was the Hertz-Mindlin (no slip), and there was no
binding effect between billet particles. The physical and simulation experiments of the
billet angle of repose were conducted, and the relative error of the physical and simulation
results was 6.67%, indicating that the material parameters of single-bud billet are effective.
Meanwhile, the seed-filling physical and simulation experiments were carried out, and the
results showed that the linear correlation coefficient between the physical and simulation
results was 0.762 for Sq and 0.869 for Se, which demonstrates the validity of using the EDEM
software to simulate the seed-filling process of billets. Moreover, the motion information
of the seed-filling process was analyzed in EDEM. The analysis results show that the seed
box has two small circulation circles on both sides of the rake bar chain, and the larger
the circulation circle, the easier it is for billets to enter the rake bar. Additionally, the
seed-metering device can be improved to bring more billets close to the rake bar while
covering the rake bar more to expand the circulation circle. The analysis of the total force
simulation of billets in EDEM reveals that the billets that did not successfully enter the
rake bar were affected more by forces; the damage to billets during the seed-filling process
needs to be investigated in the future. This EDEM simulation method provides a basis for
optimizing the structures and parameters of the sugarcane billet planter in future work.
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Abstract: Planting uniformity is a key evaluation index for planters. This paper investigated the
effect of rotational speed, the angle of the rake bar chain, and the number of billets on the planting
uniformity of a seed-metering device in the laboratory. The experimental results showed that the
optimal planting uniformity can be achieved under a rake bar chain angle of 117◦, a number of billets
of 500, and a rotational speed of the rake bar chain of 70 rpm. Under this condition, the quality
index Zq was 97.22% and the multiple index Zm was 0%, while the miss index Ze was 2.78%. Based
on the above parameters, a single-bud planter was improved with three rake bar chains per seed
box. Field experiments with different operation parameters (rotational speed, forward speed) were
conducted. Results indicated that when the rotational speed was 40 rpm and the forward speed was
2.26 km/h, the planting uniformity was the best and the quality index Zq was 93.38%. The research
results provide a basis for the application of single-bud billet planters in the field.

Keywords: single-bud; billet planter; planting uniformity

1. Introduction

Planting is an important procedure in the production of sugarcane, but it is highly
labor-intensive and time-intensive [1]. The sugarcane industry has been moving towards
mechanized field planting to address the problems of labor shortage and high production
costs [2]. Rípoli et al. [3] analyzed the cost-effectiveness of five different sugarcane planters
by comparing them with the semi-mechanized system under the same field conditions and
found that the mechanized system was significantly cheaper than the semi-mechanized
planter. Moreover, the automatic planter has a lower operating cost than the semi-automatic
one. It greatly saves manpower in the operation process, and the mechanized planter can
work for long periods during the day and nighttime shifts [4]. At present, the main types
of sugarcane planting machines are whole-stalk planters, real-time cutting planters, and
pre-cutting planters.

However, the traditional planting method with whole-stalk planters and real-time
cutting planters requires great human force and needs to store a lot of cane seeds in the
planter. The large mass of planting material makes it difficult to transport, handle, and
store the cane seed [5–7].

In comparison, billet planting is more cost-effective than whole-stalk planting. The
fully automatic billet planter can solve the problems of labor shortage and planting delay [8].
Additionally, the billet planter has a high field capacity and efficiency [6]. At present, the
billet planter usually adopts 2–3-bud billets and distributes them over the ground surface [9].
However, single-bud billets are less bulky, easy to transport, more economical, and can
improve the quality of seed [10]. According to Gujja et al. [11], shoots of the same age
contribute to the uniformity in growth and sugar accumulation in the canes, as well as a
better germination percentage. Sugarcane planting by bud chip has been proven to have a
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higher production efficiency and a lower cost of planting material, achieving a cane yield
of 106.8 t/ha, 13.86% higher than that of the conventional cane crop planting method [12].

Therefore, the sugarcane single-bud billet planter is the development trend of sugar-
cane planters in the future and has a good prospect. We designed a seed-metering device
with a rake bar chain for a sugarcane single-bud billet planter and tested the seed-filling
uniformity of the seed-metering device [13]. In sugarcane production, productivity de-
pends on locating the billets in the furrow with uniform distribution [14]. The rate of billet
dropping by the metering device is a key factor to evaluating the economic efficiency of
any planter machine [15]. The major problem of the billet planter is its low consistency of
discharging rates, which, in turn, results in lower sugarcane yields [6].

A plethora of research on the uniformity of sugarcane billet planters has been con-
ducted. Razavi et al. [16] studied the effect of forwarding speed and angle of the chain
conveyor on planting uniformity in a sugarcane billet planter. Taghinezhad et al. [17]
investigated the effect of the angle and speed of sugarcane billet planters on discharging
and precision indexes. Saengprachatanarug et al. [18] improved the discharge consistency
of the sugarcane billet planter by changing the inclination of the container. Saengprachata-
narug et al. [6] developed a metering device for sugarcane billet planters by modifying
the arrangement of the cleats conveyor. Then, the discharge index and consistency of the
developed and original metering devices were evaluated and compared. Moslem et al. [9]
designed a single-cupboard metering device that could plant billets with a length of 50
cm. On a laboratory test rig, the effects of planting speed, cane variety, and angle-of-chain
structure on the uniformity of the planted billets were evaluated.

Based on the results of our previous experiments, the single-bud billet seed-metering
device with a rake bar chain has good seed-filling uniformity [13]. However, considering
the effects of forwarding speed, seeding flap, and complex field environments, the planting
uniformity is different from the seed-filling uniformity. To study the planting uniformity
of the seed metering, experiments with different structural parameters were conducted in
the laboratory. According to the experimental results, a new single-bud billet planter with
the optimum combination of structural parameters was designed and fabricated, and the
optimal operation parameters were studied by field experiments. The research of this paper
are valuable for improvements in the redesigning of sugarcane single-bud billet planters.

2. Materials and Methods
2.1. Billet Preparation

Single-bud billets are prepared by the billet-cutting machine shown in Figure 1 for
both laboratory and field experiments. The billet-cutting machine consists of a JB04-1
electric punch machine with a nominal pressure of 10 kN, a slider stroke of 40 mm, a
maximum closed height of 150 mm, a table size of 270 × 270 mm, and a motor power of
0.37 kW. Two cutters are fixed to the slider with inner hexagon bolts. To ensure the length
of the billet, the distance between the two cutters is 60 mm. The fixing plate 40 mm above
the table can hold the billet while the cutter cuts through the billet. The footswitch of
the machine is turned on after the sugarcane is put on the table, and the cutter cuts the
sugarcane down. The billet cutting machine is equipped with a protective cover for safety
(not shown in Figure 1).

2.2. Laboratory Experiment

The seed-metering device we designed [13] was mounted on a trolley system in the
soil bin laboratory (Figure 2). The driving wheel of the rake bar chain and the oil cylinder
for adjusting the angle of the seed-metering device were driven by the hydraulic station on
the trolley. During the experiment, the trolley could move forward along the track on both
sides of the soil bin, and the driving wheel drove the rake bar to transport billets to the
seeding channel and drop them into the pre-dug furrow. In this process, the distribution of
billets in the furrow was evaluated.
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Figure 1. Preparation of sugarcane billets: (a) billet-cutting machine; (b) cutter and fixing plate.

Figure 2. Laboratory experimental set-up.

2.2.1. Experimental Evaluation of the Planting Uniformity

Numerous studies have been conducted to evaluate the uniformity of sugarcane
planting. For example, Taghinezhad et al. [14] exploited the middle band of billets to
calculate the spacing between billets. The distribution of plant spacing was quantified by
the multiple index, miss index, and the quality-of-feed index following the single-seed
method [19]. Moslem et al. [9] considered an overlap of 12.5 cm as a normal pattern of
planting; values higher and lower than 12.5 cm would result in over overlapping and under
overlapping, respectively. Kumar et al. [20] used the length of 10 setts and actual length
covered by 10 setts to calculate the overlap and the gap when the sugarcane planter was
run in the field with a length of 12 m. In the trial of Johnson et al. [21], the number of billets
planted was 109,000 per hectare, and the results showed that the effect of the position
of the billets within the planting furrow on sugar yield was not economically significant.
Silva et al. [22] suggested that a good stand of buds per meter should be provided since
the quality of planting is the most important factor for good yield.

The single-bud billet is shorter than the multiple-bud billet and larger than the grain
seed. After comprehensive consideration, the number of billets per unit length was taken
as the evaluation standard. The unit length was 1 m in lab experiments and 0.5 m in field
experiments in this study. Meanwhile, quality index Zq, multiple index Zm, miss index Ze,
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and coefficient of variation (CV) were adopted to evaluate the planting uniformity. The
theoretical number of billets per unit length can be calculated according to the rotational
speed and forward speed of the driving wheel of the rake bar chain. The calculation
formulas of the evaluation indexes are as follows:

Zq =
n1
N

× 100%. (1)

Zm =
n2
N

× 100% (2)

Ze =
n3
N

× 100%. (3)

CV =
δ

X
× 100%. (4)

where n1 is the number of units in which the number of billets is more than 0.5 times and
less than 1.5 times the theoretical number of billets; n2 is the number of units where the
number of billets is more than 1.5 times the theoretical number of billets; n3 is the number
of units where the number of billets is less than 0.5 times the theoretical number of billets;
N is the total number of units; δ is the standard deviation of the number of billets per unit;
and X is the average number of billets in all units.

2.2.2. Experimental Method

Based on the results of previous experiments [13], the factors of the seed-filling uni-
formity of the seed-metering device were the rotational speed of the rake bar chain (A),
the angle of the rake bar chain (B), and the number of billets (C). For comparison, the
same factors were used in this study. A furrow with a depth of 0.2 m and a length of 11 m
was opened in the soil bin beforehand. The seeding port of the seed-metering device was
directly above the furrow, and there was a small gap between the seeding flap and the
furrow. The trolley system discharged billets into the furrow at a constant forward speed
during the experiment (Figure 3).

Figure 3. Laboratory experiment on planting uniformity.
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A single-factor experiment was conducted to study the influence of each factor on
the planting uniformity, and then the effective level range of each factor was selected for
the orthogonal experiment. Based on this, the influence of various factors on planting
uniformity was analyzed, and the optimal combination of factors was obtained. Each
treatment was repeated three times.

2.2.3. Experiment Design

As for the single-factor experiment for factor A, the value of factor B was set to 117◦

and the value of factor C was set to 500. The value of factor A had nine levels, including
50 rpm, 60 rpm, 70 rpm, 80 rpm, 90 rpm, 100 rpm, 110 rpm, 120 rpm, and 130 rpm.

As for the single-factor experiment for factor B, the value of factor A was set to 90 rpm
and the value of factor C was set to 500. The value of factor B had four levels, including
97◦, 107◦, 117◦, and 127◦.

As for the single-factor experiment for factor C, the value of factor B was set to 117◦

and the value of factor A was set to 90 rpm. The value of factor C had ten levels from 100
to 1000, with an interval of 100.

According to the results of the single-factor experiments, the levels of the factors in
the orthogonal experiment are listed in Table 1. The orthogonal experiment table L27 (313)
was selected to arrange the experiment.

Table 1. Factors and levels of the orthogonal experiment.

Level
Factor

Rotational Speed of Rake Bar Chain
A/rpm

Angle of Rake Bar Chain
B/◦

Number of Billets
C

1 70 107 200
2 90 117 500
3 110 127 800

2.3. Field Experiments

According to the influence of the above factors on the planting uniformity, the single-
bud billet planter was designed with the angle of the rake bar chain set to 117◦, and an
adjustment plate was installed in the seed box to ensure that there were 500–800 billets in
the effective working area of the rake bar chain. To further improve the qualified rate of
filling, the planter adopted three rake bar chains in each seed box to increase the rate of
seed filling. Considering that the high rotational speed of the rake bar chain may cause
damage to the billets, the use of three bar chains per seed box could adapt to the fast-speed
operation at a lower rotational speed. Meanwhile, a parabolic guide plate was designed
at the seeding port to make the billets fall into the furrow more smoothly. The single-bud
planter was equipped with two seed boxes, two openers, two fertilizing devices, two sett-
covering devices, two film-covering devices, and other devices. The whole plant system
was composed of a JOHN DEERE 1204 tractor (120 kW) and an HN 2CZD-2 single-bud
sugarcane planter (Figure 4). Field experiments were carried out in the farm of Guangdong
Guangken Agricultural Machinery Service Co., Ltd., in the city of Zhanjiang, Guangdong
Province, China. The test field was latosol, deep-soil-layer, sticky heavy texture, poor
fertility, acidic soil.

2.3.1. Field Evaluation of the Planting Uniformity

According to the sugarcane planting requirements and the characteristics of single-bud
billets, the number of billets in a unit length of 0.5 m was counted as shown in Figure 5.
The indexes used to evaluate the field planting uniformity were the same as those used in
the laboratory, i.e., the quality index Zq, multiple index Zm, and miss index Ze.
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Figure 4. HN 2CZD-2 single-bud sugarcane planter.

Figure 5. Statistics of billet quantity.

2.3.2. Experimental Method

According to the theoretical number of billets at each chain rotational speed, the
matching forward speed was determined for the field planting uniformity experiment. Due
to the planting requirements of 12 effective buds per meter in the furrow [23] and the stable
operating speed range of the tractor in the field, three levels of the rotational speed of the
rake bar chain, (30 rpm, 40 rpm, and 50 rpm), and two levels of forwarding speed, 2km/h
and 3km/h, were selected to study their effects on field planting uniformity The planter
worked 50 m per treatment.

2.4. Statistical Analysis

In the laboratory experiments, the factors and levels in single-factor tests were selected
based on the results of previous experiments [13], The effective ranges were selected to
provide optimal parameters for the orthogonal tests. Each test was repeated three times.
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IBM SPSS Statistics 27.0 software was used to analyze the variance of the test data. Full-
factor tests of rotational speed and forward speed in field experiments were conducted’
the planter worked 50 m per treatment. The test indexes were computed using Microsoft
Excel (2016).

3. Results and Discussion
3.1. Analysis of Laboratory Experiment Results
3.1.1. The Effect of the Rotational Speed of the Rake bar Chain on Planting Uniformity

According to a univariate analysis of variance, at the 95% confidence interval, the
rotational speed had a significant effect on the quality index Zq (F = 2.508, p = 0.048 < 0.05)
and miss index Ze (F = 2.508, p = 0.048 < 0.05). In the previous experiment [13], rotational
speed had no significant effect on the uniformity of seed filling, indicating that the for-
ward speed may promote the influence of the rotational speed on the planting uniformity.
Reference [23] also mentioned the influence of forward speed on planting. The specific
trends can be seen in Figure 6: when the rotational speed increased from 50 rpm to 130 rpm,
the value of the quality index Zq changed little and remained above 80%; the value of
the multiple index Zm was always zero; the value of the miss index Ze first decreased
with the increase in rotational speed, and then was almost zero when the rotational speed
was between 100 rpm and 120 rpm. Yazgi et al. [24] also found that the qualification
rate of the seeding unit increased first and then decreased with the increasing sprocket
speed. The value of the miss index Ze then increased slightly when the rotational speed
reached 130 rpm. That indicated that increasing the rotational speed could increase the
probability of acquiring billets in the rake bar and thus improve the planting uniformity,
but when the rotational speed is too high, the probability decreases, and the bud may
be damaged. Therefore, the rotational speed should be as low as possible when meeting
planting requirements.

Figure 6. The effect of the rotational speed of the rake bar chain on planting uniformity.

The statistical results of the test samples are listed in Table 2, where “Min” and “Max”
indicate the minimum and the maximum number of billets per meter. As shown in Table 2,
the coefficient of variation (CV) of planting uniformity decreased with the increase in the
rotational speed; the lower the coefficient of variation, the better the planting uniformity.
When the rotational speed was 100 rpm, the value of CV was at the minimum of 13.25%,
and then increased slightly as the rotational speed increased.
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Table 2. Statistical data of the single-factor experiment on the rotational speed of the rake bar chain.

Rotational Speed
/Rpm Sample Number δ CV Min Max

50 32 2.614 32.43% 1.00 14.00
60 25 2.330 20.22% 6.00 15.00
70 23 2.651 20.60% 8.00 18.00
80 21 2.804 19.31% 10.00 20.00
90 19 3.142 19.32% 11.00 21.00
100 15 2.658 13.25% 16.00 27.00
110 16 3.633 17.77% 16.00 28.00
120 14 3.342 14.31% 18.00 28.00
130 17 4.535 19.52% 14.00 33.00

3.1.2. The Effect of Angle of Rake Bar Chain on Planting Uniformity

According to the univariate analysis of variance, at the 95% confidence interval, the
angle of the rake bar chain had a significant effect on the quality index Zq (F = 20.477,
p = 0.001 < 0.05), the multiple index Zm (F = 50.281, p = 0.001 < 0.05), and the miss index Ze
(F = 49.629, p = 0.001<0.05), which is consistent with the results of the previous seed-filling
uniformity experiment [13], and the other sugarcane billet planter had the same trend [9].
As shown in Figure 7, with the increase in the angle of the rake bar chain, the quality
index Zq first increased and then decreased. When the angle was 117◦, the quality index Zq
reached the maximum of 89.47%. When the angle continued to increase to 127◦, the quality
index Zq decreased and the multiple index Zm increased significantly to 53.85%, while the
miss index Ze decreased to zero. It is evident that the increase in angle makes more billets
enter the working area of rake bar chain, which was beneficial to improve the planting
uniformity. However, if the angle was too inclined, too many billets would be taken out,
resulting in the increase in the multiple index Zm; as such, the optimal angle was 117◦.

Figure 7. The effect of the angle of the rake bar chain on planting uniformity.

As listed in Table 3, the coefficient of variation (CV) of the planting uniformity de-
creased gradually with the increase in angle. CV reached the minimum value of 17.2%
when the angle was 127◦. Considering the quality index, 117◦ was still the optimal option.
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Table 3. Statistical data of the single-factor experiment on the angle of the rake bar chain.

Angle
/◦ Sample Number δ CV Min Max

97 31 2.693 28.59% 5 14
107 22 3.554 26.15% 7 20
117 19 4.221 25.62% 7 25
127 13 5.464 17.20% 22 38

3.1.3. The Effect of the Number of Billets on Planting Uniformity

According to the univariate analysis of variance, at the 95% confidence interval, the
rotational speed had a significant effect on the quality index Zq (F = 13.274, p = 0 < 0.05)
and miss index Ze (F = 3.059, p = 0.015 < 0.05), which is consistent with the results of
the previous seed-filling uniformity experiment [13]. As illustrated by Figure 8, as the
number of billets increased, the quality index Zq increased, and the multiple index Zm
was generally low, while the miss index Ze gradually decreased. In the literature [18], it
was also found that the discharge index was high at the beginning of the test, while the
container bin was fully loaded. When the number of billets was 900, the quality index Zq
reached the maximum of 100%. However, when the number continued to increase to 1000,
the quality index Zq decreased. Meanwhile, Table 4 reveals the CV was only 16.96% when
the number was 900. It can be inferred that, in addition to increasing the angle, increasing
the number of billets could also increase the qualified rate, but a number too high could
also lead to an increase in the multiple index Zm. Therefore, the quantity should be kept
within the appropriate range (200–900) from Figure 8.

Figure 8. The effect of the angle of the rake bar chain on planting uniformity.

Table 4. Statistical data of the single-factor experiment on the number of billets.

Number of Billets Sample Number δ CV Min Max

100 26 4.308 39.86% 1.00 19.00
200 20 2.458 17.07% 10.00 19.00
300 19 4.045 25.53% 10.00 23.00
400 19 4.525 28.56% 7.00 24.00
500 17 4.106 22.96% 7.00 24.00
600 20 4.256 28.95% 8.00 25.00
700 19 2.594 15.45% 12.00 21.00
800 22 5.402 27.96% 11.00 30.00
900 16 4.335 16.96% 18.00 33.00

1000 12 7.292 21.09% 21.00 45.00
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3.1.4. Analysis of Orthogonal Test Results

The results are given in Table 5, and were averaged three times.

Table 5. Arrangements and results of the orthogonal experiment.

No
A B A×B A×B C A×C A×C B×C B×C

Zq Zm Ze
1 2 3 4 5 6 7 8 11

1 1 1 1 1 1 1 1 1 1 25.00% 75.00% 0.00%
2 1 1 1 1 2 2 2 2 2 4.17% 95.83% 0.00%
3 1 1 1 1 3 3 3 3 3 4.00% 96.00% 0.00%
4 1 2 2 2 1 1 1 2 3 37.93% 62.07% 0.00%
5 1 2 2 2 2 2 2 3 1 8.33% 91.67% 0.00%
6 1 2 2 2 3 3 3 1 2 0.00% 94.44% 5.56%
7 1 3 3 3 1 1 1 3 2 12.50% 87.50% 0.00%
8 1 3 3 3 2 2 2 1 3 0.00% 93.33% 6.67%
9 1 3 3 3 3 3 3 2 1 0.00% 7.14% 92.86%

10 2 1 2 3 1 2 3 1 1 31.82% 68.18% 0.00%
11 2 1 2 3 2 3 1 2 2 9.09% 90.91% 0.00%
12 2 1 2 3 3 1 2 3 3 10.53% 89.47% 0.00%
13 2 2 3 1 1 2 3 2 3 25.00% 75.00% 0.00%
14 2 2 3 1 2 3 1 3 1 0.00% 100.00% 0.00%
15 2 2 3 1 3 1 2 1 2 0.00% 81.82% 18.18%
16 2 3 1 2 1 2 3 3 2 15.00% 85.00% 0.00%
17 2 3 1 2 2 3 1 1 3 0.00% 93.33% 6.67%
18 2 3 1 2 3 1 2 2 1 0.00% 13.33% 86.67%
19 3 1 3 2 1 3 2 1 1 84.62% 15.38% 0.00%
20 3 1 3 2 2 1 3 2 2 40.54% 59.46% 0.00%
21 3 1 3 2 3 2 1 3 3 0.00% 100.00% 0.00%
22 3 2 1 3 1 3 2 2 3 0.00% 100.00% 0.00%
23 3 2 1 3 2 1 3 3 1 0.00% 100.00% 0.00%
24 3 2 1 3 3 2 1 1 2 0.00% 100.00% 0.00%
25 3 3 2 1 1 3 2 3 2 0.00% 100.00% 0.00%
26 3 3 2 1 2 1 3 1 3 0.00% 71.43% 28.57%
27 3 3 2 1 3 2 1 2 1 0.00% 0.00% 100.00%

General linear models variance analysis was conducted on the orthogonal test results,
and the results are listed in Table 6. Factor A had no significant effect on the quality index
Zq (p = 0.642 > 0.05), multiple index Zm (p = 0.556 > 0.05), or miss index Ze (p = 0.83 > 0.05),
which is consistent with the single-factor test results in 3.1.1.

Table 6. Variance analysis of the orthogonal experiment results.

Zq Zm Ze

Source Sig Eta2 Sig Eta2 Sig Eta2

A 0.642 0.105 0.556 0.136 0.83 0.046
B 0.013 * 0.661 0.000 ** 0.972 0.046 * 0.536
C 0.03 * 0.583 0.000 ** 0.967 0.02 * 0.625

B×C 0.001 ** 0.885 0.000 ** 0.978 0.465 0.331
A×C 0.742 0.198 0.566 0.282 0.938 0.086
A×B 0.169 0.515 0.124 0.557 0.161 0.522

** means a significant effect within a 99% confidence interval; * means a significant effect within a 95% confidence
interval. Eta2 is the contribution rate of the factors to the test indicators.

Factors B and C had significant effects on the quality index Zq (for B, p = 0.013 < 0.05;
for C, p = 0.003 < 0.05), multiple index Zm (for B, p = 0 < 0.05; for C, p = 0 < 0.05), and miss
index Ze (for B, p = 0.046 < 0.05; for C, p = 0.02 < 0.05); their interaction had significant
effects on the quality index Zq (p = 0.001 < 0.05) and multiple index Zm (p = 0 < 0.05), while
the other interactions had no significant effects on the three indexes.
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According to the value of Eta2 in Table 6 and Figure 9, the greater the value of Eta2,
the greater influence of the factor. The order of factors affecting the quality index Zq and
multiple index Zm was B×C > B > C > A, and the order of factors affecting the miss index
Ze was C > B > B×C > A.

Figure 9. Range diagram.

Among the test indexes, the quality index Zq can best reflect the planting uniformity.
Meanwhile, a comprehensive analysis was conducted by referring to the multiple index
Zm and miss index Ze, respectively. If the interaction has a significant influence on the test
index, the interaction should be given priority. The orthogonal experiment results were
extracted and sorted into Figure 10 and Table 7 to illustrate more clearly the optimal level
of each factor and the interaction between B and C. It can be concluded that:

1. According to Figure 10, the quality index Zq was highest at the first level of factor A
and the second levels of factor B and C, respectively. Considering the interaction of
B2C2, the quality index Zq was the highest in Table 7, so the optimal combination for
Zq is A1B2C2;

2. The multiple index Zm reached the minimum at the first levels of factor A, B, and C,
respectively, in Figure 10. Zm reached the minimum under multiple combinations of
factor B and factor C, including B2C2 in Table 7;

3. The miss index Ze reached the minimum at the first level of factor A and the third
levels of B and C, respectively, in Figure 10. Considering the interaction of B and C,
Ze reached the minimum under multiple combinations of factor B and factor C and
was only 2.78% under B2C2;

4. According to the three indexes, the optimal combination was A1B2C2. Under this
combination, the quality index Zq was 97.22% and the multiple index Zm was 0%,
while the miss index Ze was 2.78%.

Table 7. The interaction of factor B and C.

Zq Zm Ze

Factor C1 C2 C3 C1 C2 C3 C1 C2 C3

B1 52.85% 82.07% 95.16% 0.00% 0.00% 0.00% 47.15% 17.93% 4.84%
B2 79.02% 97.22% 92.09% 0.00% 0.00% 7.91% 20.98% 2.78% 0.00%
B3 90.83% 86.03% 6.82% 0.00% 13.97% 93.18% 9.17% 0.00% 0.00%
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Figure 10. Affecting trends of different factors.

3.2. Analysis of Field Experiment Results

The planting effect of the sugarcane planter with single-bud billets in the field is shown
in Figure 11a. As detailed in Figure 11b, the number of billets in a furrow was measured in
units of 0.5 m, and a total of 427 units were counted.

Figure 11. Field planting experiment: (a) planting effect; (b) field measurement.

The results of the field planting experiments are listed in Table 8. When the rotational
speed was 50 rpm, the increase in the forward speed had little effect on the quality index
Zq, and the multiple index Zm increased slightly.

Table 8. Results of the field experiment on planting uniformity.

Rotational Speed (rmp) Forward Speed (km/h) Zq Ze Zm

50 1.61 87.50% 10.58% 1.92%
50 2.23 87.64% 10.11% 2.25%
40 2.26 93.38% 4.41% 2.21%
30 2.25 71.72% 10.10% 18.18%
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However, there are great differences in planting uniformity with different rotational
speeds under the same forward speed. As indicated in Figure 12, the quality index Zq is
the highest (93.38%) while the miss index Ze and the multiple index Zm are the lowest
(4.41%, 2.21%) when the rotational speed is 40 rpm. Therefore, the field planting uniformity
was the best when the rotational speed of 40 rpm was matched with the forward speed
of 2.2 km/h; there were 3 to 8 sugarcane billets per 0.5 m in the furrow. Under the high
quality, the forward speed is better than the sugarcane-cum-potato planter (0.5m/s) [25].

Figure 12. The effect of the rotational speed of the rake bar chain on field planting uniformity.

4. Conclusions

According to the single-factor and orthogonal experimental results in the laboratory,
the rotational speed of the rake bar chain had no significant effect on the planting uniformity,
while the angle of the rake bar chain, the number of billets, and their interaction had
significant effects on the planting uniformity. Meanwhile, the quality index Zq was the
highest when the angle of the rake bar chain was 117◦ and the number of billets was 500,
but it changed little and was high when the number of billets was between 500–800. The
orthogonal experiment showed that optimal planting uniformity can be achieved under a
rotation speed of 70 rpm, an angle of the rake bar chain of 117◦, and a number of billets of
500. Under this condition, the quality index Zq was 97.22% and the multiple index Zm was
0.00%, while the miss index Ze was 2.78%. Therefore, the single-bud planter was designed
with an angle of the rake bar chain of 117◦, and an adjustment plate was installed in the
seed box to ensure that there were 500–800 billets in the effective working area of the rake
bar chain. Three rake bar chains were adopted per seed box in the planter to increase the
rate of seed filling.

Field experiments showed that when the rotation speed was 40 rpm and the forward
speed was 2.26 km/h, the planting uniformity was the best and the quality index Zq was
93.38%. There were 3 to 8 sugarcane billets per 0.5 m in the furrow. Due to the limited
forward speed of the tractors in field operations, the range of forwarding speed was small in
the field experiment. Future work will investigate the planting uniformity under different
forward speeds and matching rotational speeds. High rotational speeds can also lead to the
bud damage. Therefore, the rotational speed should be as low as possible when meeting
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planting requirements. In addition, bud damage should be further studied in the future.
These works provide great reference value for the future design, improvement, and field
operation application of sugarcane single-bud billet planters.
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Abstract: Due to a lack of an accurate model in finite element simulation of mechanized harvesting
of wild chrysanthemum, the stem of wild chrysanthemum in the harvesting period is taken as the
research object. ANSYS Workbench 19.0 software and LS-DYNA software (LS-PrePOST-4.3-X64) are
used to calibrate the finite element simulation model of wild chrysanthemum stem cutting. The stem
diameter distribution at the cutting height of the chrysanthemum is obtained. The maximum shear
forces at different diameters (7 mm, 8 mm, 9 mm, 10 mm, and 11 mm) within the cutting range are
determined as 120.0 N, 159.2 N, 213.8 N, 300.0 N, and 378.2 N, respectively, by using a biomechanical
testing machine and a custom-made shear blade. The Plastic_Kinematic failure model is used to
simulate the cutting process by the finite element method. The Plackett–Burman test is employed to
screen out the test factors that significantly affect the results, namely, the yield stress, failure strain,
and strain rate parameter C. The regression model between the shear force and significant parameters
is obtained by central composite design experiments. To obtain the model parameters, the measured
values are substituted into the regression equation as the simulation target values. In other words,
the yield stress is 17.96 MPa, the strain rate parameter C is 87.27, and the failure strain is 0.0387. The
maximum shear force simulation test is carried out with the determined parameters. The results
showed that the maximum error between the simulated and the actual value of the maximum shear
force of wild chrysanthemum stems with different diameters is 7.8%. This indicates that the calibrated
parameters of the relevant stem failure model can be used in the finite element method simulation
and provide a basis for subsequent simulations.

Keywords: Chrysanthemum indicum L.; maximum shear force; finite element; calibration

1. Introduction

Wild chrysanthemum is a common Chinese herbal medicine characterized by an-
tibacterial and inflammatory effects that can be used to treat diseases such as influenza,
cerebrospinal meningitis, and snake bite [1,2]. Its stem characteristics are characterized
by a high degree of lignification and hardness. Most of the wild chrysanthemum harvest
is artificial. Approximately 15–20 people are required per day per acre to harvest wild
chrysanthemum, but the harvest cost is relatively high and rises every year. The mecha-
nized harvest of wild chrysanthemum is in its initial stage. The main attempt is to harvest
in sections. The existing windrowers (such as the rape windrower) are used for harvesting,
but the efficiency is not high. About a third of the thick stems are difficult to cut. The finite
element simulation method has been used in mechanical optimization in recent years [3].
The finite element method has the outstanding advantages of high efficiency, low costs,
and shortening the research and the development cycles [4].

A series of finite element simulation cutting studies were carried out to explore
the cutting performance of crops in agriculture. In the 1970s, Tay first used the finite
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element method to calculate orthogonal cutting tools [5]. In 2004, Yen et al. [6] analyzed
the relationship between the cutting-edge shape and the cutting force during cutting via
the finite element method. Meng et al. [7] used large CAE software ANSYS/LS-DYNA to
perform dynamic simulation on small mulberry tree cutting circular saw blades. The results
showed that, under the optimal parameter matching, the cutting section of the mulberry
branch performed well, and the working efficiency was relatively high. Souza et al. [8] used
finite element software to explore the influence of the harvester speed on the harvesting
process in mechanized coffee harvesting. Yang et al. [9] established a sugarcane cutting
system model based on the FEM (finite element method) and SPH (smoothed particle
hydrodynamics) coupling algorithm. Moreover, the authors verified the rationality of the
model with physical tests. The finite element simulation method was used to study the
force on the sugarcane root, which is of great significance for reducing the cutting resistance.
Fielke [10] predicted the influence of cutting edges with different geometric shapes on tillage
force via FEM. Ibrahmi et al. [11] studied the influence of the cutting depth, cutting speed,
and cutting angle on the tillage force of a template plow used in North Africa. The results
showed that vertical force decreased linearly with an increase in the cutting angle. When
the working depth was 150 mm, the speed was 1 m/s, the lifting angle was 20◦, the cutting
angle was 30◦ to 45◦, and the energy consumption was minimized. In China, the use of finite
element cutting started relatively late. Zhang et al. [12] used ANSYS/LS-DYNA software
to establish the geometric and material models of the cutting device in sugarcane cutting
machinery. Two unknown tensors of sugarcane were experimentally and numerically
determined, namely, the radial elastic modulus of sugarcane Ex = Ey = 1934 MPa and the
radial Poisson’s ratio of sugarcane Uxz = Uyz = 0.314. Guo et al. [13] obtained stress and
energy changes in cutting tomato vine straw using LS-DYNA software. Xi et al. [14]
conducted a display dynamics analysis on the process of cutting the stem with a rotor
milling cutter. The results showed that the power consumption of the cutting stem was
minimized when the rotor milling cutter speed was 1400 r/min, the blade thickness was
7 mm, and the blade angle was 25◦. Huang et al. [15] used finite element technology to
investigate the effect of the cutter angle and cutting speed on the cutting force and improve
the performance of the sugarcane cutter. The results showed that the cutting force was
minimized when the cutter angle was 0◦ and the cutter speed was 0.5–0.9 m/s.

Few simulation studies currently exist on the cutting of wild chrysanthemum stem.
Furthermore, the simulation process lacks more accurate wild chrysanthemum stem mate-
rial model parameters. Based on the maximum shear force, physical tests were employed
to determine different diameters of wild chrysanthemum flower stalks. On this basis, the
Plackett–Burman test and a central composite design experiment were carried out by using
finite element simulation to calibrate the stem material parameters. Different diameters of
wild chrysanthemum stem test values were compared with the simulation results to validate
the accuracy of the calibration parameters. The proposed model will provide a reference
for selecting finite element cutting material parameters of wild chrysanthemum stem.

2. Materials and Methods
2.1. Materials

Wild chrysanthemum stems from the biennial wild chrysanthemum cultivation base
in Qianxian county, Shaanxi (jointly cultivated by China Resources Sanjiu Medical & Phar-
maceutical Co., Ltd. (Shenzhen, China), and Shaanxi Qintuonong Agricultural Technology
Development Co., Ltd. (Xi’an, China)) were selected for the experiment. As shown in
Figure 1, the row spacing was 60 cm and the plant spacing was 50 cm. The average moisture
content was 48.98%. The test materials were randomly selected on 6 November 2021. Fresh
plants with good growth and no disease and insect pests were selected, and mechanical
damage to the stem was avoided as best as possible. The chrysanthemum stems were cut
horizontally with respect to the ground.
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Figure 1. Wild chrysanthemum stem planting diagram.

2.2. Wild Chrysanthemum Stem Diameter Distribution

Fifty wild chrysanthemum stems were randomly selected, and the diameter of each
wild chrysanthemum stem at a height of 20 cm was measured with an electronic vernier
caliper (Mitutoyo Co., Ltd., Kanagawa, Japan) with a precision of 0.01 mm (according to the
wild chrysanthemum base measurement, the stubble height of wild chrysanthemum stem
was roughly 20 cm). The stem of each wild chrysanthemum was measured three times
and averaged. The fitting curve of the normal distribution of the obtained size is shown in
Figure 2. The diameter of wild chrysanthemum stems mostly varied between 7 mm and
11 mm at the stubble height.
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Figure 2. Normal distribution of wild chrysanthemum stem diameter.

2.3. Shear Tests

The test samples were collected from the same base mentioned above. Wild chrysan-
themum stems of 7–11 mm were divided into five grades to determine the cutting effect
of wild chrysanthemum stems with different diameters. Six groups of experiments were
conducted for each grade of stems, and a total of 30 wild chrysanthemum stem samples
were made. A total of 25 mm lengths were taken upward and downward by taking the
position of the stem at 20 cm as the midpoint, and the final length of each sample was
50 mm.

The main instrument used in this test is the experimental biomechanics machine
(DDL10) with a custom-made blade, as shown in Figure 3. The blade is made of steel,
and its size is shown in Table 1. The material parameters are shown in Table 2. The shear
process that utilizes a biomechanical testing machine is shown in Figure 4. The distance
between the two supports is 20 mm, the cutting speed is 100 mm/min, and the starting
preload is less than 5 N.

Figure 3. Custom-made cutting blade, where L is the length, T is width, B is the thickness, and θ is
the edge angle.

Table 1. Custom-made blade size.

Physical Characteristics Units Size

L mm 90
T mm 28
B mm 2.3
θ ◦ 37.5
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Table 2. Custom-made blade materials [16].

Parameters Units Numerical Value

Density kg/m3 7800
Elasticity modulus GPa 207

Poisson’s ratio 1 0.3

Figure 4. Shear test site.

2.4. Finite Element Model

According to the material and structural characteristics of wild chrysanthemum stem,
the cuticle and lumen of the stem are defined as anisotropic, non-uniform, and non-linear
viscoelastic materials, as shown in Figure 5. Compared with the cuticle, the lumen part
of stem had a minor effect on cutting. The stem was regarded as a hollow cylinder, and
its material model was defined as an isotropic elastic–plastic material model to facilitate
modeling. After measurement, the average ratio of the inner to the outer diameter of the
wild chrysanthemum stem was 0.41.

Figure 5. Structure of wild chrysanthemum stem.
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2.4.1. Selection of Stem Material Model in the LS-DYNA Software

LS-DYNA software is a display solution software that can solve the dynamic problem
of highly nonlinear structure and effectively perform finite element analysis of the cutting
process. In essence, the numerical analysis of the stem cutting process is the failure of
the unit material defined after large deformation, or stress overload of the stem unit,
i.e., stem cutting can be visually represented. The wild chrysanthemum stem was regarded
as a whole, and its material model was defined as Plastic_Kinematic, i.e., an isotropic
elastoplastic material model. The equivalent fracture strain defined by the model can be
expressed as [16,17]:

σy =

∣∣∣∣1 +
( ε1

C

)P
∣∣∣∣
(

σo + βEpε
f
p

)
,

where ε1 is the strain rate, C and P are strain rate parameters, Ep is the plastic hardening

modulus, and ε
f
p is the effective plastic strain.

2.4.2. Modeling in Ansys Workbench and LS-DYNA Software

SOLIDWORKS 2018 software was used to establish a 3D model of a wild chrysanthe-
mum cutting with a diameter of 8 mm. Then, the model was imported into the Explicit
Dynamic (LS-DYNA Export) module in Ansys Workbench 19.0. The stem, the blade, and
the supports were divided into grids. The grid size of the stem was set as 1 mm, and the
final number of grids was 7624. The overall model is shown in Figure 6.

Figure 6. Finite element cutting model.

The following constraints were added to the model. The displacement of the blade
model was constrained in the X- and Y-directions, whereas the rotation was constrained in
the X-, Y-, and Z-directions. Displacement and rotation of the support base model were
constrained in the X-, Y-, and Z-directions, but the stem model was not constrained. The
blade speed loading direction was defined as the Z-direction, the constant loading speed
was 100 mm/min, and the simulation time was set to 0.5 s. Other parameters were set in
LS-DYNA post-processing software LS-PrePOST-4.3-X64. The material parameters were
set as shown in Table 3, and the contact parameters [13,16] were set as shown in Table 4.

Table 3. Material parameters.

Part Materials Parameters

Blade and base MAT_RIGID See Table 2
Stem MAT_Plastic_Kinematic Screening by test

Table 4. Contact parameters.

Contact Position Contact Type Friction Coefficient

Blade and stem ERODING_SURFACE_TO_SURFACE Static friction coefficient 0.15, dynamic friction
coefficient 0.1Stem and base AUTOMATIC_SURFACE_TO_SURFACE
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The stem and blade models should not come in contact when defining the contact
mode. However, the distance between them should be as close as possible to reduce the
calculation free time before shearing. Simulation fracture is shown in Figure 7.

Figure 7. Simulated fracture diagram.

2.5. Parameter Calibration Experimental Design
2.5.1. Plackett–Burman Experimental Design

The Plackett–Burman experiment was designed using Design-Expert (version 11.0.4.x64)
software to screen the parameters that significantly affect the maximum shear force. The
Plackett–Burman test was carried out on the density, elastic modulus, Poisson’s ratio,
yield stress, shear modulus, hardening parameter, strain rate parameter C, strain rate
parameter P, and failure strain as experimental factors. The research on mechanical and
physical characteristics of wild chrysanthemum stem is not perfect, especially regarding
the parameters of the finite element model. In this paper, parameter values of various stems
in the literature were employed to determine the value or range of each parameter in the
test [16]. Test parameters are shown in Table 5.

Table 5. Plackett–Burman test parameters.

Symbol Parameters Low Level High Level

X1 Density (kg/m3) 1000 1200
X2 Elastic modulus (Mpa) 800 1200
X3 Poisson’s ratio 0.2 0.4
X4 Yield stress (Mpa) 10 20
X5 Shear modulus (Mpa) 0.4 0.6
X6 Hardening parameter 0 0.1
X7 Strain rate (C) 80 100
X8 Strain rate (P) 4 12
X9 Failure strain 0.01 0.05

2.5.2. Central Composite Experimental Design

The central composite design experiments were carried out for the selected signifi-
cance parameters. The middle value of the high and low level of non-significant factors was
selected. The stem model of wild chrysanthemum was established to carry out simulation
analysis of the maximum shear force, thus obtaining the regression model between the
maximum shear force and significance parameters. The shear force value of the chrysanthe-
mum stem was substituted into the regression equation as the simulation target to obtain
the simulation model parameters.

3. Results and Discussion
3.1. Plackett–Burman Test

The test design and results are shown in Table 6. Design-Expert software was used for
significance analysis and variance analysis of the data, and the results are shown in Table 7.
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Table 6. Design scheme and results of the Plackett–Burman test.

No. X1 X2 X3 X4 X5 X6 X7 X8 X9 Maximum Shear Force/N

1 1000 800 0.4 10 0.6 0.1 80 12 0.05 90.3
2 1200 1200 0.4 10 0.4 0 100 4 0.05 100
3 1000 800 0.2 10 0.4 0 80 4 0.01 44.6
4 1000 1200 0.2 20 0.6 0 100 12 0.05 180.3
5 1200 800 0.4 20 0.4 0.1 100 12 0.01 123.9
6 1200 1200 0.2 10 0.4 0.1 80 12 0.05 81.6
7 1200 1200 0.2 20 0.6 0.1 80 4 0.01 101.4
8 1000 1200 0.4 20 0.4 0 80 12 0.01 105.8
9 1000 1200 0.4 10 0.6 0.1 100 4 0.01 43

10 1200 800 0.2 10 0.6 0 100 12 0.01 58.7
11 1200 800 0.4 20 0.6 0 80 4 0.05 182
12 1000 800 0.2 20 0.4 0.1 100 4 0.05 201.3

Table 7. Significance analysis of Plackett–Burman test parameters.

Parameters Effect Contribution/% Sum of Squares F-Value p-Value

X1 −2.95 0.08 26.11 0.6131 0.5156
X2 −14.78 2.09 655.64 15.40 0.0592
X3 −3.82 0.14 43.70 1.03 0.4177
X4 79.42 60.19 18,921.02 444.32 0.0022 **
X5 −0.25 0.001 0.1875 0.0044 0.9531
X6 −4.98 0.24 74.50 1.75 0.3169
X7 16.92 2.73 858.52 20.16 0.0462 *
X8 −5.28 0.27 83.74 1.97 0.2959
X9 59.68 34 10,686.30 250.95 0.0040 **

Note: ** represents extremely significant effect (p < 0.01), * represents significant effect (p < 0.05).

According to Table 7, X4 and X9 extremely significantly affected the maximum shear
force of the stem (p < 0.01). X7 significantly affected the maximum shear force of the stem
(p < 0.05), whereas the remaining parameters did not significantly affect the maximum shear
force (p > 0.05). Therefore, yield stress (X4), failure strain (X9), and strain rate parameter C
(X7) were selected as three key factors for the response surface optimization and design.

3.2. Central Composite Design Experiment

In the central composite test, all non-significant test parameters were adopted with
high and low intermediate values, and the remaining significant factors were selected
according to the test. The test factor coding is shown in Table 8, and the central composite
experiment design and the simulation results are shown in Table 9. Multiple regression
fitting was conducted on the data in Table 9, thus obtaining the wild chrysanthemum flower
regression equation of the maximum shear force:

Y = 120.42 + 31.82X4 + 11.20X9 + 4.22X7 − 4.75X4X9 − 3.25X4X7 − 1.75X9X7 + 1.29X4
2 − 0.8292X9

2 − 2.88X7
2. (1)

Table 8. Central composite design factor coding.

Factor Level X4 X9 X7

1.682 20.00 0.05 100.00
1 17.98 0.04 95.95
0 15.00 0.03 90.00
−1 12.02 0.02 84.05

−1.682 10.00 0.01 80.00
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Table 9. Test results and scheme of central composite design experiment.

No. X4 X9 X7 Maximum Shear Force/N

1 14.995 0.03 90 122
2 12.02 0.02 95.95 84
3 14.995 0.03 90 112
4 12.02 0.04 95.95 107
5 17.98 0.02 84.05 151
6 14.995 0.0468179 90 140
7 9.99167 0.03 90 76
8 19.9983 0.03 90 175
9 17.98 0.04 84.05 162
10 12.02 0.02 84.05 64
11 14.995 0.03 90 123
12 14.995 0.03 90 124
13 12.02 0.04 84.05 102
14 14.995 0.03 90 121
15 14.995 0.03 79.9933 120
16 14.995 0.03 100.007 140
17 17.98 0.02 95.95 150
18 17.98 0.04 95.95 162
19 14.995 0.03 90 120
20 14.995 0.0131821 90 99

According to variance analysis (Table 10), the overall model fitting degree was ex-
tremely significant (p < 0.0001). X4, X9, and X7 extremely significantly affected the maximum
shear force, whereas X4, X9, and X7

2 significantly affected the maximum shear force. X4, X7,
X9X7, X4

2, and X9
2 had no significant effect on the maximum shear force, indicating that the

influence of the test factors on the overall response value had a higher-power relationship.
The p-value of the lack of fit was 0.3189, indicating that no other major factors affected this
index. The determination coefficient R2 was equal to 0.99, indicating that the regression
model agreed with the actual results and may be used to predict the maximum shear force
of the stem.

Table 10. ANOVA of central composite design experiment.

Source Sum of Squares df Mean Square F-Value p-Value

Model 16,225.35 9 1802.82 75.48 <0.0001 **
X4 13,823.69 1 13,823.69 578.77 <0.0001 **
X9 1713.04 1 1713.04 71.72 <0.0001 **
X7 243.24 1 243.24 10.18 0.0096 **

X4X9 180.50 1 180.50 7.56 0.0205 *
X4X7 84.50 1 84.50 3.54 0.0894
X9X7 24.50 1 24.50 1.03 0.3350
X4

2 24.07 1 24.07 1.01 0.3392
X9

2 9.91 1 9.91 0.4148 0.5340
X7

2 119.79 1 119.79 5.02 0.0490 *

Residual 238.85 10 23.88
Lack of fit 145.51 5 29.10 1.56 0.3189
Pure error 93.33 5 18.67
Core total 16,464.20 19

Note: ** represents extremely significant effect (p < 0.01), * represents significant effect (p < 0.05).

The maximum shear force of experimentally measured wild chrysanthemum stem
with a diameter of 8 mm was taken as the target value in the optimization module of the
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Design-Expert software. The optimization was carried out to seek the optimal solution for
the regression model. The objectives and constraints equations can be expressed as:





Y(X4, X9, X7) = 159.2

s.t.





10 ≤ X4 ≤ 20

0.01 ≤ X9 ≤ 0.05

80 ≤ X7 ≤ 100.

(2)

The calibration parameter results are shown in Table 11.

Table 11. Parameter calibration values.

Parameter Numerical Calibration

Yield stress 17.96
Failure strain 0.0387

Strain rate parameter C 87.27

3.3. Validation Tests

In order to ensure the feasibility, accuracy, and universal applicability of the calibrated
model parameters, stem cutting models with diameters of 7 mm, 9 mm, 10 mm, and
11 mm were established for verification. The models were set according to the calibrated
parameters (Table 12), whereas the remaining setting conditions remained unchanged. The
finite element model was established and the actual test results were compared.

Table 12. Finite element simulation parameters of wild chrysanthemum stem.

Parameters Value

X1 1100
X2 1000
X3 0.3
X4 17.96
X5 0.5
X6 0.05
X7 87.27
X8 8
X9 0.0387

The maximum shear force of wild chrysanthemum stem measured by physical tests
and the one obtained by the simulation are shown in Table 13.

Table 13. Comparison of the maximum shear force of wild chrysanthemum stem.

Stem Diameter/mm Maximum Shear Force Measured/N Maximum Shear Force
Simulation Value/N Error/%

7 120 129.4 −7.8
8 159.2 169 −6
9 213.8 201.4 5.8
10 300 281 6.3
11 378.2 350 −7.5

The maximum shear force error between the simulation and the actual test was less
than 7.8%. Moreover, the maximum shear force had a good linear relationship with the stem
diameter, indicating that the parameter calibration method was correct and the established
finite element model was accurate.

The influence of physical parameters on the maximum shear force was not completely
consistent for different crop stems. The yield stress significantly affected the maximum
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shear force of the wild chrysanthemum stem, which is consistent with Jiang’s [16] research
on the rape stem. The remaining two significant factors were different, which might
have been caused by the complex internal structure of different stems. Zheng et al. [18]
constructed a finite element model of cotton rod and calibrated the cutting parameters.
Contrary to the method proposed in this paper, the author regarded the cotton stalk as
an anisotropic material. Through a series of physical tests, the author measured nine
parameters that could represent the mechanical properties of an anisotropic material and
complete the calibration. In this paper, the stem of wild chrysanthemum was regarded as an
isotropic material. Plackett–Burman tests and a central composite design experiment were
used to calibrate the stem parameters, and the physical cutting test was used to verify the
calibration accuracy. Liao et al. [19,20] used discrete elements to calibrate stem parameters
for the rape stalk shredding problem and obtained significant factors for the angle of repose.
The difference occurred due to various types of problems and measurement indexes.

4. Conclusions

(1) According to the preliminary investigation, the cutting height of wild chrysanthe-
mum stem was approximately equal to 20 cm. The diameter of the cutting height of the
wild chrysanthemum stem was experimentally measured, and the diameter of the stem
was mostly distributed between 7 mm and 11 mm within the cutting range.

(2) Through the Plackett–Burman test, the yield stress, failure strain, and strain rate
parameter C, all of which significantly affected the results, were selected. The central
composite design experiment was carried out by the finite element method to investigate
the effects of yield stress, failure strain, and strain rate parameter C on the maximum
shear force of the stem. Moreover, the regression model between the shear force and
significance parameters was obtained. The measured values were substituted into the
regression equation as simulation target values to obtain the following simulation model
parameters: yield stress 17.96 Mpa, failure strain 0.0387, and strain rate parameter C 87.27.

(3) The calibration parameters were used to establish simulation models of stem
cutting with different diameters. The highest error between the simulation and actual tests
was 7.8%. In addition, the maximum shear force had a good linear relationship with stem
diameter, indicating that the calibration parameters were accurate and reliable and that the
established finite element model was correct and feasible.

In this paper, the physical shear test was used as a comparison to calibrate the failure
model parameters of the stem of wild chrysanthemum, which filled the blank of finite
element cutting model parameters of wild chrysanthemum stem.
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Abstract: In order to realize the automatic cutting of arch shed pillars, an automatic cuttage device
for an arch shed pillar with force feedback was designed in this study. First, the wind resistance of
the arch shed was simulated and analyzed using ANSYS, and the cuttage depth of the arch shed
pillar was determined. According to the environment for the cuttage operation of the arch shed
pillar and the agronomic requirements, such as the arch shed span, arch shed height, and cuttage
depth, the function, structure, and basic design parameters of the arch shed automatic cuttage device
were determined. Then, to reduce the damage rate of the pillar and achieve equal-depth cuttage, a
force feedback system for the actuator of the cuttage device was constructed to estimate the cuttage
resistance and depth in real time. To reduce the impact of the starting and stopping of each motor in
the actuator, trajectory planning of the execution end in the pillar transfer stage was performed in
the Cartesian coordinate system. The motion law of portal trajectory based on the Láme curve was
analyzed, and MATLAB simulations were used to solve the relevant motion parameters. In addition,
the modality of key components of the cuttage device was simulated and analyzed by using the
SOLIDWORKS simulation plug-in. Finally, the experimental prototype was constructed according
to the simulation results. The simulation and field cuttage experiments showed that the cuttage
device produced equal-depth cuttage for the arch shed pillar, where the depth of the arch shed pillar
was 10 cm, the average cuttage time of a single pillar was 6.2 s, and the error of the cuttage depth
was ±0.5 cm in wet soil. The operation of the device was stable, as evidenced by the smooth and
mutation-free operation trajectory and speed curve of the execution end. The results of the modal
experiment suggest that resonance would not occur during the operation for resonance frequencies
between 303 Hz and 565 Hz. This arch shed pillar automatic cuttage device has an optimal operation
performance and meets the agronomic requirements of arch shed pillar cuttage.

Keywords: arch shed; automatic cuttage; force feedback; simulation design; trajectory planning

1. Introduction

Mulching film cultivation technology in arch sheds can preserve heat, moisture, and
soil, improving the survival rate and shortening the planting cycle of crops [1–3]. At present,
the embedded depth of an arch shed pillar depends on the experience of farmers, which
can lead to poor wind resistance of the arch shed and is not conducive to the automatic
construction of arch sheds. Many literature studies exist on automatic cuttage devices
for arch sheds, such as the arch shed cuttage and filming machine developed by Fujiki
Agricultural Machinery Manufacturing Institute (Higashiosaka, Japan), the arch shed
frame construction machine developed by French CM-REGERO Industries (La Chapelle-
Basse-Mer, France) and RABAUD (La Chapelle-Basse-Mer, France), the arch shed cuttage
machine developed by Dubios Agrinovation Inc. (Saint-Rémi, Canada ), the arch shed
cuttage machine jointly developed by Mark William, Tunnelmatic Inc. (RABAUD La
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Chapelle-Basse-Mer, France), and LesAgrisudvende Inc. (Libourne, France), and the arch
shed automatic cuttage device developed by Liu et al. [4,5]. In China, the planting area that
utilizes arch shed film mulching cultivation technology reaches 13,000 square kilometers
every year [6,7], which requires many automatic cuttage machines. However, the sizes
of the currently studied arch shed cuttage machines and cuttage devices are large, which
is insufficient to meet the requirements of the small-scale operating environment of the
Chinese farmland. These devices require auxiliary manual operation with less automation.
The pillar can also be easily broken during cuttage in a hard-soil environment. In order
to solve these problems, we aimed to develop an automatic cuttage device for arch shed
pillars with a pillar protection function that is suitable for small field operations.

According to previous studies, the small arch sheds used for seedling cultivation in
Shaanxi and Gansu have a span of 60 cm and a height of more than 35 cm (Figure 1). The
most commonly used arch shed pillar has a span of 60 cm, a height of 50 cm, and a diameter
of 1 cm, with a spacing of 1 m between adjacent pillars. To ensure wind resistance of the
arch shed, “equal-depth cuttage” should be adopted for the pillar. At the same time, it is
necessary to avoid film rupturing caused by pillar damage, which can lead to a decline
in the heat preservation performance of arch sheds [8,9]. During the automated cuttage
operation of the arch shed, it is important to first achieve automatic cuttage with a lower
damage rate, and then ensure the consistency of the highest point of the 1 cm arch shed
after the cuttage at the same time—namely, equal-depth pillar cuttage.
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According to the operation environment and the experience of farmers, the basic
requirements for the automatic cuttage of arch sheds are as follows:

(1) The cuttage span of the arch shed pillar should be 60 cm with less than 1 cm of error;
(2) The height of the arch shed pillar after cuttage should be 40 cm with less than 1 cm

of error;
(3) The diameter of the arch shed pillar that can be cut should be 1 cm;
(4) The cuttage depth should be equal at the ends of the arch shed pillar;
(5) The damage rate of the arch shed pillar should remain below 5%;
(6) The cuttage device should operate smoothly, have optimal stability, and have a long

service life.

According to agronomic requirements and to the operation environment of arch shed
pillars, the process of the automatic cuttage of arch shed pillars was constructed, as shown
in Figure 2. In this process, the cuttage device installed on the chassis moved forward along
a straight line, stopped after reaching the cuttage position, and performed a pillar cuttage.

In the automatic arch shed pillar cuttage process, the span and height can be deter-
mined through the mechanical design of the cuttage device, and the diameter of the arch
shed pillar can be customized in advance. However, several problems still need to be
addressed:

(1) Suitable pillar cuttage depth;
(2) A quick and convenient method for determining the ideal cuttage depth at both ends

of the pillar;
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(3) Ensuring that the damage rate of the pillar is controlled below 5%;
(4) Ensuring the optimal operation and stability of the device.
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Wind resistance is an important index for evaluating the firmness of a small arch
shed [10]. The pillar cuttage depth determines the wind resistance of the arch shed. The
analyses of wind resistance for greenhouses have mostly focused on the environment of
the greenhouse [11–13]. A small arch shed covered with a flexible plastic film is strongly
sensitive to wind load. The wind resistance of an arch shed is related to the spacing, span,
and embedded depth of the arch shed pillar [14]. However, the current embedded depth of
arch shed pillars is essentially determined based on experience, which is not supported by
the theoretical data.

According to the agronomic requirements for the cuttage of arch shed pillars in a
greenhouse, soft soil with a rotary tillage depth of about 25 cm is suitable during cuttage,
while the embedded depth of the arch shed pillars should be greater than 5 cm. The stability
of an arch shed increases with an increase in cuttage depth. However, since the size of
an arch shed pillar is fixed, increasing the cuttage depth inevitably reduces the height
of the arch shed and weakens the preservation of heat and moisture. The mechanical
characteristics of the pillar at different cuttage depths and under different levels of wind
force can be determined using a statistical analysis of the wind force during the spring
in Shaanxi, China. In other words, a reasonable pillar cuttage depth that meets the wind
resistance of the arch shed can be deduced by analyzing the wind resistance of the arch
shed pillar at different cuttage depths.

To achieve equal-depth cuttage of the arch shed pillar, it is necessary to design a
detection mechanism for a stable cuttage depth to monitor the embedded depth of the arch
shed pillar in real time. However, this task is currently difficult to implement. Mossadeghi-
Björklund et al. [15] reported a positive correlation between soil penetration resistance and
penetration depth. Based on this principle, monitoring of the cuttage resistance can be used
to detect the cuttage depth.

Therefore, the development of real-time monitoring for cuttage resistance has become
the focus and difficulty of research. Many relevant studies have been conducted in different
research fields, including industries and services concerning torque detection. According to
the law that the resistance moment of a joint will increase rapidly and the current of a joint
motor will jump when the manipulator is collapsed, Spong et al. [16] constructed a flexible
joint that could estimate the impact moment value of the manipulator joint by using the
current jumping value of the joint motor. Chen et al. [17] proposed a general sensorless
collision-detection algorithm for robot actuator faults. Shi et al. [18] designed a flexible
picking manipulator with an obstacle-avoidance function that could detect the collision
resistance of the manipulator during fruit and vegetable picking. For the monitoring of
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cuttage depth, a cuttage depth feedback mechanism based on “current–force–depth” was
constructed in this study, and a cuttage resistance feedback device based on an electric
push rod was built. A cuttage-resistance feedback algorithm was designed that could
be used to explore the relationship between the current jumping value and the cuttage
resistance. Moreover, the resistance of the electric push rod was obtained by detecting the
motor current, and the cuttage depth of the pillar was indirectly obtained according to the
relationship between the resistance and cuttage depth.

Excessive impact force leads to the damage of the pillar cuttage. Impact force is a
result of hard obstacles under the soil layer that are encountered during the pillar cuttage.
The hard obstacles under the soil layer are uncontrollable factors, which can be avoided by
the sensing ability of the force through the execution end based on the detection of cuttage
resistance using the “current–force–depth” feedback system.

In the process of transporting the pillar for cuttage, the curves of the operation trajec-
tory, speed, and acceleration at the execution end are not smooth, which makes the cuttage
device subject to impact force. Therefore, a trajectory curve was planned to ensure smooth
curves of the operation trajectory, speed, and acceleration. Meanwhile, the vibration char-
acteristics of the cuttage device were analyzed to obtain it’s inherent frequencies, which
was used to prevent resonance, effectively reduce the impact force, and ensure the optimal
operation of the device.

To solve the above-mentioned basic requirements for the automatic cuttage of arch
shed pillars, the wind resistance of the arch shed was analyzed in this study and the
cuttage depth of the arch shed pillar was determined. A real-time cuttage depth detection
mechanism based on “current–force–depth” was constructed for the real-time monitoring
of the cuttage depth. According to basic parameters, including span, height, cuttage depth,
and pillar diameter, the gantry-shaped cuttage device was simulated and designed to
analyze the motion trajectory, speed, and acceleration curves at the execution end, and the
rationality of size parameter selection and the smoothness of the motion trajectory were
verified. A modal analysis of the key components of the automatic cuttage device was
performed to determine the first four order modal frequencies of the cuttage device, which
prevented the occurrence of resonance, eliminated impact force, and ensured the smoother
operation of the device. Finally, the prototype machine was manufactured and the cuttage
experiment was performed.

2. Pillar Cuttage Depth and Wind Resistance Analysis of the Arch Shed

Wind blowing vertically against the side of the arch shed pillar has the greatest impact
on the arch shed. ANSYS was used to analyze the wind resistance of the arch shed at
different cuttage depths. The vertical wind on the side of the arch shed is shown in
Figure 3. From the above information, it was calculated that the height of the arch shed
poles should be H = 50 cm and the span should be b = 60 cm. The height of the arch shed
is h and the embedded depth of the arch shed pillar is a = H − h Qin et al. [4,19,20]
found that the appropriate height-to-span ratio for an arch shed is h/b = 0.5 ∼ 0.67,
where h = 35 ∼ 40 cm and a = 10 − 15 cm, which can be obtained from the height
requirements of the arch shed.

In Yangling, Shaanxi, China, the values for altitude and air density are z = 435 ∼ 563 m
and ρ = 0.00125e−0.0001z, respectively, and the average ground wind speed from March to
April is level 2–3, with occasional strong winds of level 7–8 [21–23]. To ensure safety during
operation, the pressure of a level 10 wind acting on the arch shed was considered to be the
wind pressure limit; at this time, the basic wind pressure is ω0 = ρν2/2 = 420 N/m2 [24,25].
The arch shed was a non-high-rise building with a height of less than 30 m. When the wind
vibration coefficient is βz = 1, the variation coefficient of the wind load height is µz = 1,
and the wind load shape coefficient is µs = 0.2 [26,27], then the wind load applied to the
arched shed is ωk = ωoβzµzµs = 84 N/m2.
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Figure 3. Schematic diagram of vertical wind on the side of arch shed. 1: plastic film; 2: arch shed
pillar; 3: plant; and 4: soil. Note that b: span of arch shed pillar; H: height of arch shed pillar;
h: height of arch shed and a: the embedded depth of the arch shed pillar.

Under an external temperature of 5 ◦C–10 ◦C, the compressive yield strength of the
pillar material is Rm = 2.5 × 108 Pa, the elastic modulus is E = 1.67 × 1011 Pa,
G = 7.69 × 1010Pa, µ = 0.3, Young’s modulus is 2 × 1011Pa, and the density is
ρ = 7850 kg/m3. The arch shed pillar model was established using SOLIDWORKS
and imported into ANSYS Workbench for a simulation analysis of stress, strain, and
deformation to evaluate the wind resistance of the arch shed pillar under a level 10 wind.
Tetrahedronal elements were used to divide the grid, and the minimum grid unit size was
set to 0.5 cm. Under the same wind load, fixed constraints at both ends of the arch shed
pillar were added to simulate the fixation of the pillar by soil after the arch shed pillar was
cut into the soil. A wind load of 84 N/m2 was applied on one side of the arch shed to
simulate and analyze the stress of the arch shed pillar under a level 10 wind. When the
cuttage depth of the pillar ranged from 8–15 cm, the stress and strain of the arch shed pillar
increased with each 1 cm-increase in the cuttage depth (Figure 4). The simulation results
revealed that the stress and strain of the arch shed pillar decreased with an increase in the
pillar’s embedded depth from 8 cm to 15 cm, and it was more resistant to wind and snow
disasters. When the cuttage depth was greater than 10 cm, the downward trend of stress
and strain became less pronounced.
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When the height of the small arch shed increased, the living space of the plant increased
as well, which was more conducive to the growth of seedlings. Therefore, within the
appropriate height-to-span ratio of 0.5–0.67 cm and with h = 40cm, the embedded depth
of the arch shed pillar would be a = H − h = 10 cm. Under these parameters, the
strain of the arch shed pillar was 2.15 × 10−6, which was considerably lower than the
allowable strain of the structural steel, namely [ε] = 3.74 × 10−4, and the equivalent
stress value was 0.427 MPa, which was also considerably lower than the allowable stress of
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the structural steel, namely [σ] = 62.5 MPa. Therefore, the arch shed pillar was expected
to withstand a level 10 wind.

3. Real-Time Detection Principle of Cuttage Depth Based on “Current–Force–Depth”

Assuming the use of a DC motor, the current of the motor would increase rapidly
with an increasing load [28,29]. Based on this observation, an electric push rod was used
to cut the arch shed pillar, and a stress analysis diagram of the pillar cuttage using an
electric push rod was constructed, as shown in Figure 5. During the cuttage operation of
the electric push rod, the resistance of the electric push rod would increase rapidly and
the current driving the motor would correspondingly increase with an increase in the
embedded depth of the pillar. In other words, as the cuttage depth of the pillar increased,
the cuttage resistance increased, the resistance of the electric push rod also changed, and the
current driving the motor would also increase. According to this principle, the electric push
rod caused the brushless motor (1) to rotate the ball screw (4) after being decelerated by the
secondary reducer (2). The rotation of the ball screw (4) caused the nut assembly (3) that is
fixedly connected with the push pole (5) to move, thus converting the rotating motion of
the brushless motor (1) into a linear motion of the push rod (5) and generating axial thrust.
Subsequently, the relationship between the current change of the motor and the electric
push rod, as well as the embedded depth of the arch shed pillar, can be calculated to detect
the motor current and to infer the torque changes with the depth during cuttage.
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According to the literature, the external force on the electric push rod during operation
includes the driving torque of the motor and the cuttage resistance. Let the equivalent
moment of inertia on the motor spindle be J, the equivalent system damping on the motor
spindle be B, the motor angular displacement be θ1(t), the lead screw angular displacement
be θ2(t), the electromagnetic torque be Te, and the load torque be TL. Then, the torque
balance equation on the motor shaft is:

Te = J
..
θ1(t) + B

.
θ1(t) + TL (1)

Let the lead screw be ph, the transmission efficiency of the ball screw pair be η, and
the cuttage resistance be Fa. Then, the relationship between cuttage resistance and the load
torque is as follows:

TL =
Fa ph
2πη

(2)

Let the current of the motor in a steady state be i, the electromagnetic torque be Te,
and the motor torque coefficient be Kt. Then, the electromagnetic torque equation is:

Te = Kti (3)
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Combining Equations (1)–(3) yields the following relationship between the motor
current and the cuttage resistance:

i =
Fa ph
2πη

+
J

..
θ1(t)
Kt

+
B

.
θ1(t)
Kt

(4)

According to Equation (4), when the cuttage device works normally, the current
value flowing through the electric push rod is related to the cuttage resistance of the arch
shed. Therefore, the cuttage resistance can be estimated by detecting the current value of
the motor.

As mentioned above, the cuttage resistance can be obtained by monitoring the mo-
tor’s current value. Therefore, the mathematical model of pillar cuttage resistance and
cuttage depth needs to be established. According to the literature, when the dimensionless
parameters related to the soil type, C1, C2, C3 and C4 are adopted, the area of the conical
cross-section of the front end of the arch shed pillar is S, the unit of soil bulk density is
Db, the weight of the soil moisture is θg, and the penetrating depth of the arch shed pillar
is h [30], the relationship between the cuttage resistance and the penetrating depth is as
follows:

Fa = S× C1Db
C2 θg

C3 hC4 (5)

Consequently, the relationship between the current of the electric push rod driving the
motor and the penetrating depth is:

i =
S · C1Db

C2 θg
C3 hC4 ph

2πη
+

J
..
θ1(t)
Kt

+
B

.
θ1(t)
Kt

(6)

According to Equation (6), when the electric push rod is operational, the motor current
is linearly related to the penetrating depth. Therefore, the detection algorithm for the
cuttage depth of the arch shed pillar can be constructed based on the current feedback by
analyzing the equation for the relationship between the motor current of the electric push
rod and the cuttage depth of the arch shed pillar. The cuttage depth of the arch shed pillar
can be indirectly inferred through a change in the motor current of the electric push rod, to
achieve real-time monitoring of the cuttage depth for an arch shed pillar.

4. Simulation Analysis of Cuttage Device

SOLIDWORKS was used to simulate and design the force feedback automatic cuttage
device (Figure 6). The model included a walking chassis, a conveying platform, and an
actuator of gantry structure. During operation, the arch shed pillar (4) was manually placed
on the conveying platform (8) of the walking chassis, and the arch shed pillar (4) was then
transported successively to the front of the machine by the conveying platform (8). On the
conveying platform, two rows of hollow columns were evenly distributed with a height
of 3 cm. The inner diameter of the hollow columns was 1.2 cm, which was slightly larger
than the diameter of the arch shed pillars. The distance between the two rows of hollow
columns was equal to the span of the arch shed pillars. The two lower end points of the
arch shed pillars were placed in the hollow columns, which ensured that the pillars could
be easily clamped by the execution end and transported to the tail of the fuselage while
being attached on the conveying platform. Subsequently, the electric push rod (7) caused
the execution end (5) to fall and clamp the arch shed pillar (4), causing it to rise. Then, the
servo motor drove the lead screw sliding table (2) to transport the arch shed pillar (4) to the
rear of the machine. After the transportation, the electric push rod (7) extended downward
to press the arch shed (4) into the soil to achieve pillar cuttage, which performed repeatedly.
In this operation, the execution end (5), the installation frame (6), and the electric push
rod (7) were used to cut the arch shed pillar. Simultaneously, they were used to detect the
cuttage depth of the arch shed pillar in real time.
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4.1. Simulation Analysis of the Motion Trajectory of the Execution End

The execution end pulled the cuttage pillar from the front of the machine and trans-
ferred it to the rear, extending the conveying route and eliminating the vibration of the
cuttage device that was generated by the short distance and the frequent starting and
stopping of the motor. Therefore, the motion trajectory of the execution end was similar
to the “door” shape in Figure 6, which can be further sorted into the black line through
AB’C’G in Figure 7. The operation speed and the acceleration were discontinuous during
the transportation of the pillar. Jumps in the displacement, speed, or acceleration caused
mechanical vibration and, in severe cases, fractures in the machine material due to the
right angle at the connection between the vertical and horizontal motion trajectory at the
execution end. To make the motion of the execution end smooth and to eliminate the
motion impact, the Láme curve [31,32] was used to optimize the operation trajectory of the
execution end. The optimized trajectory is shown by the red curve through ABCDEFG in
Figure 7, including the vertical rising segment AB, the horizontal moving segment CE, the

vertical falling segment FG, and two transitional arcs
_
BC and

_
EF.
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Given that the motion position point of the execution end is P(ti), and the distance
traveled by the execution end is s(ti), the function for the relationship between the speed,
the acceleration, and the displacement of the execution end with time t in the Cartesian
coordinate system is as follows:
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(1) When 0 ≤ s(ti) ≤ h, the execution end moves along the AB segment, and the
kinematic parameters of the execution end are:





P(ti) =
(

xA yA zA + s(ti)
)T

v(ti) =
(

0 0 s′(ti)
)T

a(ti) =
(

0 0 s′′ (ti)
)T

(7)

(2) When the execution end moves within the
_
BC segment along the Láme curve, the kine-

matic parameters of the execution end are solved according to the arc differentiation
method, as shown in Figure 8:
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∆v =
∆l√

1 + (u′i)
2

(8)

The relationship between point Qi and point Qi−1 satisfies vi = vi−1 + ∆v, and is
substituted into Equation (8):

ui = gn

√
1−

(
vi
f

)n
(9)

(3) When the execution end moves within the CD segment, the motion parameters of the
execution end at time ti are:

{
∆si = ∆ui
∆vi = 0

(10)

(4) The left and right sides of the motion trajectory of the execution end are symmetrical
and the physical parameters of the second half of the motion are determined as
described above.

From the above analysis, the curve of the distance s of the execution end versus
time is shown in Figure 9. MATLAB was used to simulate and verify the motion of the
execution end. The motion trajectory of the execution end required a smooth transition in
all directions. According to the structure and parameters of the cuttage device, the obstacle
avoidance height was e = 5 cm, the value of the Láme curve was g = 12 cm, f = 2 cm, m = 2,
the horizontal transportation distance was 60 cm, and the one-way motion cycle was T =
2 s. The motion trajectory of the execution end and the curves of displacement s, speed v
and acceleration a in the three xyz spaces versus time t in the Cartesian coordinate system
are shown in Figure 10. The results in Figure 10 show that the curves of the displacement,
the speed, and the acceleration of the execution end were smooth and continuous, with a
zero value at the start and end points. Therefore, the trajectory optimization method can
find the optimal motion law and prior dynamic performance of the execution end.
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4.2. Modal Analysis of the Installation Frame

The frequent starting and stopping of the execution end of the cuttage device caused
alternating loads to act on the installation frame. When the vibration and impact frequency
generated by an external force are close to the inherent frequency of the installation frame,
resonance will occur, thus accelerating the failure of the installation frame and affecting its
working reliability. The modal analysis method described in [33–37] must be used to obtain
the modal parameters of the installation frame and study its vibration characteristics.

Let the matrices of the mass, damping, and stiffness of the system structure be M,
C, and K, respectively. If x is the displacement vector of structural vibration, the external
excitation of the system is F = 0, and the system damping is C = 0, then the system is
underdamped without external force input, and its free vibration equation is:

M
..
x + Kx = 0 (11)

When the free vibration of the system is simple harmonic vibration, the vibration
mode vector is φ, the modal frequency is ω, and the simple harmonic vibration equation is:

x = φejωt (12)
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Substituting Equation (12) into Equation (11) results in:

(K−ω2M)φ = 0 (13)

If there is a non-zero solution to Equation (13), the expression of the inherent frequency
and the vibration mode of the installation frame is:

∣∣∣K−ω2M
∣∣∣ = 0 (14)

Because low-order vibration has a considerable impact on the dynamic characteristics
of the structure, and during the operation of the cuttage device in the field, the first four
order frequencies of the installation frame were analyzed using SOLIDWORKS to obtain
the inherent vibration frequency and vibration mode nephogram, as shown in Figure 11.
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5. Experimental Results and Analysis
5.1. Construction of Entity System

An automatic cuttage device for an arch shed pillar was built based on verification
using the simulation results (Figure 12). The installation frame of the cuttage device was
an aluminum profile, and the servo motor (Time Chaoqun Technology Co., Ltd., Beijing,
China) was used to drive the roller lead screw (800 mm, FY05, Louis Martin Flagship Store,
Yancheng, China) and transport the pillar. The pillar cuttage was performed using a DC
brushless electric push rod (350 mm, Hansen Motor Tools Co., Ltd., Wenzhou, China) with
a 350 mm stroke, and a steering gear (DS3218, Premium Robot Co., Ltd., Shenzhen, China)
was used to drive the execution end to grasp the pillar. Other non-standard components
were 3D printed with PLA and photosensitive resin.
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Figure 12. The automatic cuttage device for an arch shed pillar.

The control system of the cuttage device comprised a main control board
(STM32F103VET6, Guangzhou Xingyi Electronic Technology Co., Ltd., Guangzhou, China),
a servo motor driver (DM-055B, Time Chaoqun Technology Co., Ltd., Beijing, China),
a brushless motor driver (AQMD360BLS, Love Control Electronics·Aisikong Co., Ltd.,
Chengdu, China) and a steering gear driver (LSC-16-V1.3, Magic Robot Official Mall, Shen-
zhen, China). Based on the control system, a cuttage depth sensing system for an arch
shed pillar with “current–force–depth” real-time feedback was constructed, as shown in
Figure 13. The main controller collected the current information of the electric push rod
motor through the motor driver at a frequency of 20 Hz, detected the rotation position of
the motor through the Hall encoder, and received the command sent by the main controller
to drive the motor to perform the corresponding actions.
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Figure 13. The cuttage depth sensing system of the arch shed pillar with “current–force–depth”
real-time feedback.

The “current–force–depth” feedback control process is shown in Figure 14. During
the operation, the motor controller was set to work mode in the closed-loop speed mode
and operated at a constant speed to equalize the electromagnetic torque of the motor and
the load torque. After data processing, the commutation pulse number and phase current
information of the motor were read to obtain the phase current value and the rotation
position of the electric push rod motor. After filtering, the motor phase current value It was
obtained under different cuttage depths. A current jumping threshold was then specified as
ε. When the actual current Ir and theoretical current It values during the operation satisfied
|It−Ir|> ε, the motor braked and the electric push rod ceased to function.
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5.2. Verification Experiment of the Cuttage Depth
5.2.1. Verification Experiment of “Current Depth” Real-Time Feedback

The real-time current of the motor at different cuttage depths was measured under
three operation conditions (Table 1) to assess the feasibility of the control system. The
cuttage speed was set to 28 mm/s, and the real-time current of the motor was read at
different cuttage depths. A scatter plot of the changes in the motor current is shown in
Figure 15, where it is clear that when the cuttage depth was 10 cm, the current values of the
motor were 230 mA, 150 mA, and 60 mA for cuttage in sandy soil, dry soil, and wet soil,
respectively. At the same time, with an increase in the cuttage depth, the motor current
also increased and the cuttage depth information could be obtained through the current.

Table 1. Physical parameters of the experimental soil.

Soil Type Moisture Content (%)
Soil Firmness at Different Depths (kPa)

2.5 cm 5 cm 7.5 cm 10 cm 12.5 cm

Sandy soil 3.25 291.00 747.71 1604.43 1818.14 2141.29
Dry soil 19.37 162.17 544.33 720.17 1141.50 1800.17
Wet soil 37.84 159.20 427.40 606.20 622.80 725.00

5.2.2. Determination Experiment of the Cuttage Speed

The operation efficiency increases when cuttage is performed at a faster speed. Accord-
ingly, a greater instantaneous impact force will act on the pillar, and the current value will
change. To determine the most suitable cuttage speed, the real-time current was measured
with a selected cuttage depth of 10 cm and a cuttage speed that varied in the range of
10–28 mm/s. The experimental data, which are presented as a scatter plot of the current
in Figure 16, show that a change in cuttage speed does not cause a change in the current
value in a wet soil environment. The motor current showed a rising trend with an increase
in cuttage speed in the sandy soil environment, while in the dry soil environment, the
motor current increased at first and then plateaued. Comprehensive consideration of the
operation efficiency and safety of the motor suggests that the cuttage speed should be
appropriately increased to improve the cuttage efficiency in wet and dry soil environments.
When cutting in a sandy soil environment, the cuttage speed should be appropriately
reduced to decrease the current and to protect the motor.
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5.2.3. Error Calibration of the Cuttage Depth

As mentioned above, the optimal stability of the arch shed was at cuttage depth of
10 cm. The motor was controlled for cuttage at different speeds, and the errors during
cuttage in sandy soil (a), dry soil (b), and wet soil (c) with critical values of 230 mA, 150 mA,
and 60 mA, respectively, were recorded. The experiment was repeated 40 times and an
error bar for cuttage depth was drawn, as shown in Figure 17.

The results shown in Figure 17 indicate that the errors in cuttage depth were within
7 mm when cutting in dry and sandy soil environments, and within 5 mm when cutting in
a wet soil environment. The error remained under 5 mm with an increase in cuttage speed.
Therefore, the device was suitable for cuttage operations under wet soil conditions, which is
favorable for controlling the amount of cuttage error and improving the operation efficiency.
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5.3. Experiment of Trajectory Planning

To assess the feasibility of trajectory planning, an experiment was performed at the
execution end of the cuttage device. The specific experimental process was as follows:

(1) According to the transportation and distance lifting of the pillar, the trajectory of the
execution end was planned to obtain the theoretical data, and the theoretical curve
was generated using MATLAB;

(2) The motion trajectory of the execution end was tracked and measured, the experiment
was repeated five times, and the collected data was used to generate the actual
trajectory route;

(3) The coincidence degree between the theoretical calculated trajectory and the actual
trajectory was compared, as shown in Figure 18.
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Figure 18. The verification test of the trajectory planning at the execution end.

In the experiment, the transportation and lifting actions of the pillar were achieved
based on the theoretical calculated trajectory for the execution end in a continuous and rel-
atively stable action. The comparison of the actual trajectory with the theoretical trajectory
showed that they essentially coincided, with a few errors. The errors were concentrated in
the initial stage and the foothold, and the maximum error was 2.1 mm, which was within
the allowable error range and met the design requirements.

5.4. Modal Experiment Analysis

To verify the results of the modal simulation analysis, the modal characteristics of the
installation frame were tested by using the pulse excitation method, and the experimental
modal test and analysis system was built, as shown in Figure 19. The analysis system was
composed of a modal force hammer (LC02, Donghua Testing Technology Co., Ltd., Taizhou,
China), an acceleration sensor (DH186, Donghua Testing Technology Co., Ltd., Taizhou,
China), and a data acquisition and analysis module (DH5920, Donghua Testing Technology
Co., Ltd., Taizhou, China).
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Figure 19. Experimental modal test and analysis system. 1: spring; 2: installation frame; 3: test
point; 4: modal force hammer; 5: force sensor; 6: PC; 7: data acquisition and analysis module; and 8:
acceleration sensor.

During the experiment, two springs were used to suspend the installation frame in a
static state in the air. An acceleration sensor was arranged at the cross-linking point of the
aluminum profile of the installation frame. The excitation point of the mounting frame was
knocked hard along the longitudinal direction and the signal was transmitted to the data
acquisition and analysis module. After being processed by the dynamic signal acquisition
and analysis system, DHDAS 6.8.18, the modal parameters of the installation frame were
obtained (Table 2). The results of the modal finite element analysis (shown in Table 2) were
essentially consistent with those of the modal test analysis for the installation frame. The
first four modal inherent frequencies of the installation frame were concentrated in the
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303–565 Hz range with 2.32% of the maximum inherent frequency error, indicating the
reliability of the modal finite element analysis. During the transportation of the cuttage
pillar, the power was provided by the motor. The maximum speed of the motor output
shaft was 3000 r/min, suggesting a frequency of 50 Hz, which was far lower than 296.58 Hz.
Therefore, the random vibration with a frequency lower than 50 Hz was transmitted to the
installation frame, resulting in a small possibility of resonance.

Table 2. Comparison of modal results between the finite element analysis and the test.

Order
Frequency Vibration Shape

Frequency of
ErrorModal Finite Element

Analysis (Hz)
Modal Test Analysis

(Hz)
Modal Finite

Element Analysis Modal Test Analysis

1 303.47 296.58 bending bending 2.32%
2 441.18 443.94 bending bending −0.62%
3 500.69 506.72 bending + torsion bending + torsion −1.19%
4 564.62 554.53 bending + torsion bending + torsion 1.82%

Note: frequency of error = (modal finite element analysis −modal test analysis)/modal test analysis.

6. Conclusions

In this study, an automatic cuttage device for an arch shed pillar based on force
feedback was proposed, which provides a new idea for the automatic cutting of arch
shed pillars.

(1) The wind resistance of a small arch shed was analyzed. The simulation analysis by
ANSYS software showed that the wind resistance was better when the cutting depth
was 10 cm.

(2) Three-dimensional modeling of the cuttage device was carried out through SOLID-
WORKS software, the trajectory of the execution end was planned, and the relevant
motion parameters were solved through MATLAB software simulation to avoid
motion impact and make the motion trajectory smoother.

(3) A modal analysis and experimental verification were carried out for the installation
frame. The experiment showed that the resonance frequency was in the range of
303–565 Hz, and the device did not resonate during the operation.

(4) A real-time feedback mechanism based on “current–force–depth” was built, which
could feed back the current of the electric pusher motor in real-time. Based on this, the
cutting depth was estimated in real time, allowing for the convenient building of an
equal-depth pillar cuttage device. Even under the condition of the stress limit of the
pillar, the automatic cutting device was able to realize “overload stop” without causing
damage to the pillar, and realize the overload protection of the pillar. This could have
a positive role in promoting the technical development and social application of
automatic arch shed construction.

Due to the limitations of time and funds, this study did not investigate the interaction
mechanisms of “arch shed pillar soil”, which have certain limitations. In the future, this
further study will be carried out, as well as a study on the linear cutting of arch shed
pillars, to further explore the operation efficiency in the process of automatic cutting of
arch shed pillars.
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Abstract: Severe plant entanglement and high power consumption are the main problems of the
up-cut rotary blade during Cyperus esculentus harvesting. Optimization of the rotary blade edge can
enhance the soil-cutting and plant-crushing performance. In this study, the double-eccentric circle
method was used to design the edge curve of the IT245 rotary blade. The edge curve’s dynamic
sliding-cutting angle of equidistant points was analyzed to verify that the optimized rotary blade
(IT245P) met the requirements of Cyperus esculentus harvesting. In order to accurately simulate the
fragmentation of Cyperus esculentus plants after interaction with the rotary blade, the Hertz–Mindlin
with Bonding contact model was selected to establish the flexible model of Cyperus esculentus plants.
The plant–soil–rotary blade discrete element model was constructed to conduct simulation tests
with power consumption and the plant-crushing ratio as evaluation indexes. The field experiment
was carried out with tillage depth stability and power consumption as the experimental indexes.
The results of the simulation test and field experiment showed that the power consumption of the
IT245P rotary blade was reduced by 13.10%, and the plant-crushing rate was increased by 11.75%
compared with the IT245 rotary blade. The optimal operating parameters were 1.08 m/s for forward
speed, 107.11 mm for tillage depth, and 258.05 r/min for shaft speed. Under such a combination, the
tillage depth stability and the power consumption were 94.63% and 42.35 kW. This study showed
that a rotary blade with a double-eccentric circular curve could better realize plant-crushing and
consumption reduction and meet the operation requirements of Cyperus esculentus and other Chinese
medicinal materials’ harvesting.

Keywords: up-cut rotary blade; edge curve; Cyperus esculentus plant; flexible model

1. Introduction

Cyperus esculentus is an excellent oilseed crop, originating in Africa and the Mediter-
ranean region, and is known as the “underground walnut”. As a high-end healthy edible
oil, it is popular among the public [1–3]. Cyperus esculentus is still harvested in the semi-
mechanized method in most areas in China, in which the excavation job is mostly carried
out using the IT245 rotary blade. However, due to the strong tillering ability and developed
root system of Cyperus esculentus, the plant-crushing performance of the IT245 rotary blade
is poor, which affects the subsequent cleaning performance [4–6]. In addition, the root
of the rotary blade is particularly easily entangled by plants, which increases the power
consumption and seriously hinders the development of the mechanized harvesting of
Cyperus esculentus [7–9].

The plant-crushing performance is mainly related to the rotary blade’s structural
parameters, where the rotary blade edge curve is the influencing factor of the plant-crushing
performance [10–13]. Similar to Pinellia ternata and other traditional Chinese medicine
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crops, Cyperus esculentus has high requirements for plant-crushing. Scholars at home
and abroad have conducted numerous researches on the optimal design of rotary blade
edge curves. Depending on the various cutting requirements, the edge curve needs to
be designed with different dynamic slip-cutting angle trends. There are two main trends
of the dynamic sliding–cutting angle, one that remains constant and one that increases
gradually from the tool holder to the tip. In the first one, the edge curve with an equal
sliding–cutting angle is designed by a logarithmic spiral for cutting stalks of rice [14–19],
corn [20–22], sunflower [23], and other crops. The edge curve with an equal sliding–
cutting angle has better cutting performance and is suitable for cutting crops with coarse
stalks independent of each other. Also, serrations can be added to the edge to achieve
a better tearing effect [16,24–26]. In the second one, the edge curve with a gradually
increasing sliding–cutting angle is designed using the Archimedean spiral and sinusoid
curve, mainly used to cut objects with high cutting resistance such as clay [27–32]. The
gradually increasing sliding–cutting angle can enhance the cutting performance of the
cutting edge and thus reduce the working resistance. When designing the edge curve,
some scholars [10,11,13] believe that the starting position of the cutting edge of the rotary
blade is not the main cutting area, and the dynamic sliding–cutting angle can be reduced
appropriately. However, in practical operations in areas with many plant stems, the tool
holder is particularly easily entangled by plants, resulting in increased working resistance
and power consumption [33,34].

In order to reduce the tillage resistance and enhance the plant-crushing performance
of the rotary blade, a rotary blade edge curve was designed based on the double-eccentric
circle method in this paper. Based on the discrete element method, a flexible model of
the Cyperus esculentus plant was established. The power consumption and plant-crushing
performance of IT245 and IT245P rotary blades were compared by analyzing the changes
in shaft torque and broken bond numbers during the simulation test. With the evaluation
indexes of tillage depth stability and power consumption, the best combination of parame-
ters for Cyperus esculentus excavation was determined by field experiments to provide a
reference for a reduction in power consumption for harvesting Cyperus esculentus and other
Chinese medicinal materials as well as the optimization of the reverse rotary tiller.

2. Materials and Methods
2.1. General Structure and Working Principle
2.1.1. General Structure and Parameters

The reverse rotary tiller is composed of a frame, transmission device, shaft, rotary
blade, depth limiting device, and leading flow cover; the general structure is shown in
Figure 1. The rotary tiller hangs on the tractor’s rear, and a one-time operation can complete
the rotary tillage, throwing, and other processes. The main structural parameters are shown
in Table 1.
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Table 1. Main parameters of reverse rotary tiller.

Parameters Values

Matching power/(kW) 80
Dimension (L ×W × H)/(mm) 1480 × 950 × 880
Operation efficiency/(km·h−1) 0~1.5

Working width/(mm) 1200
Shaft speed/(r·min−1) 0~400

Tillage depth/(mm) 0~150

The rotary blade is an essential part of the reverse rotary tiller, and its structural param-
eters have a significant influence on Cyperus esculentus harvesting and power consumption.
The rotary blade is composed of the lengthwise section, sidelong section, and holding
section, as shown in Figure 2. The edge curve of the lengthwise blade has the function of
cutting the soil, plant stems, and stubble; the front of the scoop surface has the function of
cutting, turning, braking, and throwing the soil.
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2.1.2. Working Principle

During field operation of the reverse rotary tiller, the device is connected to the tractor
by three-point suspension. The lifting device is adjusted to control the height of the tamping
cylinder so that the rotary tillage depth reaches the Cyperus esculentus harvesting operation
requirements. The tractor output shaft is connected to the transmission input shaft through
the universal joint. The rotary tiller shaft is driven by the transmission output shaft to
rotate and cut the soil by chain transmission. The rotation direction of the shaft is opposite
to that of the tractor’s driving wheel. Under the reverse rotation, the bean–soil mixture
is thrown backward along the cover to the conveying device to complete the Cyperus
esculentus harvesting and excavation operation [35].

2.2. Design of Rotary Blade Edge Curve

The Archimedean spiral is often adopted to design the edge curve of Chinese standard
rotary blades. However, the small sliding–cutting angle at the tool holder makes it easy
to tangle plants and increases the excavating resistance and power consumption when
working on the land with many plant stems. In this study, based on the IT245 rotary
blade, two eccentric arcs with different sliding–cutting performances were used as the edge
curve, which can better meet the requirements of Cyperus esculentus harvesting. The polar
coordinate equation of the eccentric circle was calculated by

r = ρ cos ϕ± ρ

√
(R/ρ)2 − sin2 ϕ (1)

367



Agriculture 2022, 12, 862

where r is the polar radius, mm; ρ is the distance between O and O1, mm; ϕ is the angle
between the polar radius of any point on the circle and the x-axis; R is the radius of the
eccentric circle, mm. The derivative function of Equation (1) was

dr
dϕ

= −ρ sin ϕ + ρ
− sin ϕ cos ϕ√

e2 − sin2 ϕ
(2)

where e is the coefficient of excentralization. The static sliding–cutting angle of the eccentric
circle τs was calculated by

τs = tan−1(

√
e2 − sin2 ϕ

sin ϕ
) (3)

As shown in Equation (3), the sliding–cutting angle of the eccentric circle edge curve
is related to the coefficient of excentralization and the angle between the pole radius and
x-axis. The variation law is shown in Figure 3. When the sliding–cutting angle is small,
the high cutting resistance is not conducive to sliding–cutting, and it is easily entangled
by plants, causing an increase in cutting load. When the sliding–cutting angle increases,
the cutting resistance will be reduced, conducive to sliding–cutting, and can effectively
prevent plant entanglement. However, the cutting distance increases, and the frictional
resistance continues to work, resulting in increased power consumption. According to
the research results [18,24], the optimal range of sliding–cutting angles is 35◦~55◦. In
addition, for smooth sliding of uncut plant stems out of the blade during multi-plant
stem field operations, the sliding–cutting angle of the rotary blade is required to increase
gradually from the beginning to the end. Referring to the variation law of eccentric circle
τ-ϕ, the coefficient of excentralization was taken as 1.2~1.6 to meet the sliding–cutting
angle requirements for Cyperus esculentus harvesting.

Agriculture 2022, 12, x FOR PEER REVIEW 4 of 22 
 

 

where r is the polar radius, mm; ρ is the distance between O and O1, mm; φ is the angle 
between the polar radius of any point on the circle and the x-axis; R is the radius of the 
eccentric circle, mm. The derivative function of Equation (1) was 

2 2

sin cos
sin

sin

ϕ ϕ
ρ ϕ ρ

ϕ ϕ

−
= − +

−

dr

d e
 (2)

where e is the coefficient of excentralization. The static sliding–cutting angle of the eccen-
tric circle τs was calculated by 

2 2
1 sin

tan ( )
sin

ϕ
τ

ϕ
− −

=s
e

 (3)

As shown in Equation (3), the sliding–cutting angle of the eccentric circle edge curve 
is related to the coefficient of excentralization and the angle between the pole radius and 
x-axis. The variation law is shown in Figure 3. When the sliding–cutting angle is small, 
the high cutting resistance is not conducive to sliding–cutting, and it is easily entangled 
by plants, causing an increase in cutting load. When the sliding–cutting angle increases, 
the cutting resistance will be reduced, conducive to sliding–cutting, and can effectively 
prevent plant entanglement. However, the cutting distance increases, and the frictional 
resistance continues to work, resulting in increased power consumption. According to the 
research results [18,24], the optimal range of sliding–cutting angles is 35°~55°. In addition, 
for smooth sliding of uncut plant stems out of the blade during multi-plant stem field 
operations, the sliding–cutting angle of the rotary blade is required to increase gradually 
from the beginning to the end. Referring to the variation law of eccentric circle τ-φ, the 
coefficient of excentralization was taken as 1.2~1.6 to meet the sliding–cutting angle re-
quirements for Cyperus esculentus harvesting. 

 
Figure 3. Variation law between sliding–cutting angle and angle between polar radius and x-axis. 

In order to reduce the plant entanglement at the root of the rotary blade, the sliding–
cutting angle needs to meet the conditions of uncut plant stems sliding out. Since the tool 
holder is the secondary working area, the blade length in this area can be reduced, and 
the sliding–cutting angle should be increased quickly. When the plant stems move to the 
middle of the cutting edge, the sliding–cutting angle should increase slowly with the in-
crease of the pole radius. The plant stems are cut off or slide out of the rotary tillage area 
along the cutting edge due to the pushing action. According to the requirements of 
Cyperus esculentus harvesting and the variation law of eccentric circle τc-φ, the coefficient 
of excentralization of sections AB and BC was 1.2 and 1.6. In order to prevent the tool 
holder from plant entanglement, the minimum working radius r0 was reduced to 125 mm 

Figure 3. Variation law between sliding–cutting angle and angle between polar radius and x-axis.

In order to reduce the plant entanglement at the root of the rotary blade, the sliding–
cutting angle needs to meet the conditions of uncut plant stems sliding out. Since the
tool holder is the secondary working area, the blade length in this area can be reduced,
and the sliding–cutting angle should be increased quickly. When the plant stems move
to the middle of the cutting edge, the sliding–cutting angle should increase slowly with
the increase of the pole radius. The plant stems are cut off or slide out of the rotary tillage
area along the cutting edge due to the pushing action. According to the requirements of
Cyperus esculentus harvesting and the variation law of eccentric circle τc-ϕ, the coefficient of
excentralization of sections AB and BC was 1.2 and 1.6. In order to prevent the tool holder
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from plant entanglement, the minimum working radius r0 was reduced to 125 mm within a
reasonable range. The extreme diameter r1 at the bending line was 230 mm, consistent with
the tillage depth requirements of Cyperus esculentus harvesting. The coordinate system was
established with the rotation center as the origin, and the double-eccentric circle curves AB
and BC are shown in Figure 4. The eccentric circle radius R and the polar angle ϕ at any
point on the eccentric circle curve were calculated by:

R = − re

cos ϕ +
√

e2 − sin2 ϕ
(4)

cos ϕ =
r2 − (R/e)2(e2 − 1

)

2rR/e
=

e2r2 − R2(e2 − 1
)

2rRe
(5)
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Figure 4. Double-eccentric circle curve, where O1 and O2 are the centers of the eccentric circle; ϕ0

and ϕ’2 are polar angles of points A and B on curve AB; ϕ1 and ϕ2 are polar angles of points C and B
on curve BC; r0, r1, and r2 are polar radii of point A, C, and B; R1 and R2 are the radii of the eccentric
circle; ρ1 is the distance between O and O1; ρ2 is the distance between O and O2.

The double-eccentric circular-edge design should ensure a smooth transition at the
connection of the two arcs. Point B is the intersection point of the two arcs, in which the
sliding–cutting angle of the two arcs should be equal:

tgτs =

√
e2

2 − sin2 ϕ′2
sin ϕ′2

=

√
e2

1 − sin2 ϕ2

sin ϕ2
(6)

The polar angle ϕ′2 at point B on the eccentric arc AB was calculated by

ϕ′2 = sin−1 e2√
1 + (e2

1 − sin2 ϕ2)/(sin2 ϕ2)
(7)

The radius R2 of the eccentric circle and the polar angle ϕ0 at point A were calculated
by Equations (6) and (7). In the field operation of the rotary tiller, there is an angle ∆τ
between the absolute velocity va and the relative velocity vr at each point on the edge
curve. ∆τ is the difference between the dynamic sliding–cutting angle and the static
sliding–cutting angle of the up-cut rotary blade, as shown in Figure 5. According to the
trigonometric function relationship, ∆τ was calculated by

{
v2

a = r2ω2 + v2
e + 2rωve cos ϕ

v2
e = v2

a + r2ω2 − 2varω cos ∆τ
(8)
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∆τ = arctan(ve/rω) (9)

where ve is the forward speed, m/s. The suitable operation parameters of the rotary tiller
are 0.8~1.4 km/h for forward speed and 250~350 r/min for shaft speed [35,36]. According
to Equation (9), ∆τ is proportional to the forward speed ve and inversely proportional
to the shaft speed ω. Therefore, the operating conditions of 1.4 km/h for forward speed
and 250 r/min for shaft speed were chosen as the critical conditions for the edge-curve
design [37,38]. It ensured that the rotary blade met the sliding–cutting conditions under
low shaft speed and high forward speed.
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After all the double-eccentric circle cutting-edge parameters were determined, four
points were selected proportionally on each of the eccentric arcs AB and BC to solve the
dynamic sliding–cutting angle. The results are shown in Table 2.

Table 2. Calculated values of parameters of edge curve of lengthwise blade.

Eccentric
Circular Arc NO. Polar Radius

r/mm
Polar

Angle/(◦)

Static
Cutting

Angle ϕ/(◦)

Static Sliding–
Cutting Angle

τs/(◦)

Dynamic
Sliding–Cutting

Angle τd/(◦)

Difference
between τs

and τd ∆τ/(◦)

AB

1 125.00 63.26 48.07 41.93 35.15 6.78
2 137.34 58.16 45.05 44.95 38.77 6.18
3 149.48 53.03 41.73 48.27 42.59 5.68
4 160.00 48.42 38.54 51.46 46.15 5.31

BC

1 174.39 80.22 38.01 51.99 47.11 4.87
2 196.35 71.28 36.29 53.71 49.38 4.33
3 214.73 64.04 34.18 55.82 51.86 3.96
4 230.00 58.01 32.37 58.00 54.30 3.70

As shown in Table 2, the difference between the static sliding–cutting angle and
dynamic sliding–cutting angle was inversely proportional to the pole radius. The dynamic
sliding–cutting angle of the cutting edge was within 35◦~55◦. In the eccentric arc (AB) at the
rotary blade tool holder, the dynamic sliding–cutting angle increased rapidly from 35.15◦ to
46.15◦ with the increase in the pole diameter. The eccentric arc (AB) was short as the edge
curve of the secondary operation area. The dynamic sliding–cutting angle at the starting
point was greater than 35◦ under extreme operational conditions, which can theoretically
solve the problem of plant entanglement at the rotary blade tool holder and meet the preset
optimization target. In the eccentric arc (BC), the dynamic sliding–cutting angle increased
slowly from 46.15◦ to 54.30◦ with the increase in the pole radius. The eccentric arc (BC) was
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long as the edge curve of the main operation area. The dynamic sliding–cutting angle was
large, with good sliding–cutting performance for cutting soil and crushing plants.

The front of the scoop surface is an essential part of the rotary blade, which has the
function of turning, braking, and throwing soil during the rotary tillage operation. In
order to ensure sliding–cutting performance and smooth transition and prevent plant
entanglement caused by a sudden change in the cutting-edge curve curvature, the front
cutting edge was designed with the same eccentric circle curve as the end of the side
cutting edge.

2.3. Discrete Element Simulation
2.3.1. Rotary Blade Model

SolidWorks 2020 (Dassault Systemes S.A) was applied to build a simplified model of
the up-cut rotary blade on a 1:1 scale. The model was saved in STL format and imported
into EDEM2021 (DEM Solutions Ltd., Edinburgh, Scotland, UK). The simulation model is
shown in Figure 6. The material of both rotary blades was 65Mn steel [21].
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Figure 6. Simulation model of up-cut rotary blade. (a) IT245 rotary blade; (b) IT245P rotary blade.

2.3.2. Soil Model

The soils in this study were sampled by the five-point sampling method at the Cyperus
esculentus plantation in Minquan County, Shangqiu City, Henan Province (115◦18′ E, 34◦31′

N), China, in mid-November 2020. The soil’s water content, density, and firmness at
different depths were measured. The experimental instruments were an RXH-14B hot-
air circulation oven (Nanjing Changjiang Pharmaceutical Machinery Manufacturing Ltd.,
Nanjing, China), JDM-I automatic soil-density tester (Inner Mongolia Huake Jiacheng
Technology Ltd., Ordos, China), TJSD-750II soil-compactness tester (Zhejiang Topunnong
Technology Ltd., Hangzhou, China), soil-extraction ring knife, and shovel.

The SMJYS200 soil-testing vibrating sieve (Henan Shuangmu Machinery Manufac-
turing Ltd., Xinxiang, China) was used for sieving. The soil type of the Cyperus esculen-
tus planting base was sandy loam, in which the clay particles (<0.002 mm) account for
10.34 ± 1.64%, powder sand (0.02~0.002 mm) accounts for 22.48 ± 1.94%, and sand parti-
cles (0.02~2 mm) account for 67.18 ± 3.95%. Due to the minimal diameter of sandy loam
particles, the number of soil particles in the simulation test reached ten million, which
requires high computer performance and a long simulation time. The particle scaling
method is a common and more feasible processing method to ensure test accuracy. The
particles are appropriately scaled up so that the discrete element model can complete the
simulation within a reasonable and adequate time [16,18]. In this study, the radius of a
single soil particle was set to 2 mm according to the reference literature [17,20,21] and
soil parameters of the Cyperus esculentus planting site. The following three models were
set according to the structure of sandy loam soil particles: granular particles, columnar
particles, and agglomerated particles, as shown in Figure 7.
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Figure 7. Sandy loam soil particle model. (a) Granular particle; (b) Columnar particle; (c) Agglomer-
ated particle.

According to the intrinsic parameters of sandy loam soil, the soil state is loose and the
cohesion between soil particles is low. The Hertz–Mindlin (no-slip) contact model does
not consider the mutual attraction between particles and is suitable for studying sandy
loam soil conditions, as shown in Figure 8. Therefore, the Hertz–Mindlin (no-slip) contact
model was chosen as the contact mechanics model for the discrete element simulation in
this study.
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of particles, respectively; βn and βτ are the normal and tangential damping coefficients of particles,
respectively; µ is the sliding coefficient between particles.

2.3.3. Cyperus esculentus Plant Model

The object of this study was Henan No.1 Cyperus esculentus, which was sampled by a
random sampling method, as shown in Figure 9. The average length, width, and thickness
of plant leaves were 82.35 ± 5.74 mm, 5.12 ± 0.62 mm, and 1.52 ± 0.36 mm. The average
length and diameter of the root system were 135.46 ± 9.87 mm and 0.84 ± 0.27 mm. The
average moisture content of the leaves and root system of the Cyperus esculentus plants
measured by the RXH-14B hot-air circulation oven was 24.25 ± 4.90% and 37.60 ± 5.44%.

The characterization of Cyperus esculentus plants is complex, and the morphological
changes are diverse after stress. In order to simulate the interparticle cohesion accurately,
the Hertz–Mindlin with Bonding contact model was chosen to constrain the plant morphol-
ogy and simulate the fragmentation of the leaves and roots of the Cyperus esculentus plant
during rotary tillage. After the constraint was broken, bonds were no longer generated
between the two particles and the contact was solved as a separate sphere model. In this
soil bonding model, when the practical contact distance between soil particles was less
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than the sum of the bond radius (R1B + R2B), the constraint was formed by the adhesive
bond between particles [39,40], as shown in Figure 10.
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Figure 9. Cyperus esculentus planting base. (a) Uncultivated land; (b) section of the Cyperus esculentus plant.
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Figure 10. Hertz–Mindlin with Bonding contact model, where R1 and R2 are the practical radii of
particles, mm; R1C and R2C are the contact radii between particles, mm; RB is the bonding zone radius
between particles, mm.

In a specific volume of material, the bonding zone formed between particles can be
transformed into a bonding force due to the presence of water. Based on the Cyperus
esculentus plant parameters determination results, the root particles were simplified to
spheres of the same diameter and the leaf particles were simplified to two spheres connected,
as shown in Figure 11. The bonding radius was calculated by

ω =
m2

m1 + m2
=

ρ2
(
πR3

B − πR3)

ρ1πR3 + ρ2
(
πR3

B − πR3
) (10)

where ω is the moisture content,%; m1 is the mass of the particle, kg; m2 is the mass of
moisture, kg; ρ1 is the dry density of the material particle, kg/m3; ρ2 is the density of
moisture, kg/m3; R is the material particle radius, m; RB is the bonding radius between
particles, m.

The bonding radius of Cyperus esculentus leaf and root particles was 3.35 mm and
2.25 mm. A new meta-particle was created, and 142 leaf particles and 401 root particles
were added according to the morphology and dimensions of Cyperus esculentus plants.
The triaxial coordinates were set separately to establish a discrete metamodel of Cyperus
esculentus plants, as shown in Figure 11 [41–44]. Contact parameters of discrete element
model are shown in Table 3.
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Figure 11. Flexible model of Cyperus esculentus plants. (a) Whole plant; (b) bonds between leaf
particles; (c) bonds between root particles.

Table 3. Contact parameters of discrete element model.

Contact Model Static Friction
Coefficient

Rolling Friction
Coefficient

Restitution
Coefficient

Soil–Soil 0.55 0.15 0.43
Plant–Plant 0.34 0.08 0.35
Soil–Plant 0.48 0.05 0.32
Soil–65Mn 0.52 0.12 0.20

Plant–65Mn 0.33 0.10 0.30

2.3.4. Discrete Element Simulation of Soil–Plant–Rotary Blade

Based on the trial soil slot of Qingdao Agricultural University, the simulated trial soil
slot was established with a length × width × height of 1000 mm × 550 mm × 360 mm
and the material was 45 steel. According to the Cyperus esculentus planting pattern, eight
plants with a length × width × height of 280 mm × 200 mm × 200 mm were established,
and the plant spacing and row spacing were 200 mm and 300 mm, respectively. After the
rotary blade model was imported into EDEM, the “Sinusoidal Translation Kinematic” and
“Sinusoidal Rotationnematic Kinematic” motions were added: 0.8 m/s for the forward
speed and 250 r/min for the shaft speed. The simulation process of reverse rotary tillage
for Cyperus esculentus harvesting is shown in Figure 12. At 0~0.5 s, Cyperus esculentus plant
model was generated; 0.5~1 s, soil particle model was generated statically; 1~9 s, simulated
rotary tillage operation was conducted.

2.4. Evaluation Index of Rotary Tillage Quality
2.4.1. Power Consumption

During the simulation of the rotary tillage, the difference in power consumption can
be reflected by the dynamic changes in shaft torque and forward resistance. The shaft
speed and forward speed of the rotary blade were 250 r/min and 0.5 m/s, respectively. The
power consumption of the rotary tiller was calculated by

W =
nM
9550

+ Fvm (11)

where W is the power consumption, kW; n is the shaft speed, r/min; M is the shaft torque,
N·m; F is the forward resistance, N; vm is the forward speed, m/s.
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2.4.2. Plant-Crushing Performance

In the initial state, the total number of intact bonds and broken bonds of the Cyperus
esculentus plant model were 5560 and 0. The soil particles and the Cyperus esculentus
plant particles were hidden in the reverse-rotary-tillage simulation. Only the intact bonds
between the Cyperus esculentus plant particles were retained. With the rotary blade cutting,
the Cyperus esculentus plant model reached the force limit, and the bonding zone was
broken [45–47]. The process of breaking the bonding zone of Cyperus esculentus plant
particles is shown in Figure 13.
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2.5. Field Experiment
2.5.1. Test Conditions

To test the field operation performance of the reverse rotary tiller with an optimized
edge curve, a field experiment of reverse rotary tillage excavation was conducted on
19 November 2021 at the Cyperus esculentus planting base in Minquan County, Shangqiu
City, Henan Province (115◦18′ E, 34◦31′ N), as shown in Figure 14. Based on the GB/T
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5668-2017 “Rotary Tiller”, a representative field of Cyperus esculentus was selected and
the test conditions around the field were ensured to be the same [43,47,48]. The length of
the test area was 50 m, a 10 m stabilization area was set at both sides, and the width was
32 m. Four routes were tested during the field experiment, with an 8 m interval between
adjacent routes. The test devices were the Dongfeng DF604 tractor (Changzhou Dongfeng
Agricultural Machinery Group Ltd., Changzhou, China, matching power: 60 hp) and the
reverse-rotary-tillage device.
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where U is the tillage depth stability coefficient; a is the average tillage depth, mm; ai is 
the tillage depth of point i, mm; N is the number of measurement points. 

The power consumption is an important index to assess the operating quality of the 
rotary tiller. In the field test, the working width B0 of each test route was measured with 
a tape measure; the tillage depth hn was measured as above; the time used for each test 
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The environmental parameters of the field experiment were measured in the tillage
area and the results are shown in Table 4. The data collection instruments were a RXH-14-B
hot-air circulation oven (Nanjing Changjiang Pharmaceutical Machinery Manufacturing
Ltd.), JDM-I automatic soil-density tester (Inner Mongolia Huake Jiacheng Technology
Ltd.), and TJSD-750-II soil-compactness tachometer (Zhejiang Topunnong Technology Ltd.,
range: 0~7922 kPa, depth: 0~375 mm, accuracy: ±5%). Other auxiliary tools were MPL13-
50 steel-frame tape measure (Hunan Maojun Baogong Electronics Ltd., Changsha, China,
range: 0~150 m, accuracy: 1 mm), stainless steel straightedge (range: 0~200 mm, accuracy:
0.5 mm), XL-008-type stopwatch (Wenzhou Shengmei Instrumentation Ltd., Wenzhou,
China, accuracy: 0.01 s), soil-taking ring knife, and shovel.

Table 4. Test conditions at field experiment site.

Test Site Soil Type Soil Moisture
Content/(%)

Soil
Density

/(kg m−3)

Soil Firm-
ness/(kPa)

Row Spac-
ing/(mm)

Plant Spac-
ing/(mm)

Stubble
Height/(mm)

Yield Per
Mu/(kg)

Minquan
County

Sandy
Loam 15.36 ± 1.56 2650 ± 50 425 ± 50 200 ± 15 150 ± 10 90 ± 7 1265 ± 50

2.5.2. Index and Factor of Test

According to the tillage requirements, when operating under the same working con-
ditions, agricultural equipment should ensure the same tillage depth. The fluctuation of
tillage depth will lead to problems such as increased power consumption or an increased
missed digging rate. The tillage depth stability was calculated by

U =


1−

√
∑N

i=1 (ai − a)2/N

∑N
i=1 ai/N


× 100% (12)

where U is the tillage depth stability coefficient; a is the average tillage depth, mm; ai is the
tillage depth of point i, mm; N is the number of measurement points.

The power consumption is an important index to assess the operating quality of the
rotary tiller. In the field test, the working width B0 of each test route was measured with a
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tape measure; the tillage depth hn was measured as above; the time used for each test route
was measured with a stopwatch to calculate the single-route machine forward speed vm.
Concerning the Agricultural Machinery Design Manual [46], the power consumption of
the rotary tiller was calculated by

W =
1
η

B0
hn

100
vm(p +

ρ(πRn)2

7200
) (13)

where W is the power consumption, kW; η is the transmission efficiency, 0.9 in this study;
B0 is the working width, m; hn is the tillage depth, cm; vm is the forward speed, m/s; p is
the specific resistance of cutting soil, N/m2; ρ is the soil density before tillage, kg/m3; R is
the rotating radius of the rotary blade, m; n is the shaft speed, r/min.

In this experiment, the main factors affecting the harvesting quality of Cyperus esculen-
tus were forward speed, shaft speed, and tillage depth. The experimental factor codes are
shown in Table 5. During the experiment, the forward power was provided by the tractor
and controlled by adjusting the tractor gear. The bevel gear ratio in the transmission system
of the reverse-rotary-tillage device was 1.5. The chain-transmission ratio was 0.85, 1, and
1.15 from low to high, which cooperated to control the shaft speed. The tillage depth was
controlled by adjusting the height of the depth-limiting device.

Table 5. Experimental factors codes.

Test Factor Symbol
Test Level

−1 0 1

Forward speed/(km·h−1) A 0.8 1.1 1.4
Tillage depth/(mm) B 100 115 130

Shaft speed/(r·min−1) C 250 300 350

3. Results and Analysis
3.1. Evaluation Index of Rotary Tillage Quality
3.1.1. Analysis of Power Consumption

The curves of the power consumption of the IT245P rotary blade and IT245 rotary
blade are shown in Figure 15. During the rotary tillage excavation simulation test, the
overall power consumption change trends of the IT245P rotary blade and IT245 rotary blade
were similar and divided into four stages. In the first stage, the Cyperus esculentus plant and
soil particles were generated, the rotary blade did not interact with the soil, and the power
consumption of the rotary tiller was 0. In the second stage, the rotary blade rotated in the
reverse direction to cut soil. At the moment of initial contact with the soil, the force on the
rotary blade increased steeply, which led to a rapid increase in the power consumption
of the rotary tiller. The shaft continued to rotate and the power consumption reached the
first peak when the front cutting edge touched the soil. With the increase in tillage depth,
the power consumption reached the maximum. In the third stage, when the rotary blade
continued to rotate beyond the maximum tillage depth, the resistance of the rotary tiller
gradually decreased and the power consumption had a valley value. In the fourth stage, as
the rotating tiller moved forward, part of the soil collided with the deflector and fell back
into the front of the rotary tiller causing congestion. The cutting resistance and the power
consumption increased. The power consumption during the overall reverse-rotary-tillage
operation changed periodically and coincided with the practical state of the rotary tiller
cutting the soil. In the simulation test, the average power consumption of the IT245 and
IT245P rotary blades were 43.90 kW and 38.82 kW, with an average power consumption
reduction of 13.10%. The results showed that the optimized rotary blade could better
complete the excavation of Cyperus esculentus with reduced resistance and consumption.
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3.1.2. Analysis of Plant-Crushing Performance

The curve of the broken bond number of Cyperus esculentus plant particles with time
is shown in Figure 16. When the IT245 and IT245P rotary blades worked, the number of
broken bonds was nonlinearly proportional to time and divided into two stages. At 0~2 s,
the rotary blade cut the soil but did not touch the Cyperus esculentus plants. The force on
the Cyperus esculentus plant particles did not reach the breaking limit and it remained in
its original state. At 2~9 s, the rotary blade started to cut the Cyperus esculentus plant and
the force on the plant gradually increased until it reached the limit of force. The bonds
between the particles broke, which showed that the Cyperus esculentus plants were broken.
Furthermore, as the machine moved forward, the number of broken interparticle bonds
increased until the rotary tiller left the simulated operation area. The total number of broken
interparticle bonds of the IT245 and IT245P rotary blades were 1575 and 1760, and the
total number of broken bonds increased by 11.75%. The results showed that the optimized
rotary tillage blade was more effective in breaking the Cyperus esculentus plants and could
reduce the subsequent separation and cleaning-process burden.
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3.2. Field Experiment

According to the Box–Benhnken central combination design theory of the Design-
Expert software, the forward speed, shaft speed, and tillage depth of the reverse-rotary-
tillage device were selected as the influencing factors for the response surface experimental
research, and the response values of tillage depth stability and power consumption were
used for parameter optimization by a three-factor, three-level quadratic regression orthogo-
nal test scheme. The results of the orthogonal test are shown in Table 6.
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Table 6. Experimental protocol and results.

No.

Test Factor Evaluation Index

Forward
Speed

Tillage
Depth

Shaft
Speed

Tillage Depth
Stability U/%

Power
Consumption

W/(kW)

1 0 −1 −1 95.99 42.51
2 −1 0 −1 95.01 42.03
3 −1 −1 0 94.63 42.20
4 1 1 0 94.78 45.90
5 −1 1 0 93.21 44.35
6 0 0 0 94.94 43.43
7 0 −1 1 95.64 43.67
8 1 −1 0 95.96 43.84
9 0 0 0 94.74 43.41
10 0 1 1 94.47 46.59
11 0 0 0 94.89 43.17
12 0 0 0 95.05 43.01
13 1 0 −1 96.04 41.84
14 0 1 −1 95.02 44.87
15 0 0 0 94.82 43.82
16 −1 0 1 94.79 42.90
17 1 0 1 95.74 44.63

3.2.1. Tillage Depth Stability of Cyperus esculentus Harvesting

Removing non-significant influences, the quadratic polynomial regression equation
targeting the tillage depth stability of the rotary tiller was

U = 94.89− 0.59A− 0.18B + 0.61C + 0.57B2 (14)

From the analysis of the variance of tillage depth stability, as shown in Table 7, the
determination coefficient R2 = 0.9734 indicated that the regression equation model applied
to 97.34% of the test data. The effect of the regression model was highly significant (p < 0.01);
the effect of shaft speed (C), forward speed (A), and the interaction term of tillage depth
(B2) on tillage depth stability was highly significant (p < 0.01); the effect of tillage depth (B)
on tillage depth stability was significant (p < 0.05). The other test factors’ interaction terms
did not significantly affect tillage depth stability. Neglecting the non-significant factors
and comparing the F values, the influence of the factors on the test mounding angle was
C > A > B.

Table 7. Variance analysis of quadratic term model of tillage depth stability.

Source Sum of Squares Freedom Mean Square F Value p-Value

Model 7.54 9 0.84 28.49 <0.01 **
A 2.81 1 2.81 95.53 <0.01 **
B 0.25 1 0.25 8.57 0.0221 *
C 2.98 1 2.98 101.26 <0.01 **

AB 0.010 1 0.010 0.34 0.5780
AC 0.014 1 0.014 0.49 0.5066
BC 1.6 × 10−3 1 1.6 × 10−3 0.054 0.8222
A2 0.13 1 0.13 4.59 0.0694
B2 1.37 1 1.37 46.70 <0.01 **
C2 0.017 1 0.017 0.59 0.4687

Residual 0.21 7 0.029 —— ——
Lack of Fit 0.15 3 0.050 3.61 0.1233
Pure Error 0.055 4 0.014 —— ——

Note: 0.01 < p < 0.05 (significant, *); 0.001 < p < 0.01 (highly significant, **).
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The effects of test factors A, B, and C on tillage depth stability U are shown in Figure 17.
When the A level increased, U gradually decreased from 95.3% to 94.1% and the rate
of the decrease gradually accelerated in the interval of −0.25~−0.9. The research of
Zhang et al. [11] showed that when other factors remained unchanged, the forward speed
was proportional to the cutting pitch. The greater the forward speed, the greater the protru-
sion height at the furrow bottom and the worse the tillage depth stability. The greater the
forward speed, the greater the influence on the tillage depth stability. When the B level was
less than 0, U gradually decreased in the interval of 94.9%~95.6%, and the decrease rate
gradually tended to 0. When the B level was greater than 0, U showed an increasing trend
in the interval of 94.9%~95.25% and the increase rate gradually increased. The researches of
Wu and Yang et al. [1,6] showed that the size and the number of Cyperus esculentus tubers
increased with the depth, and most of the Cyperus esculentus tubers grew to a nearly 115 mm
depth. Most of the Cyperus esculentus tubers grew close to a depth of 115 mm, which was the
test factor tillage depth (B) level of 0. A large number of Cyperus esculentus tubers squeezed
with the soil, which significantly increased the firmness of the soil layer at a 115 mm depth.
When the digging depth of the rotary blade was less than 115 mm, the tillage depth stability
decreased with the increase in depth. When the digging depth was around 115 mm, the
top of the front surface at the maximum rotary radius of the rotary blade collided with the
Cyperus esculentus–soil agglomeration layer forming displacement deviation, resulting in a
dynamic imbalance of the rotary tiller shaft, thus affecting the tillage depth stability. When
the digging depth was greater than 115 mm, the cutting edge of the lengthwise blade cut
the Cyperus esculentus–soil agglomeration layer. Under sliding–cutting, the agglomerate
layer broke up and was thrown backward under the action to in front of the scoop surface.
With the increase in the C level, U showed an almost linear growth trend of 94.2%~95.4%.
The slope of the curve changed to a small extent and slowly decreased in the interval of
0.6~0.75. The researches of Zhang and Wang et al. [11,15] showed that the shaft speed
was inversely proportional to the cutting pitch under the same conditions. The distance
between the neighboring trochoids gradually decreased as the cutting pitch decreased.
Hence, the protrusion height at the furrow bottom decreased and the tillage depth tended
to be stable.
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the factor curve.

The effects of the interaction factors on tillage depth stability U were visually analyzed
by the response surface plots. As shown in Figure 18, there was no significant change
in U when the interaction terms (AB, AB, BC) of forward speed, tillage depth, and shaft
speed increased. This was consistent with the conclusions in the ANOVA table, that is, that
the test factor interaction terms did not have a significant effect on tillage depth stability
(p > 0.05).
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3.2.2. Power Consumption of Cyperus esculentus Harvesting

Removing non-significant influences, the quadratic polynomial regression equation
targeting the power consumption of the rotary tiller was

W = 43.37 + 0.59A + 1.19B + 0.82C + 0.48AC− 0.43A2 + 1.13B2 (15)

In the power consumption ANOVA, as shown in Table 8, the coefficient of determina-
tion R2 = 0.9657 indicated that the regression equation model applied to 96.57% of the test
data. The effects of the regression model, forward speed (A), tillage depth (B), rotating shaft
speed (C), and tillage depth interaction term (B2) were highly significant (p < 0.01); machine
forward speed and rotating shaft speed interaction term (AC) and machine forward speed
interaction term (A2) had a significant effect on power consumption (p < 0.05). The other
test factor interaction terms had no significant effect on power consumption. Neglecting
the non-significant factors and comparing the F-values, the order of the influence of each
factor on the test stacking angle was B > C > A.

Table 8. Variance analysis of quadratic term model of power consumption.

Source Sum of Squares Freedom Mean Square F Value p-Value

Model 26.38 9 2.93 21.91 <0.01 **
A 2.80 1 2.80 20.90 <0.01 **
B 11.26 1 11.26 84.12 <0.01 **
C 5.35 1 5.35 39.95 <0.01 **

AB 2.0 × 10−3 1 2.0 × 10−3 0.015 0.9056
AC 0.92 1 0.92 6.89 0.0342 *
BC 0.078 1 0.078 0.59 0.4690
A2 0.77 1 0.77 5.76 0.0475 *
B2 5.40 1 5.40 40.34 <0.01 **
C2 0.034 1 0.034 0.26 0.6282

Residual 0.94 7 0.13 —— ——
Lack of Fit 0.56 3 0.19 1.98 0.2596
Pure Error 0.38 4 0.094 —— ——

Note: 0.01 < p < 0.05 (significant, *); 0.001 < p < 0.01 (highly significant, **).

The effects of test factors A, B, and C on power consumption W are shown in Figure 19.
When the A level increased from −1 to 0.3, U gradually increased from 42 to 43.3 and the
growth trend gradually slowed down. When the level of A was greater than 0.3, the slope
of the U curve tended to 0 and the curve did not change significantly. The research of
Zhang et al. [11] showed that the cutting pitch was proportional to the forward speed under
the same conditions. When the cutting pitch was small, the cutting resistance increased
with the cutting pitch. When the thickness of the soil unit exceeded the critical point, the
resistance of the rotary cutter reached the peak and was only related to the rotary blade
and soil parameters and was little affected by the forward speed [12,17]. U increased
with the increase in B and the growth rate accelerated gradually. However, when the B
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level increased from −1 to −0.4, U varied less from 43 to 43.2 and slightly decreased. The
researches of Wang and Hou et al. [5–7] showed that due to the strong tillering ability and
developed root system, Cyperus esculentus plants were closely connected to the shallow soil.
When the tillage depth was small, the cutting resistance of the rotary blade was influenced
by the shallow plant leaves and root system, so there was a slight deviation in the effect of
the tillage depth on power consumption. Overall, the power consumption is nonlinearly
proportional to the tillage depth. The greater the tillage depth, the greater the cutting
resistance of the rotary blade and the greater the power consumption [15,19,32,36]. When
the C level increased, the slope of the U curve decreased slightly from 0.9 to 0.8, and overall,
the U curve showed a linear growth trend. The research of Wang et al. [17] showed that
the higher the shaft speed, the greater the power consumption. When the shaft speed was
high, the throwing effect of the up-cut rotary blade was enhanced. The soil falling back
to the front of the device was reduced and the soil-blocking situation was relieved, so the
power consumption showed a slightly decreasing trend in the growth rate when the shaft
speed was high.
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The effect of the interaction factors on power consumption W is shown in Figure 20.
The power consumption of the rotary tiller gradually increased as the interaction terms
of the test factors (AB, AC, BC) increased. This is consistent with the conclusion of
Zhang et al. [11]. The power consumption U increased significantly when the interac-
tion term AC increased. This was consistent with the conclusion of the ANOVA table that
the effect of the interaction term AC on power consumption was significant (p < 0.05).
Therefore, to reduce the power consumption of the reverse rotary tiller, the test factor
chosen should be as small as possible to ensure the harvesting quality of Cyperus esculentus.
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According to the optimization function of the Design-Expert software, the optimal
combination of operating parameters for the reverse rotary tiller for Cyperus esculentus
harvesting was 1.08 m/s for forward speed, 107.11 mm for tillage depth, and 258.05 r/min
for shaft speed. The tillage depth stability was 94.63% and the power consumption was
42.35 kW. Compared with the simulated value of power consumption of the rotary tiller,
the practical power consumption increased by 9.10%. The reason is that in the practical
operating environment, the sandy loam soil contains a small number of stones and other
debris, which will increase the resistance of the rotary tiller in the process of cutting the
soil, thus increasing the power consumption [15,19]. In addition, the water content of the
sandy loam soil for the established soil model sample was (14.33 ± 1.25)%, whereas the
soil water content increased to (15.63 ± 1.56)% due to rainfall in the field test. In the soil’s
three-phase body (solid-phase skeleton, aqueous solution, and air), the percentage of water
increased, the radius of adhesion between the soil particles increased, and the soil cohesion
increased, which led to an increase in the soil-breaking resistance of the rotary blade and
an increase in the power consumption.

4. Conclusions

(1) In this study, two eccentric arcs with different sliding–cutting performances were
used to design a rotary blade edge curve according to the requirements of Cyperus
esculentus harvesting. By taking equidistant points of the lengthwise blade edge curve,
it was calculated that the dynamic sliding–cutting angle was proportional to the
pole radius. The dynamic sliding–cutting angle at the tool holder increased rapidly
from 35.15◦ to 46.15◦, which reduced plant entanglement and shortened the length
of the secondary working area. The dynamic sliding–cutting angle at the tool tip
increased slowly from 46.15◦ to 54.30◦, forming a longer primary working area and
good plant-crushing performance.

(2) Based on the discrete element method, a sandy loam soil model and a flexible model
of the Cyperus esculentus plant were established. The power consumption and plant-
crushing performance of the IT245 and IT245P rotary blades were compared by
simulation tests. The results showed that the average power consumption of the
IT245P rotary blade was reduced by 13.10% and the crushing rate of Cyperus esculentus
plants was increased by 11.75%.

(3) The forward speed, tillage depth, and shaft speed were selected as the test factors,
and the tillage depth stability and power consumption were selected as the evaluation
indexes for the field test. The best combination of operating parameters of the reverse
rotary tiller was 1.08 m/s for the forward speed, 107.11 mm for the tillage depth,
and 258.05 r/min for the shaft speed. Under this optimal parameter combination,
the stability of the tillage depth was 94.63% and the power consumption was 42.35
kW. This study showed that the rotary blade with a double-eccentric circular-edge
curve could better complete the plant-crushing and power consumption reduction
operations and meet the requirements for the harvesting of Cyperus esculentus.
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Abstract: To solve the problems of high temperature and drought in the Xinjiang Turpan area and
the low survival rate of melon seedlings transplanted into dry soil, existing transplanters for large
plant type young melon seedlings can be mechanized. For non-destructive planting for small plant
types, such as Hami melon seedlings, there are still poor transplanting effects, planting point precise
pile-soil, and other problems. In this study, a water transplanter for laying pipe and film for Hami
melons was designed to mechanize the operation of rotating tillage, laying film and covering soil,
transplanting potted seedlings on film, and water injection of the seedling root and planting hole,
and soil piling and suppression. In this study, a transplanter was designed by coupling the motion of
an earth-covering roller and a duck’s mouth planter and realized the precise mound of soil in the
planting hole, solved the difficult problem of the precise mound of soil on the membrane, and at the
same time carried out water injection on the root of the melon seedlings, which effectively solved
the problem of low survival rate of transplanted seedlings in the arid region of Turpan, Xinjiang,
China. Field experiments showed that the survival rate of melon seedlings under drip irrigation
for 8 h after transplanting into dry soil exceeded 97%. The efficiency of mechanized operation can
reach 1 mu/person/hour, which is more than 8 times higher than manual operation. The operation
speed of the machine is 1~1.2 m/s, and the qualified transplanting rate is 93.26%, which meets
the requirements of cantaloupe transplanting agronomy. This study provides a new method for
dry soil cantaloupe transplanting. This article can also provide a design reference for Hami melon
transplanting mechanization in arid areas.

Keywords: cantaloupe bowl seedlings transplanting; mechanical equipment; institutional design;
field test; data analysis and discussion

1. Introduction

In recent years, China’s agricultural supply-side structural reform and industrial lay-
out adjustment have caused the planting area of melons and vegetables to expand and the
demand for mechanization to increase. At present, there are many vegetable transplanters
for pepper, tomato, cabbage, and other vegetables for open ground transplanting and
membrane transplanting [1,2]. Due to the large differences in geographical and climatic
conditions, soil moisture, fertility, and melon and vegetable varieties grown in different
areas in China, the planting and agronomic requirements are quite different in different
areas. For example, in order to prevent and control the continuous cropping obstacles and
soil-borne diseases of greenhouse melons and vegetables, liquid pesticides or microbial
agents should be applied to the roots while transplanting. For melons and vegetables in arid
northwestern areas, agricultural film covering and integrated water and fertilizer planting
modes are generally adopted. A drip irrigation belt and agricultural film are spread, and
then seedlings are transplanted. In order to avoid seedling dehydration and root heat injury
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caused by the high temperature of the sun at noon, it is necessary to pile soil at the planting
hole. The drip irrigation system needs a unified water supply after transplanting in the
whole planting area. For example, in a planting area of 50 mu, if each transplanter operates
at 25 mu/day, it takes one day of work to complete the transplanting operation. After
transplanting in the planting area, unified irrigation is bound to lead to a great reduction in
the survival rate of transplanted seedlings. Irrigating the soil before transplanting can solve
the problem of the time difference between transplanting and irrigation but, not only is it
difficult for a tractor to work in the field under wet soil conditions, clay and soil accumulate
on the duck’s mouth type planter that is currently used for membrane transplanting, and
the transplanter can not operate normally. Therefore, for the mechanized transplanting of
watermelon, melon, and other non-drought-resistant varieties in the seedling stage, it is
necessary for seedlings to retain water to improve the survival rate.

Research on transplanting machines for bowl seedlings started earlier in Europe
and America; therefore, the level of automation there is relatively high, and its level is
relatively leading. Other supporting systems and technology are also relatively perfect.
Most existing studies of mechanical vegetable transplanting are about semi-automatic
mechanical planters, with fewer about fully automatic planters, which can plant each
row in an average of 30–60 plants/min [1–3]. Research on dry land transplantation in
China began in the 1960s; it started early but did not develop quickly [4–7]. China began to
develop bare seedling transplanters in the 1970s, originally used for beet transplanting, then
semi-automatic vegetable transplanters began to appear. The operation efficiency of the
existing chain clip and seedling guide tube semi-automatic transplanter on the market is low,
with a limit speed of manual sorting and seeding of 45 plants min−1 and 60 plants min−1.
The highest transplanting rate of Ferrari Futura automatic hole plate seedling transplanting,
representing the world’s most advanced level, is 133 times/(min line), but it is expensive
and has strict requirements for seedling bed preparation. Existing vegetable transplanters
are all single function; they cannot change according to different planting areas, different
melon varieties or agronomic requirements, root precision fertilization or irrigation water,
nor in the planting hole, transplanted seedlings’ low survival rate, and other serious
problems. A transplanter must consider the soil adaptability, operation efficiency, and
economy; therefore, current transplanters are not suited to Hami melon water injection
transplanting [8,9].

In view of the above problems and to provide new technologies and methods that
support the transplantation of cantaloupe in dry areas, in this study, a compound Hami
melon transplanter is proposed. First, the front part of the machine rotates the soil, and
then the pot seedlings are manually placed for transplanting. Finally, water is injected into
the root of the transplanted seedlings to complete the transplanting operation. At the end
of the article, the effect of the transplanting operation is verified by a field experiment, and
the transplanting performance of the transplanter is evaluated.

2. Materials and Methods
2.1. Dryland Cantaloupe Watering Transplanter Whole Structure and Working Principle
2.1.1. Whole Structure

The dry land cantaloupe watering transplanter is mainly composed of rotary tillage
parts, a transplanting apparatus, seedling plate, seedling feeding institutions, main trans-
mission assembly, soil covering mechanism, film pressure mechanism, film mulching
mechanism, water sitting system, and other components. The specific structure is shown in
Figure 1. The whole transplanter is long, wide, and high (2300 mm × 1500 mm × 1700 mm).
The rotary tillage parts, film and soil device, power box, and soil suppression mechanism
are fixed through the beam in the front frame of the transplanter, and the length of the
planting beam is 1500 mm. To stagger the space and prevent the interference of each part,
the rotary tillage parts and power box are fixed and connected by vertical beams. The
height of the fixed vertical beam is 650 mm, the soil covering ballast wheel is connected by
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U-bolt, and the lateral distance of the fixed seat is 900 mm. The imitation laminating device
is fixed by fixed bolts and planted beams with a relative distance of 1700 mm.

Figure 1. Dryland Cantaloupe Transplanter Under water. 1. Duck-billed transplanting apparatus; 2.
The front of the seedling plate; 3. Cylinder seedling cup feeding mechanism; 4. gearset; 5. Cooling
mechanism; 6. Pressure film mechanism; 7. Membrane overlying mechanism; 8. Behind the seedling
plate; 9. Pipe laying parts; 10. Sitting water system; 11. Rotary tillage parts; 12. Open ditch parts.

2.1.2. Dryland Cantaloupe Watering Transplanter Whole Structure and Working Principle

Start the tractor, keep the tractor output speed of about 1000 r/min and advance at a
constant speed. Before transplanting, conduct soil rotary tillage in front of the machine and
then lay the film. The cantaloupe seedlings are removed from the plate when transplanting,
and the bowl seedlings are placed into a circular cylinder feeding mechanism. The seedling
feeding mechanism rotates slowly as the machine moves forward. The closed opening at
the bottom of the cylinder opens when the cylinder feeding mechanism moves above the
duck mouth planter. The bowl seedling falls by gravity from the cylinder into the cylinder
mounted on the upper end of the duck beak, and the cantaloupe seedlings fall into the
duckbilled transplanting apparatus through the receiver. After the duck mouth is inserted
into the soil, the multibar drive mechanism turns the cam on the crank against the elbow,
making the duck beak open, and the cantaloupe seedlings fall into the soil nest. At this
time, open the water injection system. The root position of the transplanted seedlings is
quantified at a fixed point, and water injection is not less than 50 mL so as to complete
the transplanting work. The main working components of the transplanter are the rotary
tillage mechanism, film laying mechanism, multi-rod drive mechanism, seedling feeding
plate, duckbilled transplanting apparatus, and quantitative water injection system.

2.2. Planting Agronomic Requirements

The planting mode of cantaloupe pipe laying and sitting water transplanting is shown
in Figure 2. Ridge height was 90 mm, ridge width was 700 mm, array pitch and row
spacing were 400 mm, and double transplanting and adjacent ridges center distance was
900 mm. A white mulch with 900 mm width and 0.012 mm thickness was used for each
ridge. Dimensions are shown in Figure 2.

Along with the characteristics of double-row transplanting on the cantaloupe film, the
main technical parameters of the machines and tools are shown in Table 1.
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Figure 2. Ridging mode of double-row transplanting on cantaloupe film.

Table 1. Transplanting machine technical parameter table.

Project Technical Parameters

Hang way Tractor traction type
Supporting power (Metric horsepower) ≥50

Plant (hole) distance (tunable, mm) 300, 350, 400, 450
array pitch; row pitch (mm) (Double row transplanting) 400

Adapt to membrane width(cm) 80–100
water injection rate (mL/hole) 50–100

Outline dimension (length × width × height: mm) 2300 × 1500 × 1700
Complete machine quality (kg) About 760 kg

Number of operators (including tractor driver) 3
Leakage rate (%) ≤4

2.3. Design Analysis of Key Mechanisms
2.3.1. Rotary Tillage Parts

The rotary parts are mainly composed of a rotary blade shaft, blade, and knife plate.
The structure is shown in Figure 3a. When working, the blade is driven by power and
rotates along with the unit. The soil is cut in rotation and tossed, further hitting the retaining
plate, breaking, and falling to the surface, and then is divided to both sides by the trench
knife and the retaining plate. The initial design rotary radius is 220 mm; there are 14 knife
plates, each with 3 rotary tiller knives, which are evenly arranged within 360 range on the
knife plate, two lines of operation, 60 Mn for machine production materials [10–13].
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Figure 3. Key mechanisms of the transplanter. 1. Transmission case; 2. Power transmission shaft;
3. Trim shell of rotary tillage device; 4. Transmission housing; 5. Rotary blade shaft; 6. Rotary
blade; 7. soil-covered plate; 8. Auger cover roller; 9. The shelf of film and soil covering device;
10. Film-pressure wheel; 11. Film roller suspension rack; 12. Film; 13. Film roller; 14. Installation
support; 15. Soil-retaining plate; 16. The shell of auger cover roller; 17. Soil guide plate; 18.
Seedlings cup; 19. Turntable plate; 20. Seedlings cup bracket; 21. Duckbilled transplanting apparatus;
22. Coupler-1; 23. Crank-1; 24. Gear-1; 25. Crank-2; 26. Connection plate; 27. Coupler-2; 28. Gear-2;
29. Gear-3.

2.3.2. Film Covering Soil Covering Mechanism

The design of the film-covering device takes into account the components, working
environment, mechanical properties, and other factors and is designed and manufactured
according to relevant standards. The coating device of dry cantaloupe water transplanting
mainly consists of a soil-covered plate, auger cover roller, film roller, film-pressure wheel,
installation support, guide plate, soil-retaining plate, and other components, as shown in
Figure 3b above. In the device, the film rod and film roller suspension rack are cut from a
5 mm thick steel plate, and the film rod is 2 mm, respectively, seamless steel pipe of 28 mm
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diameter, the film roller suspension rack is 2 mm wall thickness, 48 mm diameter, 300 mm
diameter. According to the study [14], we can know the angle between the soil-covered
plate and the forward direction of the transplanter is 20◦, the mounting tilt angle is 18◦, and
the soil cutting operation effect is good. The two plates covering the soil are designed to
be 1.5 m apart; it is distributed in the position of the cylinder section covered by an auger
cover roller. At this time, the depth of the cutting soil is 10 mm, and the design parameters
of the soil-covered plate meet the operation requirements of the melon water transplanter.
The mulch is installed on the film rod during work, and the film spreading roll spreads the
mulch on the ridge auger cover roller will cover the film with soil, round soil mulching
plate on the film side, so as to complete the film mulching operation [10].

According to the static analysis of the auger cover roller, as shown in Figure 3c, when
the transplanter is in use, the auger cover roller’s rotation speed is relatively low, and the
centrifugal force is small, so the influence of the centrifugal force can be ignored in the
analytical mechanics. The force of the soil on the guide plate in a critical sliding state at
a certain point on the helical surface is shown in Figure 3f. The force balance equation is
obtained based on the soil mechanics [10]:

FN = F sin(ϕ + θ) (1)

f1 = FN tan θ0 (2)

In the formula: θ0—Friction angle between soil and guide plate, ◦

θ—Tting angle of the membrane, ◦;
ϕ—The ical angle of the guide plate, ◦;
FN—Support force of soil guide plate to soil, N;
f1 —Friction force of soil guide plate on soil, N;
F—The gravity of the soil itself and the circumferential tangential force under the

surrounding soil extrusion pressure, N;
When the auger cover roller rotates, the higher the rotation speed, the greater the

amount of soil is transported. According to the literature study in [11–15], the differential
equation of soil motion is as follows [12–14]:

ma = N1 cos(ϕ + θ)− f1 sin(ϕ + θ) (3)

In the formula: m—soil quality, kg;
a—Acceleration of the axial movement of the soil along the guide plate, m/s2;
Thus, to get the soil acceleration:

a =
1
2

F
m

sin[2(ϕ + θ)]− F
m

tan θ0 sin2(ϕ + θ) (4)

It can be seen that when the diameter and speed of the auger cover roller are certain,
the function of helical angle analyzes the influence of helical angle on soil acceleration, and
seeks the maximum value.

So that:
da
dϕ

= 0 (5)

cos[2(ϕ + θ)]− sin[2(ϕ + θ)] tan θ0 = 0 (6)

Thus obtain the spiral angle when the acceleration of soil movement along the roller
is maximum:

ϕmax =
π

4
− θ0

2
− θ (7)

Therefore, the working surface of the guide plate meets the surface axial conveying
soil near the coil. The auger cover roller diameter is 350 mm, and the number of uniformly
distributed circumferential soil-guide plates is 4, the 3 rows of guide plates are evenly
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arranged, the spiral angle of the guide plate is 15~25 degrees, the installation distance be-
tween the retaining plate and the roller is 30 mm. When the installation angle is 30 degrees,
it can meet the requirements of cantaloupe cover film transplanting.

2.3.3. Design of the Cylinder Seedling Feeding Mechanism

The seedling feeding mechanism not only carries the cantaloupe seedlings but also
is the key part of determining whether the melon seedlings can be successfully put into
the duck mouth of the planter. Therefore, the seedling feeding mechanism is an important
part of determining the final transplanting quality. The design of the feeding mechanism,
including the seedling cup, turntable plate, seedling cup bracket, reducer, and installation
base, are shown in Figure 3d. When the transplanting work begins, the feeding mechanism
is powered by the reducer drive rotary wheel, which drives the seedling cup rotation. The
operator is responsible for placing the cantaloupe seedlings into the seedling cup. When
the seedling cup turns to the designated position under the open end cover, cantaloupe
seedlings fall under gravity into the duck mouth planter [16–18].

The rotation speed of the seedling cup and the planter need to match each other to
make the cantaloupe seedlings fall into the duck mouth smoothly; therefore, it is necessary
to determine the speed of the cup and conduct a kinematic analysis of the transmission
part of the rotating cup. When the planter reaches the guide tube position, the bottom end
cover of the cup is opened; therefore, the rotation speed of the cup is:

ωcup =
ψ

T
(8)

In the formula: ω—Represents the angular speed of the seedlings cup, rad s−1;
ψ—It indicates the angular displacement of the seedling cup rotation, rad;
T—Time of transplanting two adjacent melon seedlings, s;
Considering the spatial layout of the planting device, the number of seedling cups

designed for the seedling feeding device is 12, the angular displacement of the adjacent
seedling cup is π

6 , it takes 0.9 s and 1.5 s, respectively, to rotate the cup by π
6 angle according

to the speed of transplanting operation. Calculated according to the above formula, the
speed of the cup rotation is 0.58 rad s−1, 0.35 rad s−1.

2.3.4. Design of the Double Crank Five-Link Mechanism Transplanting Apparatus

The transplanting apparatus is the core component of the transplanter. The trans-
planting mechanism designed in this paper is the double crank five-link mechanism. The
three-dimensional diagram of the transplanting apparatus is shown in Figure 3e. When the
transplanter is working, all the rods of the transplanting apparatus should be coordinated,
and the planting depth and standard spacing of the seedlings should be unified. To avoid
the phenomenon of seedlings being injured, seedlings are clamped and seedlings taken
away [19–24]. Because the duckbilled transplanting apparatus is driven by the crank of the
planting mechanism, the transmission ratio of the power conveying device is:

i = iω
z2

z1
=

n1

n2
(9)

In the formula: i—Transmission box reducer reduction ratio;
z1, z2—Number of teeth of the sprockets in the transplanting apparatus drive system;
n1, n2—Power speed of the seedling mechanism and crank speed of the plan 1, r/min.
The crank angle speed depends on the transplanting operation speed of 4.8 rad s−1,

take the power speed (seedling cup speed) of the seedling delivery mechanism 0.58 rad s−1,
select iω generally take 10: 1 dwelling rod reducer. Transmission ratio of the transplanting
apparatus chain drive according to the above data is 0.12, the number of sprocket teeth was
assigned to obtain the sprocket data: z2 = 15, z1 = 18.
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2.4. Field Testing
2.4.1. Test Place and Test Instrument

A field test was conducted at the Hami Cantaloupe Research Center in Turpan, Xin-
jiang Uygur Autonomous Region, China, in March 2021. Test instruments included steel
tape ruler, angle ruler, stopwatch, etc. According to the agronomic conditions of melon
transplanting, the working parameters of the transplanter were set to match the suitable
planting distance and planting row distance. In this test, the plant distance of melon was
35 cm, and the planting row distance was 40 cm. The transplanter working test is shown in
Figure 4a, and the transplanting effect diagram is shown in Figure 4b.

Figure 4. Field testing site. (a) Transplanter working test site. (b) The effect of transplanting cantaloupe.

2.4.2. Testing Methods

The dry-farming cantaloupe transplanter belongs to a dry land transplanting technol-
ogy and method. Therefore, refer to JB/T10291 <transplanter in dry land> and manufac-
turer’s standard Q/HY·J 0324—2019 <Melo transplanter>, and use the relevant provisions
of the test method [19–22].

The experiment was conducted during the melon planting period, and the influence
of transplanter operation speed on repeat transplanting rate, lodging rate, missing trans-
planting rate, injury seedling rate, and transplanting qualified rate were analyzed [23–26].
The corresponding index detection methods are shown as follows:

(1) Repeat transplanting rate
In theory, one cantaloupe seedling should be transplanted, and two or more seedlings

should actually be planted, and the proportion of NCZ and N of the repeat planting rate is:

D =
NCZ

N
D = NCZ/N

In the formula: D—repeat transplanting rate, %.
Ncz—repeat transplanting point number, number.
N—The total number of points determined, number.
(2) Seedling lodging rate
After transplanting, the angle between the main seedling’s diameter and the ground

is less than 30◦ [27], the proportion of the total number of lodging and the total number of
holes N, the lodging rate was calculated as:

T =
NDF

N
T = NDF/N

In the formula: T—Lodge rate, %.
NDF—Lodge point number, number.
(3) Missing transplanting rate
After the transplanting work was done, near the transplanting two-hole distance

(Xi) and theory hole distance (Xr), we can, on the basis of the relationship between them,
determine the number of missed transplanting holes when:
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Range 0 ≤ Xi ≤ 0.5 Xr, plant one again;
0.5 Xr ≤ Xi ≤ 1.5 Xr, within the range are qualified hole distance;
Range 1.5 Xr ≤ Xi ≤ 2.5 Xr, one missing transplant was planted;
Range 2.5 Xr ≤ Xi ≤ 3.5 Xr, two missing transplants were planted;
Range 3.5 Xr ≤ Xi ≤ 4.5 Xr, two missing transplants were planted, and so on.
Missing planting rate calculation formula:

M =
NLZ
N

M = NLZ/N

In the formula: NLZ—The number of missing holes, hole.
M—Missing planting rate,%.
(4) Injury seedling rate
If a transplanted melon seedling is damaged and its growth is affected, the seedling is

defined as a wounded seedling. The ratio of the number of injured seedlings to the total
number of measured holes in a planting row is the wound seedling rate [28]; the calculation
formula is:

W =
NSM

N
W = NSM/N

In the formula: NSM—number of injury seedlings, hole.
W—injury seeding rate, %.
(5) Transplant qualified rate
Within a test interval, seedling transplanting hole has more than one plant in line with

(3) in the planting of qualified hole distance provisions, it is qualified for planting [29].
The qualified rate of planting is equal to the ratio of the number of qualified holes to

the total number of holes in the test area; the calculation formula is as follows: (NHG = N −
(2 NCZ + NDF + NLZ + NSM))

Q =
NHG

N
Q = NHG/N

3. Results and Discussion

The land lots with different moisture content were selected for the test (22.5%, 20.3%,
18.1%, 16.2%). At the beginning of the transplanting test, the machines transplanted at a
0.8 m/s, 1 m/s, 1.2 m/s, 1.4 m/s operation speed, repeat transplanting rate, lodging rate,
missing transplanting rate, and injury seedling rate were determined, respectively, and the
transplant qualified rate was calculated. The specific test data table is shown in Figure 5a–e.

Univariate analysis was performed based on the data from the field experiments. The
analysis result is shown in Figure 5a–e. In the dry land soil with a moisture content of
18.1~22.5%, the operation and machine speed increases, the rate of injured seedlings and
lodging increases, the repeat planting rate and leakage planting are first smaller and larger,
and the qualified rate of transplanting showed a downward trend. When the machine
speed is at 1 m/s, the plant leakage rate and the seedling injury rate are the lowest. At this
time, the transplanting qualified rate is the largest, 93.26%; this time is the optimal level.

Through the experimental analysis and verification of the design of the planting mechanism,
some suggestions are put forward for the key content for further research and development.

The following proposals: Although the transplanting qualification rate of planting
institutions has reached the national standard, there is still much room for improvement,
which should be improved in the next step. The lack of a data statistical analysis study
is a deficiency of this paper. Furthermore, optimization should consider the application
and improvement of institutions in field use under different terrain conditions in order to
enhance the adaptability of the machine.

For increased adaptability and interchangeability, improve the utilization rate of the
machine and realize multi-purposes of one machine. In the design, attention should also be
paid to matching sets such as hole digging and water injection development.
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Figure 5. Cont.
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Figure 5. Graph of transplanting effect at different working speeds. (a) Line chart of repeat transplant-
ing rate changes under different operating speeds. (b) Line chart of seedling lodging rate changes
under different operating speeds. (c) Line chart of the change of the missing transplanting rate
under different operating speeds. (d) Line chart of the change of seedling injury seedling rate under
different operating speeds. (e) Line chart of the change of transplanting qualification rate under
different operating speeds.

4. Conclusions

This study proposed a non-damaging transplanting technology for cantaloupe based
on a multi-step operation with a transplanter. The technology was developed for the
non-destructive transplanting of cantaloupe seedlings, planting point precise pile-soil, re-
spectively. Firstly, through the design of a double crank five-link mechanism transplanting
apparatus, the nondestructive transplanting of Hami melon seedlings was guaranteed.
Then, through the motion coupling design of the auger cover roller and duckbilled trans-
planting apparatus, precise piling of soil in the transplanting hole was realized.

In this article, the design of the transplanting technology and planting hole stacking
technology of the machine effectively solve the technical problem of mechanized Hami
melon transplanting in high temperature and arid climate conditions in Turpan, Xinjiang
Uygur Autonomous Region, China. It could also provide guidance for the mechanization of
transplanting operations in dry areas around the world. The experimental data show that
the survival rate of cantaloupe seedlings treated with drip irrigation at 8 h after dry land
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transplanting exceeded 97%. In dry land transplanting, water should be given to seedlings
to ensure their survival rate. Mechanized operation efficiency is up to 1 mu/people/h,
more than 8 times higher than the manual operation. The implement’s travel speed is
1–1.2 m/s, and the transplant qualified rate is 93.26%; therefore, this technique meets the
agronomic requirements of cantaloupe transplanting.
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Abstract: The objective of this study was to establish an efficient—direct or indirect—regeneration
system for pineapple (Ananas comosus L.) plants, with a high rate of multiplication and that would
preserve the genetic identity of the donor genotype (Hybrid ‘MD2’) in the regenerated plants. Ten
treatments, with different concentrations of 2,4-Dichlorophenoxyacetic (2,4-D) and Picloram (P),
in the absence or presence of 6-Benzylaminopurine (BAP), were used for in vitro morphogenesis
induction, as well as histological and molecular techniques, in order to characterize the morphogenic
responses induced. Significant differences between treatments tested, to induce callus and buds,
were assessed by the Kruskal Wallis method and the Mann–Whitney U-tests. Different pineapple
regeneration routes were identified, showing the high regeneration potential of this species. The
medium containing 2 mg L−1 2,4-D and 2 mg L−1 BAP, where indirect somatic embryogenesis
occurred, was selected as the most efficient treatment, with an average of 120 somatic embryos per
explant, differing significantly from the rest of the treatments. It was also demonstrated that the
pineapple plants regenerated in vitro preserved the genetic identity of the donor genotype, which
represents a high degree of confidence for the application of indirect somatic embryogenesis for
A. comusus clonal propagation.

Keywords: Ananas comosus; somatic embryogenesis; micropropagation; organogenesis; SSR markers;
ISSR markers; pineapple

1. Introduction

Pineapple (Ananas comosus L. Merr.) is a monocotyledonous plant native to tropical
America, specifically South America, belonging to the Bromeliaceae family, and is one of the
most important tropical species in the international market, due to the great acceptance of
its fruit by consumers [1]. The fruit is recognized as one of the finest in tropical regions, and
is considered the queen of all fruits, because it is highly appreciated for its high nutritional
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value. It is rich in carbohydrates and saturated fats, free of cholesterol, low in sodium, and
has high contents of vitamins A, C, and minerals. It is also a highly digestible food because
it contains the enzyme bromelain [2]. It is currently the second tropical crop in terms of
production volume, only surpassed by the banana (Musa acuminata). It is produced in many
tropical regions of the world and is exported mainly to the United States of America and
the European Union [3,4]. Seventy percent of its commercial production is consumed fresh,
and the rest is intended for canning in syrup, so the hybrid ‘MD2’, known as “Extra Sweet”,
“Golden Sweet”, or “honey pineapple”, is the most demanded in the international market,
since when compared with other cultivars, it stands out for: its sweetness (values from
13 to 18◦ Brix), its uniform golden color, and especially for its long shelf life (more than
30 days) [2,5,6].

This plant is described as a perennial herb that grows between one and one-and-a-half
meters high. Prior to fruiting, this plant generates around two hundred flowers, which,
when fertilized, combine to form a polyfruit, which is known as a pineapple. Each plant
generates between seventy and eighty leaves, which are like pods or sheets arranged in
a spiral, usually in layers. Some cultivars have thorns on the edges of their leaves. Its
flowers have foliar scales that have the property of retaining water. The embryo of the
plant has only one leaf, or cotyledon, and is a self-incompatible species [1], so its main form
of propagation is vegetative, based on three types of tillers: crowns, cocks, and spikes [3,7].
The crowns, located in the upper part of the fruit, have a slow but uniform development,
with a low percentage of natural flowering, and their cycle can be considered late. The
propagules, or tillers, that grow and develop from buds located on the peduncle, and the
base of the fruit are known as roosters and the number and vigor per plant vary, with
the most occurring during the first harvest and being of intermediate vigor. Nails are
considered scions, and grow and develop from axillary buds, located throughout the stem,
and their cycle is considered the earliest, because they are more vigorous and are the most
commonly used tillers for the establishment of plantations [8].

All these species characteristics imply a very low growth and multiplication rate
through vegetative propagation, since the interval between planting and fruiting can be up
to two years, and only two to three uniform propagules are produced per plant, which in
turn drastically limits the availability of suitable planting material to establish large areas
of the crop [9]. On the other hand, the incidence of pests and diseases is higher, and this
condition is aggravated by the low genetic variability present in their populations, since
traditional genetic improvement is delayed and inefficient [8]. Given this problem, it is
necessary to use biotechnological tools that allow the rapid and massive production of
uniform plants with high phytosanitary quality, in a rapid and massive way, thus producing
larger fruits with higher agricultural yields. Technologies based on plant tissue culture
provide us with very valuable tools for the massive and uniform propagation of this crop
in very short cycles of time and at any time of the year [10,11]. However, it should be
noted that the conditions required for tissue culture can result in genomic changes in plants,
resulting from in vitro culture [7,12–14].

Tissue culture conditions, such as the use of growth regulators, successive transfers
of explants, certain temperatures, and culture medium pH, sometimes lead to alterations
at the cellular level, which result in genomic changes in plants from in vitro culture [7,12]
which are not favorable in micropropagation. Authors such as Akdemir et al. [15] found
that when high concentrations of cytokinins are used in long-term pineapple cultivation,
somaclonal variations occur, which can be detected by molecular markers. In another study,
differences in morphological and physiological characters between regenerants and mother
plants were observed, when Naphthaleneacetic acid (NAA) and 6-Benzylaminopurine
(BAP) were used for plant regeneration [7]. Years later, in another study using these same
regulators, DNA methylation increase was found in the dedifferentiation process (callus
formation) and differentiation (seedling regeneration), and it was concluded that these
changes lead to somaclonal variation in pineapple [13].
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Therefore, the establishment of a tissue culture technology in this valuable fruit plant
requires reproducible protocols for each of the process stages, and for this, it is necessary
to define the structures that originate in the different morphogenic routes; as well as
to analyze if the change that originated in the genetic program of these cells leads to
somaclonal variation, since a fundamental requirement in the commercial industry when
working with elite genotypes is to maintain their relevant agronomic characteristics [11].
For this reason, the present research hypothesizes that with the application of somatic
embryogenesis, many genetically stable plants are obtained, and the multiplication rate
of this fruit species is increased in a short period of time. Therefore, the objective of this
work is to present the advances achieved in the search for a highly efficient and genetically
reliable mass propagation technology, in which vigorous “MD2” pineapple in vitro plants
with a high survival rate are generated.

2. Materials and Methods
2.1. Explant Selection

For the induction of pineapple morphogenic structures, the leaf base from young
(4–6-week-old) in vitro plants of the ‘MD2’ hybrid undergoing in vitro vegetative growth
(Figure 1) was used as plant material. Leaves explants were placed horizontally with their
adaxial surface on the culture medium.

Figure 1. (A) Aseptic ‘MD2’ pineapple in vitro plants (4–6 weeks old) used as a source of explants
to induce direct and/or indirect morphogenesis; (B) leaves isolated from the in vitro plants used as
initial explant.

Four treatments were established and tested to induce morphogenesis, in which differ-
ent concentrations of naphthaleneacetic acid (NAA) and benzylaminopurine (BAP) were
used in Murashige and Skoog (MS) [14] medium, supplemented with sucrose (30 g L−1),
Myoinositol (100 mg L−1), and Thiamine (5 mg L−1). The explants remained under condi-
tions of 16 h of light and 8 h of darkness, and a temperature of 27–30 ◦C. The shoots obtained
were subcultured on the same medium every 45 days until shoots were obtained. For callus
regeneration, six treatments were established and evaluated. Where an MS medium was
used, which was supplemented with sucrose (30 g L−1), Myoinositol (100 mg L−1), Thi-
amine (1 mg L−1), and different concentrations of regulators: 2,4-Dichlorophenoxyacetic
(2,4-D) and Picloram (P), in the absence or presence of BAP (Table 1). In this case, the ex-
plants were incubated in total darkness at 25–28 ◦C and subsequently, the calluses obtained
were subcultured in the same medium (MS) every 45 days. From the second subculture
(90 days), they were transferred to conditions of a photoperiod of 16 h of light and 8 h
of darkness, and a temperature of 27–30 ◦C, to induce the formation of morphogenic
structures (embryos or shoots) in an MS medium without auxin, which contained BAP
at different concentrations (0.5, 1, and 2 mg L−1), in which they remained 145 days, with
refreshing passes every 45 days. The shoots obtained were transferred to a rooting medium
[MS + (NAA 1 mg L−1/1 mg L−1 BAP)] until reaching seedlings of 6 to 8 cm in height.
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Table 1. Combinations of different growth regulators that were used in the medium (MS) to induce
morphogenesis in ‘MD2′ hybrid pineapple.

Treatments NAA
(mg L−1)

BAP
(mg L−1)

2,4-D
(mg L−1)

P
(mg L−1)

M1 5

M2 2 5

M3 2 2

M4 1 1

M5 1

M6 1 1

M7 2 2

M8 3

M9 0.05 3

M10 0.05 5

In all treatments, the media were solidified with Gelrite (3000 mg L−1), and 40 mL of
it were distributed in magentas and sterilized in an autoclave at 121 ◦C for 15 min. Five
explants were planted per magenta, and a completely randomized experimental design was
used, with three replications, for which a total of 45 explants were planted per treatment,
and when more than 50% of the explants presented morphogenic structures, the following
features were evaluated: the number of explants with morphogenic structures, the type of
morphogenic response (calluses, shoots, and direct and indirect somatic embryos), number
of embryos per treatment, number of shoots per treatment, and number of plants obtained.

2.2. Histological Analysis of Morphogenic Structures That Originated in In Vitro Regeneration

For histological processing, samples of the different morphogenic structures formed
in the different treatments were taken. The methodology used was that described by
Piven et al. [16], though slightly modified. Biological samples were taken in small por-
tions of approximately 0.5–1.0 cm2, containing callus mass, embryos, and shoots. Three
samples per treatment, taken at random, were fixed for 96 h in a FAA solution containing
formaldehyde (4%), glacial acetic acid (95%), ethanol (95%), and distilled water, in a ratio
of 2:1:10:7, respectively. After fixation, the tissues were washed three times (30 min each)
with distilled water to remove fixative residues. Subsequently, the washed samples were
subjected to dehydration treatments in different concentrations of ethanol (C2H6O), in
a gradual and ascending manner (30%, 50%, and 70%) [17]. The samples were then left
to stand in the last ethanol concentration (70%) for 24 h, and the dehydration process
was continued with 85%, 96%, and absolute or anhydrous ethanol. Two alcohol changes
were made for each concentration, with an immersion time of one hour for each change.
The tissues were then embedded in JB-4 plastic resin according to the manufacturer’s
instructions (Embedding Solution Poly-sciences, Los Angeles, CA, USA). The embedded
tissues were immersed in solution A + catalyst (Benzoyl Peroxyde Plasticized, Polysciences,
Warrington, PA, USA ) and maintained for one week at room temperature (20 to 25 ◦C).
At the end of resin infiltration, casts were made, including the tissues for transverse and
tangential sectioning on an HM 325 rotary microtome (Microm, CA, USA) with a thickness
of 2–4 µm. Histological sections were serially performed and spread in distilled water and
collected on a 26 mm × 76 mm slide. To visualize the cellular organization, the histological
sections were stained with Toluidine Blue and Paz stain, and observations were made on
an Axioplan Zeiss microscope, equipped with AxioCam ICc 5 (Jena, Germany).
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2.3. Acclimatization of Plants In Vitro

Seedlings with a height of 6–8 cm were extracted from the culture containers, washed
with abundant running water, and placed in plastic trays for transfer to the greenhouse,
where they were established in trays containing a mixture of red soil + coconut fiber + perlite
(1:1:1) as substrate, following the methodology described by Guzmán-Antonio et al. (data
in process of publication). After 45 days, the seedlings were transplanted into black plastic
bags (22 cm × 26 cm), where they remained for about 16–20 weeks, for subsequent transfer
to the field.

2.4. Analysis of the Genetic Stability of the Plants Obtained from In Vitro Regeneration

Genomic DNA extraction. For DNA extraction, leaf samples were taken from 10 plants
from the different treatments. Total genomic DNA was extracted according to the method
reported by Tapia et al. [18]. The quality and integrity of the DNA was determined by
electrophoresis in a 0.8% (w/v) agarose gel, and the concentration and purity of the genomic
DNA was determined by reading absorbance at 260 and 280 nm in a spectrophotometer
(Nanodrop 2000, Madrid, Spain), according to the methodology described above. Once the
DNA was obtained, we proceeded to the analysis to determine the genetic stability with
the SSR and ISSR markers.

Amplification by SSR. To determine the appropriate alignment temperature, each SSR
primer was tested at 50 ◦C, 55 ◦C, and 60 ◦C. Amplifications were developed in a final
volume of 25 µL for a reaction, containing 40 ng of template genomic DNA, 0.3 µM
of each SSR primer, 0.15 mM of dNTP mix (Invitrogen, Carslbad, CA, USA), 1.5 mM
of magnesium chloride (Invitrogen, Carslbad, CA, USA), 1× buffer, and 1.2 U of Taq
polymerase (recombinant) (Invitrogen, Carslbad, CA, USA). Twenty SSR primers reported
by Wang et al. [19] were evaluated. For each amplification reaction, three samples from
each treatment with three replicates per primer were analyzed.

PCR reactions were performed on a Thermal cycler 2720 (Applied Biosystems, CA,
USA). The amplification program began with a 2.30 min cycle at 94 ◦C, followed by 35 cycles
at 94 ◦C at 45 s. The alignment temperatures were 55 ◦C, 60 ◦C (45 s), and 72 ◦C (1 min),
with an 8-min final extension cycle at 72 ◦C. PCR products were separated on 2% agarose
gels in a 0.1× TBE buffer (0.04 M Tris hydroxymethyl aminomethane (Tris-HCl); 1 mM
ethylenediamine tetra acetic acid (EDTA); 0.04 M boric acid; pH 8) at 100 v (constant
voltage). Staining was performed with ethidium bromide and gels were visualized in a U.V.
light transilluminator. (BIO-RAD Gel Doc Ez Imager, Hercules, CA, USA). By comparing the
size of the amplified fragments to a 1 Kb plus DNA molecular weight marker (Invitrogen,
Carslbad, CA, USA), the size of the amplified fragments was determined.

Amplification by ISSR. Amplifications were made in a final volume of 25 µL for a
reaction containing 20 ng of template genomic DNA, 1 µM ISSR primer, 0. 25 mM dNTP
mix (Invitrogen), 2.5 mM magnesium chloride (Invitrogen, Carslbad, USA), 1× buffer (In-
vitrogen, Carslbad, CA, USA), and 1.0 U Taq polymerase (recombinant). Five ISSR primers
(IS01, IS13, IS14, IS17, and IS19), reported by Weiguo et al. [20], were evaluated. In each
amplification reaction, 10 samples per previously described treatment were analyzed, and
three repetitions of the amplifications per primer were performed. PCR reactions were
run on a thermal cycler 2720 (Applied Biosystems, California, USA), using the following
amplification program: an initial cycle at 94 ◦C for 2 min, followed by 45 cycles at 94 ◦C
(45 s), where the alignment temperature was 54 ◦C (45 s) and 72 ◦C (1 min and 30 s), and
a final extension cycle at 72 ◦C for 7 min. PCR products were analyzed on 2% agarose
gels in a 0.1X TBE buffer (0.04 M Tris hydroxymethyl aminomethane (Tris-HCl); 1 mM
ethylenediamine tetra acetic acid (EDTA); 0.04 M boric acid; pH 8) at 100 v (constant
voltage). The bands were visualized by ethidium bromide staining on a U.V. light transil-
luminator. (BIO-RAD, Gel Doc Ez Imager, Hercules, CA, USA). The size of the amplified
fragments was determined by comparison with a 1 Kb plus DNA molecular weight marker
(Invitrogen). The Polymorphic Information Content was calculated by the methodology
cited by Anderson et al. [21].
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2.5. Statistical Analysis

The SPSS program (V.17.0) was used to analyze the data. The Kruskal–Wallis method
was used, and the quantitative variables that influenced the variation observed among the
different treatments established were identified. Paired t-tests (post hoc to Mann–Whitney
U) were performed to test for differences between treatments. For the molecular analysis,
the percentage of monomorphism obtained by each SSR and ISSR primer was determined,
considering the total number of monomorphic bands generated for each of them, over the
sum of the total number of bands detected with all the primers, times 100, and this value
was considered to determine the genetic stability of each treatment.

3. Results
3.1. Evaluation of the Treatments Established for In Vitro Regeneration of the Pineapple
Hybrid ‘MD2′

3.1.1. Direct Somatic Embryogenesis (DSE)

Results obtained in the treatments established for the in vitro regeneration of the
‘MD2’ hybrid showed that depending on the balance of BAP/NAA to which the explants
were exposed, the morphogenic response varied (Table 2). Direct Somatic Embryogenesis
occurred in some of the explants in the treatment M3 used since the formation of abundant
globular structures directly from the explant was observed (Figure 2A,B). Unlike the rest of
the treatments that contained these two growth regulators, the structures formed evolved
rapidly at advanced stages of their development, which is shown in Figure 2B,C, as well
as their conversion to plants, so M3 was identified as an adequate medium for the direct
induction and proliferation of ‘MD2’ pineapple embryos from leaf segments. In the rest of
the treatments, in which BAP and NAA were used, no embryogenic structures formation
was observed, but there was formation of leaf primordia directly from the explant and
multiple budding.

Table 2. Morphogenic response of leaf segments of ‘MD2’ hybrid pineapple seedlings grown in
different treatments.

Treatments Percentage Exp.
Morph. Resp.

Morph. Resp.
Type

Number of
Embryos per

Explant

Number of
Shoots per

Explant

M1 33.3 DO 20.0 ± 1.7 e

M2 66.6 IO 30.0 ± 2.22 c

M3 88.8 DSE 50.0 ± 2.63 b 50.0 ± 2.63 b

M4 88.8 DO 25.0 ± 2.63 d

M5 44.4 IO 20.0 ± 1.64 e

M6 55.5 IO 25.0 ± 2.01 d

M7 93.3 ISE 120.0 ± 8.18 a 120.0 ± 8.18 a

M8 48.8 IO 22.0 ± 2.63 e

M9 55.5 IO 25.0 ± 2.53 d

M10 44.4 IO 20.0 ± 1.37 e

Chi-square 28.821 * - 18.778 * 38.002 *
Percentage exp. Morph. Resp.: Percentage of explants with morphogenic response; Morph. Resp. type;
Morphogenic response type (DO), direct organogenesis, DSE: direct somatic embryo; IO: Indirect organogenesis
(callus or shoots), ISE: indirect somatic embryo; Number of embryos and Number of shoots per explant are:
mean ± SD (standard deviation), Degree’s freedom (df): 9. Significance level: * 0.01 or less; same letters: not
significant differences.
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Figure 2. Somatic embryos formed directly from ‘MD2’ hybrid pineapple explants in M3 treatment.
(A,B) Direct formation of globular structures (GS) from leaf explants, (ED) advance stage of embryo
development. (C) Asynchronous development of formed embryos; FLP: foliar leaf primordia.

From the shoots obtained in all the treatments, the same number of plants was obtained
in the rooting medium; this means that there was a 100% conversion of shoots to plants.

3.1.2. Indirect Somatic Embryogenesis (ISE)

By analyzing the response of leaf explants to the different treatments, it could be
observed that in all treatments containing 2,4-D, alone or in combination with BAP, there
was callus formation, although only explants exposed to the treatment with 2 mg L−1 of 2,4-
D and 2 mg L−1 of BAP (M7) showed the formation of an embryogenic callus that rapidly
evolved to form somatic embryos. At 30 days of culture, this callus was characterized by
showing a creamy white coloration and a semicompact consistency (Figure 3A,B). In the
treatments in which Picloram was present, the formation of a compact, slow-growing, beige-
colored callus was observed, turning dark brown rapidly. After 60 days, isolated and minute
outgrowths were visible on the periphery of the callus. Only in medium M7 (2 mg L−1 of 2,4-
D/2 mg L−1 of BAP) was embryogenic callus formation observed, and 93.3% of the explants
responded to the treatment (Table 2). In this treatment (M7), the callus started in the basal
zone of the leaf and, six weeks later, the first embryogenic structures (globular) became
visible from a primary, vitreous white, incipient, semicompact callus. These first embryos,
of a faint green color, emitted a leaf primordium, typical of monocotyledonous species,
which allowed for the inferring that they had a well-defined apical meristem (Figure 3A).
After the first subculture (six weeks), a callus of semifriable consistency proliferated on the
callus and formed 30 days after it was placed in the explant in the medium (Figure 3B),
which evolved to form an abundant and granular embryogenic callus, revealing numerous
embryogenic structures at early and advanced stages of their development (Figure 3C).
These structures gave way to the appearance of numerous, tiny, pale green apices, which
evolved into small buds located throughout the periphery of the callus, while in other areas
of the callus there was an intense proliferation of embryogenic structures in early stages
(globular), which shows an asynchrony typical of somatic embryogenesis (Figure 3D). The
high embryogenic capacity (120 SE/Explant) of the callus induced in the M7 medium
(2 mg L−1 of 2,4-D and 2 mg L−1 of BAP) was observed, differing significantly from the
rest of the treatments evaluated. (Figure 3E). The rapid evolution of somatic embryos from
globular to an advanced stage, characteristic of somatic embryogenesis in monocot species,
became evident.
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Figure 3. Indirect somatic embryogenesis (ISE) from young leaves of ‘MD2’ pineapple grown in
the M7 treatment (2 mg L−1 of 2,4-D and 2 mg L−1 of BAP). (A) Incipient callus formed at the
base of the leaf, CF: callus formation; (B) primary callus of vitreous white color, semicompact
consistency; (C) embryogenic callus of greenish white color, with embryogenic structures (SE) visible
at various stages of development; (D) appearance of globular embryos; ED: advance stage of embryo
development; (E) high embryogenic capacity of the induced callus, with embryos multiplying and
developing asynchronously; FL: foliar primordia.

3.1.3. Indirect Organogenesis (IO) and Shoot Development

The results obtained showed that in the treatment in which 2.0 mg L−1 NAA was
combined with 5.0 mg L−1 BAP (M2), there was a high responsiveness to regeneration from
the explant cells’ leaf segment, so it showed a fast and efficient response to shoot formation
(Figure 4). It is worth noting that in this treatment, an average of 30 shoots per explant
were formed, which was significantly higher than in the rest of the treatments in which
regeneration occurred via organogenesis, both directly and indirectly (Table 2). The formed
shoots were characterized by their vigor and rapid development, which preserved the
vascular connection with the maternal tissue during the first generation of shoots. Figure 4
shows the evolution of this regeneration process.

Figure 4. Efficient regeneration of pineapple shoots in the M2 treatment. (A,B) Rapid and abundant
proliferation of neoformations with a globular structure; (C,D) proliferation of multiple shoots from
neoformations; (E,F) efficient shoot development.
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On the other hand, it was observed that the shoots formed in the M4 treatment
developed and became suitable seedlings for transfer to the acclimatization phase in less
time compared with the rest of the evaluated treatments. Therefore, this result allowed us
to recommend this medium for the final stage of development of all the shoots obtained in
the different regeneration pathways, either by direct and indirect somatic embryogenesis or
by the direct organogenesis pathway. In treatments M5, M6, M8, M9, and M10—in which
indirect organogenesis (IO) occurred via callus formation—the callus formed was very slow
growing with a compact consistency that quickly turned dark, so none of these treatments
had embryogenic structures because only tiny shoots were formed in certain areas of the
callus, which subsequently evolved favorably in plants. However, it should be noted that
plant regeneration was very slow in these treatments.

3.2. Histological Analysis

The histological analyses of the morphogenic structures that originated from callus in
the M7 treatment showed an intense cell division activity in callus cells, clearly distinguish-
ing the formation of abundant, well-defined meristematic centers (Figure 5A) as a prelude
to somatic embryogenesis. These cells were characterized by being small and isodiametric,
with a dense cytoplasm and a prominent vacuole. An intense asymmetric cell division
was observed, the cells began to divide longitudinally and transversally, giving way to the
histogenesis process (Figure 5A), in which asynchronously, globular somatic embryos could
be observed in the same callus and in an advanced stage of their development (Figure 5B).
There was not a vascular connection to maternal tissue. Through the longitudinal section
of the embryo (Figure 5C), the development of the central cylinder could be seen in the
innermost part of the scutelum, where later the formation of leaf primordia can be seen
(Figure 5D).
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Figure 5. Histological samples that show the intense meristematic activity that occurred in the
regeneration with the M7 treatment. (A) Meristematic cells (MC) in active cell division (CDC),
vacuolated, isodiametric cells, and prominent nucleus are observed, as well as the successive divisions
of the cells to give rise to the formation of the somatic embryo; (B) Globular embryos advanced
in their development without vascular connection (GSVC) with the maternal tissue and where the
suspensor rupture is appreciated; (C,D) Formation of the first leaf primordia (FL).

409



Agriculture 2022, 12, 713

3.3. Acclimatization

Once the developed in vitro plants reached 6–8 cm in height, they were isolated
(Figure 6A,B) and transferred to greenhouse conditions, where they were placed in trays
containing a previously determined substrate mixture of red soil + coconut fiber + perlite
(1:1:1) (data in process of publication) (Figure 6C). The in vitro plants, after the harden-
ing stage in the trays (45 days), were transplanted into bags where they remained for
16–20 weeks. After this time, the in vitro plants showed optimal development with long,
thick, dark green, shiny, and turgid leaves, and thick and vigorous stems, which demon-
strated an adequate physiological state (Figure 6D). Survival of the in vitro plants exceeded
98% at the time of transfer to the field.
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Figure 6. (A,B) Isolation of in vitro plantlets obtained in M3 and M7 media and developed and
elongated in M4 medium. (C) Acclimatization in trays with substrate in a greenhouse. (D) Pineapple
plants regenerated in vitro and ready to be transferred to the field after 20 weeks in polyethylene bags.

3.4. Genetic Stability of the Plants Obtained from In Vitro Regeneration

SSR and ISSR markers were used to assess the genetic stability of pineapple plants
that were regenerated in various treatments. Of the 20 SSR primers used for molecular
analysis, 15 produced amplification products with adequate resolution and reproducibil-
ity to evaluate the genetic stability of the regenerated plants. Table 3 shows a total of
21 monomorphic bands for each primer, obtaining 100% monomorphism. The number
of amplified fragments for each primer was between 1 and 2 bands, for an average of
1 fragment per primer among all the treatments evaluated. The height of the fragments
obtained was in the range of 100 and 300 bp, and 100% monomorphism was observed in
all treatments (Figure 7). This monomorphism was also corroborated by the analysis of
randomly selected individual plants from the treatment where indirect embryogenesis M7
(2 mg L−1 2,4-D/2 mg L−1 BAP) occurred (Figure 7A–C) and the genetic stability of the
pineapple in vitro plants regenerated in the 10 treatments evaluated for this marker could
be appreciated.
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Table 3. SSR primers [19] used in this study, alignment temperature, and the number of monomorphic
bands obtained with each primer.

Primer Sequences
(5′-3′)

Alignment
Temperature (◦C)

Monomorphic
Bands (%)

DT 338176 F 5′-CTCCTCATCTACCGCACCTC-3′

R 5′-CCCTAGACGACGACGAAGAG-3′ 60 1

DT 336954 F 5′-CATCCATCCATCCATCCAAT-3′

R 5′-GTCGTTGATCATTCGCAAAA-3′ 60 2

DT 3365 61 F 5′-GCAAATGAGGCCACAAACTT-3′

R 5′-GGGTGGTGTGGACTTTCTCT-3′ 60 1

DT 336932 F 5′-GCATGCCAAAGGAAAGAGTT-3′

R 5′-CCCTGAACAAATCACCCAAC-3′ 60 2

DT 337038 F 5′-CCCTGAAGGTGGAGATTGTG-3′

R 5′-AAAAACCAAAACCCTGGACA-3′ 60 1

DT 338091 F 5′-GCTGCTCTTGCTGCCAT-3′

R 5′-AAGCCATAGGACCACCAC-3′ 60 2

CO 731287 F 5′-AGGGAAGCTTTGGAGGTCCAG-3′

R 5′-TGCAATAGCGATGATAAACCCCAG-3′ 60 1

CO 731629 F 5′-AGAAGCGGAAGCGTGTTG-3′

R 5′-GCGGAGATCGAAGCACTC-3′ 60 1

CO 73 12 35 F 5′-ATTTCGAGCCCTTGGTCG-3′

R 5′-TTTATGGGGTCGCGTCGG-3′ 60 1

CO 73 0888 F 5′-CGCATCAGCGCCAAACGC-3′

R 5′-GGAAGCGAAAGGAGATCG-3′ 60 2

CO 73 18 16 F 5′-CTCCTCAGCTTCGTCGCC-3′

R 5′-GACGAGATTGGCGTATCCC-3′ 60 1

AJ 845056 F 5′-TGCTGGCTCTGTGGGATG-3′

R 5′-TTAGGTTTTCAGTGGAGAGAG-3′ 60 1

AJ 845081 F 5′-ACATTCCTCAGAGTCACCAGC-3′

R 5′-CACTAATCCTTGACCCAGACC-3′ 55 2

AJ 845060 F 5′-TGTAGGCATATGGTGGGTCTG-3′

R 5′-ATCTCTTAATCCAAGGGCCG-3′ 60 2

AY 098521 F 5′-GTATATCGTGGATGCGGGAG-3′

R 5′-AGCATCAAGGGGTCCCGAGTT-3′ 55 1

Of the five ISSR primers used for the analysis, all were appropriate to observe the
monomorphism patterns with adequate resolution and reproducibility. Table 4 shows the
total number of bands obtained by each primer, as well as the percentage of monomorphism.
Of these 35 monomorphic bands, representing 89.74% of monomorphism, primers IS14 and
IS17 were the ones that presented 100% monomorphic bands.

The number of amplified fragments for each primer ranged from 4 to 12 bands, for an
average of seven fragments per primer, among all treatments evaluated. The height of the
fragments obtained was in the range of 250 to 2000 bp. Figure 8 shows the band profiles
obtained with primer IS19, which showed the highest number of bands.
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Figure 7. Banding profiles obtained. (A) AJ 805,060 SSR primer. (B) DT 338,091 SSR primer. (C) CO
primer 730,888, DNA profiles show 100% monomorphic bands in individual plants from the M7
treatment (2 mg L, 2,4D, and 2 mg L BAP); Lane 1: Hybrid “MD2” donor material. Plants from M7
medium: Lanes 2, 3, 4, 5, and 6. (D) SSR CO 730,888 primer that showed 100% monomorphic bands
in the analysis of regenerated plants in all treatments evaluated. 1: ‘MD2’ hybrid donor material;
2: sample of M1 regenerated plants (5 mg L BAP); 3: sample of M2 regenerated plants (2 mg L
ANA/5 mg L BAP); 4: sample of M3 regenerated plants (2 mg L ANA/2 mg L BAP); 5: sample of
M4 regenerated plants (1 mg L ANA/1 mg L BAP); 6: sample of regenerated plants in treatment of
M5 (1 mg L 2,4D); 7: sample of regenerated plants in treatment of M6 (1 mg L 2,4D/1 mg L BAP);
8: sample of regenerated plants in treatment of M7 (2 mg L 2,4D/2 mg L BAP); 9: sample of regener-
ated plants in treatment of M8 (3 mg L P); 10: sample of regenerated plants of M9 (3 mg L P/0.05 mg L
BAP); 11: sample of regenerated plants of M10 (5 mg L/0.05 mg L BAP); NTC: nontemplate control.

Table 4. ISSR primers [20] used in this study, alignment temperature used in the PCR, and the number
of monomorphic and polymorphic bands obtained with each primer, PIC value, and percentage
of monomorphism.

Primer Sequence
(3′-5′)

Alignment
Temperature

(◦C)

Total Number
of Bands

Number of
Polymorphic

Bands

Number of
Monomorphic

Bands
PIC Monomorphism

(%)

IS 01 (GACA)4 54 4 1 3 0.25 75

IS 13 (CT)8GT 54 8 1 7 0.30 87.5

IS 14 (AG)8TA 54 10 0 10 0 100

IS 17 (TG)8GT 54 5 0 5 0 100

IS 19 (AG)8TC 54 12 1 11 0.31 91.67

With respect to the monomorphism detected (Table 5), 100% could be seen with this
marker in treatments M3 (2 mg L−1 BAP/2 mg L−1 NAA), M4 (1 mg L−1 BAP/1 mg L−1

NAA), M5 (1 mg L−1 2,4-D), M6 (1 mg L−1 2,4-D/1 mg L−1 BAP), and M7 (2 mg L−1

2,4-D/2 mg L−1 BAP). At the same time, it was visualized that the treatment with the
lowest stability, 94.26%, was the one in which the highest concentration of Picloram, M10
(5 mg L−1 P/0.05 mg L−1 BAP), was applied. When the PIC values were calculated, they
were very low; an overall value of 0.298 was obtained, which indicates that these are
genetically stable plants (Table 4).
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Figure 8. ISSR primer (IS 19) showed the highest number of bands. 1: Hybrid ‘MD2’ donor material;
2: sample from regenerated plants in M1 (5 mg L−1 BAP); 3: sample from regenerated plants in M2
(2 mg L−1 NAA/5 mg L−1 BAP); 4: sample from regenerated plants in M3 (2 mg L−1 NAA/2 mg L−1

BAP); 5: sample from regenerated plants in M4 (1 mg L−1 NAA/1 mg L BAP); 6: sample from
regenerated plants in M5 (1 mg L−1 2,4-D); 7: sample from regenerated plants in M6 (1 mg L−1

2,4-D/1 mg L−1 BAP); 8: sample from regenerated plants in M7 (2 mg L−1 2,4-D/2 mg L−1 BAP);
9: sample from regenerated plants in M8 (3 mg L−1 P); 10: sample from regenerated plants in M9
(3 mg L−1 P/0.05 mg L−1 BAP); 11: sample from regenerated plants in M10 (5 mg L−1/0.05 mg L−1

AP); NTC: nontemplate control.

Table 5. Levels of genetic stability detected by ISSR in the evaluated treatments.

Treatments TBMT/TBM Monomorphism (%)

M1 34/35 97.14

M2 34/35 97.14

M3 35/35 100

M4 35/35 100

M5 35/35 100

M6 35/35 100

M7 35/35 100

M8 34/35 97.14

M9 34/35 97.14

M10 33/35 94.26

Donor Plant 35/35 100

4. Discussion

Conceptually, the differences between somatic embryogenesis and organogenesis
basically distinguish one from the other by the presence of both poles in the somatic
embryo (caulinar and radical) and not so in organogenesis; in addition, somatic embryos
have no vascular connection with the mother tissue and multiply adventitiously (secondary
embryogenesis). In the present investigation, morphogenesis occurred only in the basal
segments of the pineapple leaf and demonstrated a structure that was not directly connected
to the callus, which subsequently emitted leaves and roots without requiring induction of
the process. However, a radical pole is appreciated, apparently structurally rudimentary
compared to that of the somatic embryo of other species. Figure 2F,G shows the intense
multiplication of the structures, which allows maintaining the cultures at different stages
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of development: callus proliferation, multiplication of morphogenic structures, and plant
development. In the study, different types of tissues were observed: nodular and creamy,
compact and brown, and friable and brown, and it was noted that in the treatment with 2,4-
D in the presence of BAP (M7), there was a rapid formation of callus and a greater number
of these, which may be related to the fact that 2,4-D is a synthetic regulator that stimulates a
rapid synchronized cell division [22–24]. It was also observed that when the concentrations
of 2,4-D and BAP were increased, callus texture was favored and embryogenic callus was
obtained, which coincides with that reported by other researchers [25], who recommended
combining cytokinin and auxin to induce embryogenesis in pineapple.

It is worth noting that several years ago, other auxin origin regulators were highlighted
to induce callogenesis in pineapple, since many authors considered that in this crop, 2,4-D
sometimes inhibited the induction of callus [7,26,27]. However, in the present research,
the efficiency of 2,4-D in the induction of embryogenic structures that gave rise to many
plants with respect to Picloram was perceived, which disagrees with what was cited by
the authors. Therefore, it is not possible to generalize methodologies or work protocols,
since the culture media and the selected strategies must be specific for each particular
situation, and at the same time, it must be considered that not all cultivars respond in
the same way to in vitro morphogenesis because there must be an interaction or synergic
action between the exogenous treatments and the particular endogenous conditions of the
plant in question to favor the formation of competent organogenetic meristematic centers
in particular areas of the callus and, subsequently, their determination for the development
of specific organs [28]. It can be inferred from in vitro regeneration of pineapple plants
via somatic embryogenesis that the pattern concerning in vitro regeneration of pineapple
plants, in the opinion of several authors, is not well defined [23,24]. Some consider em-
bryogenic callus to be yellowish in color and nodular in appearance, despite the fact that
no embryos can be distinguished, and use the term “shoots” for plants regenerated from
embryogenic tissues [24]. Similarly, if somatic embryos are considered to develop from
different structures with a closed vascular system, the term “seedlings” should be the most
appropriate, according to other authors [28].

In the organogenetic system, shoot regeneration was achieved in two ways: shoots
were regenerated directly from the bases of the treatment leaves (M1 and M4), or structures
of nodular and globular appearance were formed (adventitious organogenesis) (M2), by
which multiple sprouting was obtained. It should be appreciated that a group of authors
who have worked with species of the Bromeliaceae family [29] demonstrated that the basal
region of bromeliad leaves presents vascular elements as intercalary axillary meristems
that attribute a high regenerative potential to the cells in dedifferentiation when activated
by growth regulators and that the induction and development of monopolar structures
generates adventitious shoots with high frequencies and that these structures, when iso-
lated from a single explant, can respond and generate adventitious shoots from nodule
cultures. Specifically, in the case of the Vriesea species, several lines of evidence suggest that
the in vitro regenerative pathway follows a specific pattern associated with nodule cluster
cultures [30] as competent morphogenic structures that are globular in shape, translucent to
yellowish in color, and compact in texture. They also posit that, under suitable conditions,
these nodule clusters develop into a series of small (0.5 cm long) buds called microhotels,
which elongate to give rise to shoots. This terminology is used by them in in vitro regenera-
tive systems in bromeliads and suggests that there are probably some species in this family
that exhibit a third morphogenic route, intermediate between somatic embryogenesis and
organogenesis, and that probably exceeds the morphogenic potential of the two best known
routes [29,30], so that future research in culture could value a more in-depth study in
this regard.

Although SSR primers have been used to assess the genetic diversity of species [19,31],
their application in the analysis to detect the incidence of somaclonal variation has not been
reported. In turn, ISSRs proved to be very useful in the analysis of the genetic stability of
micropropagated plants by different breeding methods [32]. Hence, in the present investiga-
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tion, a set of SSR and ISSR primers were used to try to analyze the entire pineapple genome,
and the levels of monomorphism that were detected by both methods were evaluated,
which was very useful because the application of only one type of molecular marker can
underestimate the levels of monomorphism and genetic stability [33]. In the evaluation
of the results obtained with each marker, ISSRs were shown to be more informative be-
cause they provided a greater number of bands than SSRs and were able to detect certain
percentages of polymorphism in three of the treatments evaluated: M1 (5 mg L−1 BAP),
M2 (5 mg L−1 BAP/2 mg L−1 NAA), and M10 (5 mg L−1 P/0.05 mg L−1 BAP). However,
when the PIC value was analyzed, the polymorphism was found to be negligible, which
could be considered as monomorphism. The explanation for these differences in the resolu-
tion of the two marker systems could be related to the specificity of the species with each
primer used [34] and the characteristic of ISSRs to express many bands compared to SSRs
that express few, which consequently influences greater polymorphism. However, using
both techniques to analyze the genetic stability in the established regeneration protocols
was extremely beneficial because it allowed us to show that they are suitable for clonal
propagation of this valuable fruit tree.

The present research is necessary and of great benefit since the response of A. comosus
to growth regulators with respect to plant regeneration is considered by many researchers
as variable, so that similar studies are necessary in the crop to deepen the more precise
knowledge of its relationship with the different types of growth regulators, their combina-
tions, and doses capable of stimulating a regenerative process at high frequency. From the
different treatments established, it was possible to systematically characterize by optical
microscopy the formation and development of morphogenic structures that gave rise to
embryogenic and organogenetic tissues that can be propagated and used continuously as a
source for the regeneration of new plants. In addition, when the multiplication coefficient
was analyzed, a protocol of high efficiency in short-term regeneration was obtained, since
an average of 120 plant shoots representing clones of the hybrid “MD2” was estimated. It
was demonstrated that they are genetically homogeneous plants, so it is expected that the
relevant characteristics, such as its high vitamin C and total soluble solids content, its low
acidity, the striking color of its pulp, and its long shelf life, which distinguish it from the
rest of the pineapple cultivars and make it the most demanded in the international market,
will be maintained.

5. Conclusions

In vitro regeneration of pineapple hybrid ‘MD2’ was achieved in different ways: shoots
regenerated directly from the bases of the leaves (M1 and M4), adventitious organogen-
esis (M2), indirect organogenesis occurred via callus formation (M5, M6, M8, M9, and
M10) direct somatic embryogenesis (M3), and indirect somatic embryogenesis (M7). The
most efficient treatment was M7 (2 mg L−1 2,4-D and 2 mg L−1 BAP) because indirect
somatic embryogenesis occurred, with an average of 120 somatic embryos per explant. The
application of ISSR and SSR to analyze the genetic stability in the different established
regeneration protocols demonstrated that they are suitable for the clonal propagation of
this valuable fruit tree. Pineapple plants regenerated in vitro were shown to maintain the
genetic identity of the donor genotype, which means that indirect somatic embryogenesis
can be applied for clonal propagation of A. comosus.
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Abstract: The past few years have witnessed extensive global industrial development that has led
to massive pollution to most available water resources. There is no alternative to sustainable de-
velopment, and the utilization of agricultural waste for wastewater treatment has been always a
novel milestone in sustainable development goals. Agricultural-waste-based nano-activated carbon
exhibits high porosity, great surface area, and unique surface functional groups that promote it to be-
coming a future and sustainable solution for wastewater treatment applications. Several modification
approaches have been made to further enhance the adsorption capacity and reusability of such adsor-
bents. In this review, we presented the potential of agricultural-waste-based nano-activated carbon
as a sustainable solution for wastewater treatment. We highlighted the fabrication process and prop-
erties of different nano-activated carbons in addition to different modification approaches to enhance
its adsorption capacity. Finally, we critically discussed the recent advances in nano-activated carbon
applications in water treatment including its role in drinking water filtration, organic dye removal, oil
spill applications, heavy metals removal and the elimination of toxic compounds from wastewater.
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1. Introduction

The world’s population has significantly increased from 3.75 billion in 1970 to over
7.91 billion last year (2021), and it is estimated to exceed 9 billion by 2050 [1]. Agricultural
waste as well as agricultural pollution are predicted to increase as a result of the world’s
population increasing. The last century has witnessed a huge increase in the agricultural
waste production capacities of several countries including China, India, the United States
of America and several parts of Africa and Europe [2,3]. However, most of this waste
is biodegradable and not significantly toxic to the environment, but their accumulation
and presence in large quantities can cause adverse effect to the environment. They can
be utilized to solve other accumulative issues such as water contamination [4]. Various
pollutants are deposited into the environment each year, such as organic compounds,
heavy metals, chemicals, toxins and other hazardous materials that can nowadays be found
in most of our eco-systems [5]. Ground and surface water are mostly the end-point of
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many contaminants that dissolve in water and remain for years, affecting marine life as
well as plants, animals and humans [6]. Several approaches have been developed for
wastewater treatment, which can be categorized into physical, chemical and biological
approaches [7,8]. Physical approaches are the easiest and most used ones, which include
filtration, adsorption, distillation, steam and stripping, skimming and sedimentation, etc.
These approaches are used to separate the liquid (water) from different organic or inorganic
pollutants. Among the physical approaches, the adsorption process is the most effective
and widely used approach for wastewater treatment [9].

Several natural and synthetic adsorbents can be used to attract and accumulate water
pollutants onto their surfaces and eventually to precipitate it [10]. This treatment process
can be a specific or generalized step; some adsorbents are able to detect specific functional
groups, while others are wide-ranging. Activated carbons are the most widely used
adsorbent in water treatment applications; they have been incorporated into water filters to
adsorb heavy metals and other chemicals from filtrated water [11]. Nano-activated carbon is
a form of activated carbon that is characterized by its high surface area, which facilitates the
adsorption of pollutants into the surface. The past few years have witnessed great advances
in the fabrication and modification of nano-activated carbon for different wastewater
treatment applications. Several review papers have been published on biochars [12–14],
its fabrication [15], properties [16] and modifications [17]. In addition, normal activated
carbon has also been covered in terms of most of its aspects. Heidarinejad et al. reviewed
chemical activators used to produce activated carbon [18]. Shafeeyan et al. [19] reviewed
the impact of changes in the surface chemistry and formation of specific surface groups on
the adsorption properties of activated carbon. Lakshmi et al. [20] focused on the different
aspects of activated carbon and covered the recent trends in the development and use
of various activated carbon nanoparticles as anti-microbial agents. Limited works have
addressed the use of nano-activated carbon in wastewater treatment applications. The
novelty of the present work is the presentation of the utilization of agricultural waste in
the production of nano-activated carbon for wastewater treatment applications. In this
paper we present nano-activated carbon from agricultural waste, including its fabrication
and properties, and highlight different modification approaches that have been conducted
to enhance its function. We also critically discuss the recent advances in nano-activated
carbon applications in terms of water treatment applications including its role in drinking
water filtration, organic dye removal, oil spill applications, heavy metals removal and the
elimination of toxic compounds from wastewater in addition to highlighting the challenges
and prospectives that face this unique material.

2. Agricultural Waste: Types, Yield and Properties

Agricultural wastes are those which are generated as a result of different agricultural
operations and processes [21]. Although most of these wastes are derived from natural
sources and are not toxic to the environment, they can accumulate in large quantities and
subsequently cause advert effect to humans, animals and even plants [22]. Agricultural
waste can be mainly categorized into four main categories including crop residue, livestock
waste, agro-industrial waste and aqua-cultural waste (Figure 1). Crop residue and agro-
industrial waste are the largest available types of waste that are produced in large quantities
on a daily and sustainable basis [23,24]. However, the lack of proper management practices
of these wastes, following the lack of or limited adequate information, has continuously
become a great challenge, which is too great to be downplayed.
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Figure 1. Illustration of different sources of agricultural waste categories.

2.1. Crop Residues Waste

Crop residues are the most common types of agricultural waste all over the world,
with millions of tonnes produced every year, in which most of them are either burned
or thrown into landfill. Crop residues include the straws of rice, oat, barley and wheat,
corn stoves and the leaves of many fruit plants in addition to seed pods and shells. The
global production of these wastes is projected to exceed 2802 million tonnes per year [25].
Corn stalks are the top produced crop waste with over 750 million tonnes produced per
year, followed by wheat and rice with 600 and 360 million tonnes produced per year,
respectively [26]. These organic wastes are rich in carbon, making them an attractive
precursor material for nano-activated carbon production. Only a small portion of rice, corn
and wheat crop residues are effectively utilized in some applications such as animal fodder
and/or bioenergy production, while the rest is discarded into landfill or openly burned [27].
From a chemical aspect, crop residues contain from 40 to 45% carbon, 0.6 to 1% nitrogen
and 14 to 23% potassium in addition to phosphorus and microelements that are necessary
for crop growth [28].

Different types of crop residues exhibit different micro-morphological properties. In
general, it has been stated that most crop residues are associated with a tubular structure,
thick walls and abundant pores [29]. Thus, the resulting nano-activated carbon possesses a
large specific surface area and a large pore volume and size, allowing for a great adsorption
capacity. Zhang et al. [30] reported that the interior structures of rice straws have a large
number of vascular bundle sheaths, intercellular canals and medullary cavities, which give
these types of waste a high porosity and large surface area. In a recent work, rice-straw-
based activated carbon was prepared and chemically activated by using KOH [31]. The
authors stated that their activated carbon possessed a huge surface area of 1330 m2/g,
which is a lot higher than that of raw rice straw (0.77 m2/g) [32]. Comparatively, wheat
straw exhibits linear and multi-cavity structures that mostly bridge between the micro
and nano pores that give this waste its complex network structure [33]. The properties of
nano-activated carbon-based crop residues are basically dependent on the types of residues,
and a good understanding of the characteristics and properties of each raw material is
essential to fabricate nano-activated carbon with the desired properties.
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2.2. Livestock Waste

Livestock waste consists of wastewater, solid manure from different farm animals and
liquid manure. Out of these types of waste, solid manure has been used for the preparation
of activated carbon as an environmentally friendly solution. Topcu et al. [34] success-
fully utilized poultry manure as a precursor material for activated carbon production.
The production of animal manure in the European agricultural sector alone has exceeded
1500 million tonnes per year, which opens another source for activated carbon produc-
tion [35]. Animal manure is a renewable resource as it basically comes from cellulosic feed
and undigested residue, which is excreted by livestock animal species. Traditionally, animal
manure is used as a fertilizer without any proper treatment, which can cause significant
environmental problems including greenhouse gas emissions, public hazards (asphyxia
poisoning and infectious pathogens), air quality deterioration and water pollution [36]. As
a sustainable and eco-friendly solution, Tsai et al. [37] successfully utilized cow manure
as a precursor material for activated carbon production and reported its great properties
and a surface area of more than 950 m2/g. Owing to its organic source and its high carbon
content, animal manure can be thermally converted (or further modified) into various
forms of carbon materials and energy sources [38]. However, the low energy yield and air
pollution resulting from manure processing for energy production has added additional
value to it as a suitable and sustainable adsorbent for several environmental applications.

2.3. Agro-Industrial Waste

Agro-industrial waste is another type of agricultural waste that generated as a by-
product from several food- and beverage-processing industries. Huge amounts of these
wastes are produced every year. Sugarcane bagasse, for example, is generated from the
sugar manufacturing industries, and approximately 180.73 million metric tons of it is
produced every year, and it is estimated to reach 221 million metric tons in 2024 [39]. Other
industries such as palm oil are also generating over 35.19 million tonnes of waste out of
85.84 million tonnes of the fresh fruit of the palm plant [40]. The huge amount of agro-
industrial waste makes them highly attractive sources of activated carbon, and a significant
number of studies have been conducted on the utilization of such waste in nano-activated
carbon preparation [41,42].

2.4. Aquaculture Waste

The aquaculture industry is considered to be one of the fastest growing food production
industries due to the fast-growing nature of fish as well as aquatic plants. Akinwole et al. [43]
stated that feed has become the primary source of waste in aquaculture, followed by fish
faeces. Both are harmful to fish and need to be removed as soon as possible, which means
they can be utilized in nano-activated carbon fabrication [44]. In fish culture systems,
the amount of released and uneaten feed varies with the system type. However, daily
treatment is highly required in such systems, which generate an accumulative amount
of such waste. Therefore, a general management plan and smart utilization is highly
needed [45]. Limited works have been conducted on the management of aquacultural
waste, and activated carbon is mostly used to treat water polluted by toxic materials in
culture systems [44,46,47].

3. Agricultural-Waste-Based Nano-Activated Carbon: Fabrication and Properties

Generally, nano-activated carbon can be fabricated from different precursors including
agricultural and forestry residues. These precursors are rich in carbon, leading to the
production of high-yield activated carbon [48]. The production of nano-activated carbon
can be achieved by grinding the clean waste into fine particles and then conducting thermal
treatment of these particles (pyrolysis) followed by physical and/or chemical activation.
Figure 2 presents illustration of the fabrication process starting from agricultural waste.
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Figure 2. Schematic illustration of agricultural-waste-based nano-activated carbon fabrication.

Pyrolysis is an essential process in the fabrication process, which determines most
of the nano-activated carbon’s properties. Om Prakash et al. [49] recently synthesized
nano-activated carbon using arhar fiber biomass and a novel technique consisting of two-
stage pyrolysis followed by chemical activation. In this study, the authors used different
temperatures ranging from 700 to 900 ◦C and reported that the one prepared at 800 ◦C
exhibited the highest surface area (504.6 m2/g) with tiny surface micropores of a 20 Å
diameter. Although a higher temperature was used, the optimum properties were not
associated with the highest temperature. However, different precursor materials have
different optimum temperatures for the best adsorption capacity. The optimal temperature
and time depend on the type of precursor material and activation approach. It has been
reported that carbon dioxide activation requires 800 ◦C and 1 h of holding time, compared
with steam activation that requires only 700 ◦C and the same amount of time [50].

Physical activation can be achieved by further thermal treatment, steam exposure
and microwave and/or ultrasound treatment [51]. The advantages of physical activation
methods are their simplicity, the fact that they do not involve any chemical usage and the
resulting production of microporous structures rather than the microporous structures
achieved in the chemical activation process [52]. Carbon dioxide activation was found to
produce a higher surface area and micropore volume than steam activation. In a recent
study, the maximum surface area of CO2-activated carbon was 789 m2/g compared to
steam-activated carbon with a maximum surface area of 552 m2/g [50]. Owing to the
decomposition of cellulosic material in plant waste, the yield of nano-activated carbon de-
creases with increasing the temperature [50]. Thus, reheating activated carbon could further
reduce the production yield. Chemical activation is more common, using several chemi-
cal compounds such as KOH, ZnCl2, K2CO3 and CaCl2. In the work of Gan, the author
discussed different chemical activation agents and their effects on the adsorption perfor-
mance [53]. Although chemical activation may involve the excessive use of chemical agents,
several studies have reported an adsorption capacity of up to 99% of water pollutants from
water [54]. Conceptually, chemical agents with dehydration and oxidation properties are
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more suitable for the activation of different plant-based carbons [55]. Refer to Table 1 for a
summary of the different studies that have used different activation approaches.

Table 1. Comparison of the functional properties of using different activation approaches for activated
carbon preparation.

Type of Activation Precursor Material Pyrolysis Conditions Activation Agent Removing Material Adsorption
Capacity Reference

Physical activation

Palm kernel shells 700 W for 30 min Steam Herbicides 11 mg/g [56]
Biomass straw 600 ◦C for 20 min Microwave and ultrasound Elemental mercury 7.23 mg/g [57]
Cattle manure 850 ◦C for 60 min CO2 Hydrogen sulfide 868.45 mg/g [58]

Corn cob residue 600 W for 20 min Microwave and H3PO4 Organic dyes 183.3 mg/g [59]
Bamboo 900 ◦C for 120 min Steam and thermal Xenon 158.49 g/g [60]

Chemical activation

Prawn shells 800 ◦C for 180 min KOH and HCl Heavy metals 560 mg/g [61]
Pistachio shells 1000 ◦C for 240 min CaHPO4 Organic dyes - [48]

Lignocellulosic waste 500 ◦C for 120 min H3PO4 Pesticide 35.7 mg/g [62]
Cashew nut shells 500 ◦C for 120 min ZnCl2 Dyes 476 mg/g [63]

Animal bone waste 600 ◦C for 120 min Orthophosphoric acid Heavy metals 27.86 mg/g [64]
Molasses 500 ◦C for 120 min H3PO4 Organic dyes 625 mg/g [65]

4. Modifications of Agricultural-Waste-Based Nano-Activated Carbon

Although most nano-activated carbons exhibit a sufficient adsorption capacity for
wastewater pollutants, scientists have always convinced themselves that much more can
be done to enhance the adsorption performance of nano-activated carbon. Several ap-
proaches have been investigated including incorporating nano-activated carbon with metal
oxides, enhancing the porosity and surface area of the particles using chemical or physical
agents and the incorporation of activated carbon with specific chemical compounds for
specific adsorptions.

4.1. Incorporation of Nano-Activated Carbon with Metal Oxides

To enhance the affinity of nano-activated carbon to the adsorption of heavy metals and
other inorganic compounds, several elemental iron and iron (hydr)oxides have been used,
especially for arsenic removal [66]. Nano-sized zero-valent iron was incorporated with
activated carbon in one study, using ferrous sulfate impregnation followed by chemical
reduction by NaBH4 [67]. The authors reported the significant enhancement of arsenite
and arsenate absorption at pH 6.5, and they stated that the removal markedly decreased by
using phosphate and silicate. However, metal cations such as Ca2+ and Mg2+ are known
for their adsorption enhancement, while ferrous iron (Fe2+) suppresses adsorption. In
another recent investigation, nano-sized hematite-modified nano-activated carbon was
prepared by coating the activated carbon particles with α-Fe2O3 nanoparticles [68]. Such
modification enhanced the adsorption of nano-activated carbon by three times more than
non-modified one, the removal process occurred in shorter duration and the authors were
able to effectively regenerate their activated carbon by using HCl with a minor reduction in
the adsorption efficacy after four desorption–adsorption cycles.

The use of iron-based nano particles also has the advantage of easy regeneration using
a magnetic field compared with other metallic oxides. Khalil et al. [69] developed this
approach by using an ethanol medium and acid thermal treatment to produce modified
nano-scale zero-valent/activated carbon to enhance the removal of nitrate and phosphate
from water. The authors reported that the thermal treatment of nano-activated carbon
before the supporting nano-scale zero-valent modified the texture and surface of the
activated carbon, leading to an enhancement of the surface chemistry properties and thus a
better attraction of contaminant anions (Figure 3). The same authors reported that their
optimum modification enhanced the removal efficiency of nitrate by more than 170%, while
the complete removal of phosphate was achieved, which came about due to the modified
surface structure of the activated carbon. Such modification can be also applied with
other types of activated carbon for the removal of other pollutants. Metal oxide particles
supported on activated carbon can significantly enhance the absorption and adsorption
efficacy of the materials and provide effective wastewater treatment.
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Figure 3. Schematic illustration of textile and surface chemistry modification of nano-scale zero-
valent/activated carbon for the removal of nitrate and phosphate from water. The graphs show the
removal efficiency of both nitrate and phosphate alone and combining together. Reprinted with
permission from Ref. [69], 2017, Elsevier.

4.2. Incorporation with a Specific Chemical Compound

Several chemical compounds have been incorporated with nano-activated carbon
to target the adsorption of specific heavy metals or other toxic materials from aqueous
solutions. In one recent study conducted by Sabermahani & Noraldiny [70], they developed
a facile and low-cost activated carbon from apricot fruit nuclei and activated it with H3PO4
for the removal of thallium (I). The authors modified their activated carbon by incorporated
it with rhodamine B for the specific adsorption of thallium (I). The addition of rhodamine
B significantly enhanced the adsorption efficiency of the activated carbon. Owing to the
strong attachment between the dye and activated carbon particles, the modified particles ex-
hibited better adsorption characteristics compared to the non-modified ones. In a different
investigation, Deng et al. [71] used pristine feedstock to fabricate activated carbon and then
used chitosan and pyromellitic dianhydride as chemical modifiers. The authors stated that
their modified activated carbon exhibited an increased number of surface functional groups
compared with the non-modified one, which led to a better adsorption of heavy metal
ions. The addition of chitosan and pyromellitic dianhydride supplied the particles with
nitrogen-rich functional groups in addition to the C=C and N–C=O, which were mainly
responsible for the adsorption of Pb, Cd and Cu from water. Zhou et al. [72] used the same
modification principal and reported a significant enhancement in the adsorption capacity
in a markedly shorter time.
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Several functional groups such as oxygenated groups and phosphate can be incorpo-
rated on nano particle surfaces to promote metal particle anchorage, which facilitates and
speeds up the adsorption of heavy metals and other metallic-based toxic compounds. Sev-
eral studies have used graphene oxide as a chemical modifier to enhance the adsorption ca-
pacity of activated carbon, which is also a carbon-rich agent [73,74]. Such modification was
conducted prior to the pyrolysis process, which resulted in oxygen-rich surface-functional
groups. Owing to the unique structure of graphene and its ability to integrate within the
mixture after the pyrolysis, the prepared activated carbon possessed a high surface area
with a significantly enhanced adsorption capacity [73,74]. The surface modification of
Pongamia-pinnata-shells-based acid-activated carbon has been conducted in different work
using a cationic surfactant (Cetyltrimethylammonium bromide) for the specific adsorption
of organic dyes [75]. The authors stated that such modification significantly enhanced
the uptake capacity of the activated carbon for organic dyes, which could be used as a
cleaner alternative for dye adsorption from aqueous solutions. The same authors were
able to regenerate their modified activated carbon and reuse it several times without any
significant loss in adsorption capacity.

4.3. Enhanced Porosity and Surface Area

As an adsorption material, a large surface area is an essential character for most
wastewater treatment applications. Reducing the particle size and porosity can significantly
increase the surface area, leading to an enhanced adsorption efficiency. Lignocellulosic
activated carbon was prepared and modified by impregnation with the precursor material
in a Cu(NO3)2 solution [76]. The authors reported a higher mesoporosity in the modified
particles compared with the non-modified ones, which enhanced their adsorption capacity.
In different study, Huang et al. [77] investigated the effect of different activation parameters
in the porosity and morphological characteristics of wood-sawdust-based activated carbon
fibers. An enhanced porosity and a greater surface area were achieved with KOH activation
and a temperature of above 800 ◦C, which generated nano pores ranging from 0.8 to 1.1 nm.

Enlarged pores can be obtained with increasing the KOH/material ratio and prolong-
ing the activation time, and the authors were able to obtain larger pores from 2 to 5 nm [77].
The adsorption capacity of the adsorbent is directly proportional to increasing the surface
area, which is also directly proportional to the porosity. Depending on the waste that
needs to be absorbed, the pore size and surface functional groups of nano-activated carbon
can be easily adjusted, especially with chemical activation. For this purpose, Abuzalat
et al. [78] fabricated and modified nano-activated carbon from green algae Ulava lactuca
using a novel and facile approach. The authors used zinc chloride for the activation and
modification of their nano-activated carbon and reported meso–micro porous structures
with a significantly higher surface area (1486.3 m2/g). With such a surface area, the authors
investigated the adsorption capacity of the porous nano-activated carbon in the adsorption
of organic dyes and stated a maximum adsorption capacity of 149.26 mg/g, which indicated
the high ability of such a modified activated carbon in the adsorption of organic dyes. In a
different investigation, Jain et al. [79] enhanced the porosity of sunflower-head-waste-based
nano-activated carbon and evaluated it for the removal of Cu(II), Cr(VI) and Cd(II) ions
from polluted water. The authors used mineral acids as the activation agents to increase
the porosity of their nano-activated carbon, and they stated that sulphuric acid activation
produced the highest surface area pore width and volume in addition to the highest poros-
ity (Figure 4). Having such great characteristics, the nano particles immediately adsorbed
89.4% and removed 74.5% of the Cr(VI) and Cd(II) in the first 2 min.
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Figure 4. Illustration of sunflower-head-waste-based nano-activated carbon; (a) scanning electron
microscope images at different magnifications, (b) effect of temperature on the adsorption, and
(c) schematic drawing of adsorption process of heavy metals. Reprinted with permission from
Ref. [79], 2018, Elsevier.

4.4. Other Modification Techniques

The facile and eco-friendly modification of agricultural-waste-based nano-activated
carbon has always been a great challenge due to the need for physical and/or chemical
agents to enhance the properties of the adsorbent materials [11]. However, although some
modification may not be completely eco-friendly, the enhanced removal of toxins and
undesired material from wastewater is worth this slight sacrifice. A bimetallic platin–
ruthenium nano adsorbent was used to modify and support nano-activated carbon using a
thermal decomposition process [80]. The authors used the modified activated carbon for
methylene blue dye removal from aqueous solutions and reported a great enhancement in
the adsorption capacity, reaching 569.4 mg/g under the optimum conditions. In a different
study, Deng et al. [81] modified their activated carbon by loading silver nano particles
in its pores in order to enhance bacterial activation in drinking water. The authors used
Escherichia coli as a standard bacterium for their investigation and reported that surface-
bound silver (Ag I) was slightly converted to Ag as a result of structural reducing groups on
the surface of the activated carbon (Figure 5). The attached silver nanoparticles were able to
directly sterilize most of E. coli in the treated water by catalyzing O2 and H2O in the solution
and generating reactive oxygen species (ROS). ROS possess great disinfection properties
for most microorganisms by the oxidation sterilization process [82]. The same authors
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stated that the pH strongly affected the inactivation process, and a neutral pH was the
optimum compared with acidic and basic pH values. Figure 6 presents illustration of silver-
nano-particles-based modified activated carbon for water disinfection and sterilization
applications. Such modifications can open the door to reducing the excessive use of chlorine.
Modified activated carbon may work in reducing toxic materials and disinfecting water
from microorganisms at the same time without the need to further add water disinfectants.
Other modification techniques have been used to modify nano-activated carbon, including
ball milling and hydrothermal synthesis to further reduce the size of the particles [83,84],
co-precipitation to integrate functional groups within the pores of the activated carbon [85],
succinylation [86], and solvothermal treatment [87,88].

Figure 5. Modified activated carbon for water disinfection; (a) schematic illustration of the fabrication
process, (b) SEM images showing the pore size and silver nanoparticles attachments and (c) the
sterilization mechanism of modified activated carbon. Reprinted with permission from Ref [81],
2022, Elsevier.

5. Agricultural-Waste-Based Nano-Activated Carbon for Wastewater
Treatment Applications

Massive industrial development has accelerated the accumulation of waste in the envi-
ronment, which eventually ends up in water bodies. Different agricultural wastes have been
extensively investigated as precursor materials to solve the issue of water pollution [89].
They are suitable raw materials for the fabrication of enhanced nano-activated carbon,
which can be used for drinking water filtration, the removal of dyes and organic compounds,
the removal of heavy metals and the elimination of toxins and chemical compounds in
addition to solving oil spill issues and in other wastewater treatment applications.

5.1. Drinking Water Filtration

Water filtration is an essential process that removes or reduces the concentration
of most of the pollutants including suspended particles and microorganisms as well as
undesirable chemical compounds from contaminated water. Several approaches containing
filters and membranes have been fabricated for this purpose including micro-filtration,
nano-filtration, reverse osmosis, pervaporation and ultrafiltration membranes [90]. Nano-
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activated carbons have gained tremendous attention recently in drinking water filtration
applications due to their high surface area, nano porosity and high adsorption and removal
performance in terms of organic as well as inorganic pollutants present in drinking water
and wastewaters [91,92]. In a recent investigation, granular coconut-shell-based activated
carbon was prepared and evaluated for the adsorption and removal of polystyrene nano
plastics from drinking water [93]. Owing to the negatively charged granular coconut-
shell-based activated carbon that interacted with the positively charged nano plastics, the
authors were able to achieve a maximum adsorption capacity of more than 2.20 mg/g. The
presence of dissolved organic matter significantly enhanced the adsorption capacity of the
activated carbon, due to changing the surface charges on the nano plastics and the presence
of divalent ions (Figure 6a). In a similar work, Altmann et al. [94] investigated a pilot scale
of granular activated carbon integration into coagulation/filtration. The authors combined
the adsorption of that activated carbon with deep-bed filtration (Figure 6b), and they were
able to effectively remove both suspended solids and phosphorus from drinking water.

Figure 6. Granular activated carbon-based drinking water filters: (a) the adsorption and removal of
polystyrene nano plastics, and (b) the removal of suspended solids and phosphorus from drinking
water. Adapted with permission from ref. [93], 2021, Elsevier (a), and [94], 2016, Elsevier (b).

5.2. Removal of Dyes and Organic Compounds

Dyes are widely used in several industries such as the textile industry, paper, plastics,
cosmetics, etc. Synthetic dyes are a specialized class of organic pollutants that, in most cases,
are directly discharged into environmental ecosystems as wastewater from their indus-
tries [95,96]. These organic pollutants exhibit complicated structures from their aromatic
assembly, making them difficult to degrade in natural conditions. Thus, it is necessary to
develop an eco-friendly and cost-effective approach to treat water polluted with such pollu-
tants. In a recent study, nano-activated carbon was prepared from Maghara raw Egyptian
coal and investigated for the removal of methylene blue dye from wastewater [97]. In this
study, the activated carbon particles had an average diameter of 38 nm and pore volume
of over 0.183 cm3/g, resulting in a high adsorption capacity of 28.09 mg/g. In different
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study, Mousavi et al. [98] used corn stalks to prepare nano-activated carbon for the removal
of rhodamine B dye from contaminated solutions. The authors were able to achieve a 5.6
mg/g adsorption capacity at the optimum conditions, which fitted pseudo-second-order
kinetics and the Freundlich isotherm model. Owing to the porous surface and high surface
area of nano-activated carbon, organic dyes can be easily adsorbed into these particles,
resulting in great removal efficiency. In term of dye adsorption using of nano-activated
carbon, the regeneration of the adsorbent has been always a great challenge due to activated
carbon/dye bonding. Feiqiang et al. [99] developed magnetic activated carbon using a
one-step approach for toxic dye removal from polluted water. The authors fabricated the
adsorbent under a CO2 atmosphere and reported that the CO2 enhanced the surface area of
the activated carbon, which enhanced the adsorption of the dyes. The authors were able to
easily remove the dyes using an external magnetic field. In the same manner, Liu et al. [100]
used the same principal for the fast and effective removal of organic dyes from an aqueous
solution. The surface area and functional groups played a fundamental role in the dye and
toxic material adsorption mechanism by attracting bonding between the chemical groups
(Figure 7). The authors were able to achieve a great adsorption capacity of 182.48 mg/g and
150.35 mg/g for rhodamine B and methyl orange, respectively. Owing to the incorporation
of iron oxide, the authors were able to easily regenerate and separate their adsorbent. Such
effects and highly efficient adsorbents with a rapid magnetic separation have promising
applications in different wastewater treatments.

Figure 7. Schematic drawing of using magnetic activated carbon in dye removal; (a) the application
of Fe3O4/AC sample for removing rhodamine B and methyl orange from the aqueous solution, and
(b) the adsorption mechanism. Reprinted with permission from Ref. [100], 2019, Elsevier.
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5.3. Removal of Heavy Metals

Heavy metals pollution has become a major concern in recent times due to massive
industrial development. Some heavy metals function as micro or even macro nutrients
for certain animals and plants. However, in high concentrations they are highly toxic to
most living organisms [101]. Hexavalent chromium is a toxic form of the heavy metal
chromium that can irritate the nose, lungs and throat and cause other advert health effects.
Li et al. [68] developed modified activated carbon that was able to significantly remove
most of the hexavalent chromium from water. The authors coated their activated carbon
with iron oxide nanoparticles using a facile impregnation approach, and they reported
that this enhanced the adsorption capacity by three times more than the non-modified
activated carbon.

Steam activation has been used to enhance the activity of carbon adsorbents in heavy
metal removal applications. Lou et al. prepared activated carbon from pine sawdust using
steam activation and reported an enhanced adsorption capacity [102,103]. Although the
surface area was slightly reduced, the steam activation seemed to enhance the adsorption
of the heavy metals. In different study, Valentín-Reyes et al. [104] investigated chemically
activated carbon with a high surface area for the removal of hexavalent chromium (Cr(VI))
from water. Changing the surface chemistry during the activation process was proposed by
the authors as the reason for enhancing the adsorption mechanism. A significant number of
studies have been conducted on evaluating the adsorption capacity of different agricultural-
waste-based nano-activated carbon on the adsorption of heavy metals (Table 2).

Table 2. Illustration of studies presenting the adsorption capacity of different agricultural-waste-
based nano-activated carbon.

Agricultural Waste Pyrolysis Condition Type of Metal Surface Area (m2/g) Maximum Adsorption (mg/g) Reference

Coconut shell Commercial I− 1220 41.2 [105]
Bamboo waste 700 ◦C for 2 h Cd(II) 6.79 73.45 [106]

Pig manure 700 ◦C for 2 h Cd(II) 11.37 77.34 [106]
Kenaf core fiber 400 ◦C for 1 h As (III) 1031 422.9 [107]

Rape straw 300 ◦C for 2 h Pb(II) 699.9 253.2 [108]
Hazelnut shell 700 ◦C for 2 h Hg - 80.0 [109]

Gingko leaf 400 ◦C for 1.5 h Cu(II) 310.00 59.90 [110]
Lignite and poplar leaves 600 ◦C for 0.5 h Pb(II) 805.86 10.55 [111]

Pine tree residue 600 ◦C for 4 h Cd(II) N.A 85.8 [112]

5.4. Oil Spill Separation

Large oil spills are a major environmental problem that occurs as a result of accidents
caused by either human error or natural calamities. These oil spills have a significantly toxic
and harmful impact on different environmental eco-systems, which eventually will affect
human health [113]. In recent years, activated carbon has been investigated to solve oil spill
issues. Shokry et al. [114] developed nano-magnetic activated carbon from waste biomass
(hyacinth roots) for facile oil spill separation by using an external magnetic field. The
authors reported that the original biomass exhibited only a 2.2 g oil /g oil spill adsorption
affinity compared with their modified nano-magnetic activated carbon that showed a
30.2 g oil/g adsorption affinity after one hour of placing 1 g of their activated carbon in
one litter. The authors were also able to easily separate the magnetic nano-activated carbon
from treatment media by using an external magnetic field.

Although great advances have been made, the commercialization of cost-effective,
reusable and eco-friendly sorbents for oil separation is yet to be achieved on a large-scale
level [115]. Hammouda et al. [116] developed an efficient and eco-friendly magnetic
activated carbon from plant biomass for oil spill applications. The authors coated magnetic
nanoparticles with activated carbon and then made a soybean oil and stearic acid surface
decoration. This modification made the magnetic fabricated composite possess an excellent
amphiphilicity and a great adsorption capacity to a range of oils. In a different study,
coconut-shell-based nano-activated carbon was incorporated with iron oxide nanoparticles
and investigated in an oil spill treatment experiment [117]. The authors reported an
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excellent and fast oil retention capacity, with facile recovery by using an external magnetic
field. The cost effectiveness of agricultural-waste-based nano-activated carbon and their
whole fabrication and treatment processes in the required bulk quantities suggest great
advances for these adsorbents in oil removal applications.

5.5. Removal of Toxins and Pharmaceutical Compounds

Several environmental toxins are highly abundant in eco-systems as a result of natural
and/or anthropogenic processes [118]. Polycyclic aromatic hydrocarbons are one of these
toxins that are released from the burning of coal, vehicle emissions and the burning of
biofuels and biomass [119]. These toxins exhibit a highly hydrophobic nature, making
them difficult to biodegrade, and thus they enter the food chain through either polluted air,
sand and/or water [120]. To solve this issue, Inbaraj et al. [121] developed nano-activated
carbon from green tea leaf waste. The authors evaluated their nano-activated carbon for
the adsorption of four priority polycyclic aromatic hydrocarbons, and they reported that,
owing to the unique spherically shaped and cubic spinel structure of the nano particles, the
surface area was found to be 118.8 m2/g. The adsorption capacity of these nano particles
for the four priority polycyclic aromatic hydrocarbons ranged from 19.14 to 28.08 mg/g.
The same authors also applied their nano-activated carbon to mineral water, tap and
river water, resulting in up to an 89% removal of these toxins from mineral water and
complete removal from tap and river water. In a different study, different agricultural
wastes were used to prepare activated carbon fibers for the removal of cyanobacteria toxins
(microcystins) from drinking water [122]. The authors were able to remove more than
98% of the toxin after only 10 min of contact time by using sugar-cane-bagasse- and pine-
wood-based activated carbon fibers. Nano-activated carbon has also been used to eliminate
toxic herbicides as a cost-effective, easy and effective technique. Rambabu et al. [123]
developed nano-activated carbon from date-palm coir (DPC) waste via an easy and single-
step carbonization and chemical activation process for the elimination of a highly toxic
2,4-dichlorophenoxyacetic acid herbicide. The nano-activated carbon exhibited a graphitic
structure and a flaky morphology, with a particle size and surface area of 163 nm and
947 m2/g, respectively (Figure 8). The authors were able to remove more than 98.6% of
the herbicide from the contaminated water with a small dosage of nano-activated carbon.
The same authors evaluated the economic value of their nano-activated carbon and stated
that the economic value of the nano-activated carbon was $3/kg, and it could be reused
without any significant loss in the adsorption capacity. Such an economic analysis supports
our hypothesis that agricultural-waste-based nano-activated carbon can be the future of
wastewater treatment applications.

Figure 8. Schematic illustration of nano-activated carbon prepared from date-palm coir waste and its
usage in toxic herbicide removal. Reprinted with permission from Ref. [123], 2021, Elsevier.
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6. Conclusions and Perspectives

Different agricultural wastes can lead to serious environmental and health problems
depending on their type and source. The proper management and utilization of agricultural
waste can have positive impacts on the environment in terms of reducing both the waste
and removing pollution from water bodies. The fabrication of nano-activated carbon
from such sustainable resources has several advantages apart from their potential adverse
impacts. Agricultural wastes are extremely low cost and eco-friendly, which can reduce the
overall cost of the production process of wastewater treatment systems. This is meaningful,
as the price of these systems and of activated carbon in particular have both increased over
time. Among the two activation approaches of activated carbon, physical activation is more
time consuming than chemical activation, which could slightly increase the cost in addition
to the difficulties in controlling the pore size and porosity of the nano-activated carbon
particles. Thus, chemical activation and modification has become more prevalent. Activated
carbon, due to its current cost of manufacturing, will remain the most prominent carbon-
based water filtration material for the time being, with chemical modifications being used
to improve the capture capacity and efficiency, thereby maintaining its relevance. As the
cost of fabricating carbon nanotubes and graphene are reduced, it is highly likely that these
carbon nanomaterials will be developed into advanced filtration devices or as additional
components to a broad spectrum of nano-activated carbon devices used to capture specific
contaminants. Ighalo et al. [124] stated that the cost of the adsorbent material used could
vary depending on the method of activation employed, with chemical activation being
more expensive than physical activation. Other factors can also affect the cost, including
industrial-grade precursors, the chemicals used in any stage of preparation, adsorption
capacity, selectivity, operational cost and the adsorbent degradation rate [125–127]. These
factors should be taken into consideration before any attempt at large-scale production of
the adsorption materials. The modification of nano-activated carbon allows these advanced
adsorbents to specifically target the desired pollutants even in tiny amounts, which is highly
beneficial in drinking water treatment applications. The future of water treatment will
witness the high utilization of nano-activated carbon-based filters and treatment systems to
eliminate toxic and undesired compounds. The activation, modification and application of
nano-activated carbon are increasingly being developing every day, and the near future
will witness the development of high-performance nano-activated carbon that is able to
generally adsorb most wastewater pollutants with a reasonable cost of production.
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Abstract: To solve tomato planting problems, such as high labor intensity and low efficiency, we
designed a stretchable style pick-up device, which met the requirements of whole-row picking
and improved the efficiency and speed of seedling picking. We designed the parts of the device
according to the height of the seedlings and the size of the tray. Seedling analysis was carried out
and a parametric model created. Additionally, an evaluation of seedling picking was developed,
which included both parallel and vertical displacement. We manufactured the parts according
to the simulation parameters, which were optimized by ADAMS. The parts were assembled and
the trajectory test carried out. When whole-row seedlings were grown for 30 days, the moisture
content was 65.21%, the picking success rate was 92.19%, leaf damage rate was 3.13%, and the
substrate damage rate was 1.54%. The study can provide a reference for the design of automatic
tomato transplanters.

Keywords: pick-up device; stretchable style; kinematical analysis; seedling picking test

1. Introduction

Tomatoes are widely grown in northwest China [1–3]; currently, people usually adopt
a pattern in which seedlings growing in a plastic tray are transplanted. The single seedling
transplanting method cannot meet the requirements for large-scale planting, while the
whole-row seedling picking can improve the efficiency [4]. The pick-up device is one of
the most important parts in the transplanters. At present, the main problems of seedling
picking are low precision and high seedling damage [5].

The Pearson model in the UK and Futura in Italy [6] are the main transplanters
commonly used in European countries; both adopt a clip-type pick-up device. With the
ejection working, the device can pick the seedlings automatically and effectively [7,8]. In
China, there are three different types of the pick-up device: the first type with a style that
rotates back and forth [9–11], the second is telescopic pointer clip-type [12–14], and the
third category uses other methods, such as pushing down [15], air blowing [16], vibration,
or a combination of these [17]. Based on the first type, Jinxin [18] proposed a method
of seedling picking that has a track similar to the Woodpecker. This kind of device can
realize the picking motion applied in different vegetables. With complex structure and less
picking quantity, its working efficiency is limited. Concerning the second pick-up method,
Zhang [19] designed a three-finger-type device according to the TRIZ theory, relying on
the cylinder pushing down to complete the picking process. Only one seedling can be
picked in a working cycle, and the precision is imperfect. For the other picking device,
Wang [20] proposed a pneumatic method by applying a telescopic cylinder; this procedure
is conducted by air blowing. This method is quick in seedling picking, but may cause an
unstable condition such as seedling damage.

In this paper, tomato seedlings are the research object, and we propose a stretchable
style pick-up device. Under push-rod motion to pick the seedlings, this method can improve
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efficiency. To finish the design, we optimized the device’s parameters. We studied the
displacement and force changes in the process of seedling picking, clamping, and releasing.
All of our steps were to achieve high precision and low damage seedling work requirements.
We hope our work can provide reference for the design of automatic tomato transplanters.

2. Device Structure and Working Principle
2.1. Structure of the Device

The main function of the device is to remove the seedlings from the plastic tray and
transport them to the seedling belts. The stretchable slice-type seedling pick-up device is
mainly composed of an upper plate, a fixed rod, a sliding rod, four stretchable slices, two
seedling needles, and a withdrawal rod, as shown in Figure 1. A single seedling picking
assembly completes the seedling picking. The withdrawal rod is installed on the lower
side of the upper plate. When the seedling is taken by the seedling picker, there is adhesion
between the root system and the substrate, so that the seedlings at the hole held by the
seedling needle do not slip (as shown in Figure 1b). When releasing, it can be quickly
separated from the seedling needle under the action of the seedling withdrawal rod (part 7),
which is convenient for the device to push the entire seedling into the seedling belt grid.
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2.2. Working Principle

Figure 2a shows a single pick-up assembly. Eight assemblies are gathered together
(Figure 2b) to achieve the whole-row seedling picking apparatus. The sliding rod moves in
the upper plate chute driven by the micromotor, thus driving the assembly to complete the
seedling picking and releasing.
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The device is installed at the end of the longitudinal lead screw. Figure 3 is a diagram
of the process, which includes the procedures of picking, transporting, and releasing. The
working order of the device follows: 1© The device is moved back to the preparation
position, the electric push rod is pushed out, and the device picks the seedlings. 2© The
longitudinal lead screw moves upward first, takes the seedlings out of the tray vertically,
and the seedlings that are captured move in an arc. This movement is driven by the test
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bench, which is installed with the horizontal lead screw and vertical lead screw. Each is
equipped with a motor and the transport routes are realized. 3©When the component of the
device reaches the release position, the sliding rod shrinks back, and the device releases the
seedlings under the action of the retreating rod, and falls into the grid of the seedling belt.

Agriculture 2022, 12, x FOR PEER REVIEW 3 of 14 
 

 

longitudinal lead screw moves upward first, takes the seedlings out of the tray vertically, 
and the seedlings that are captured move in an arc. This movement is driven by the test 
bench, which is installed with the horizontal lead screw and vertical lead screw. Each is 
equipped with a motor and the transport routes are realized. ③ When the component of 
the device reaches the release position, the sliding rod shrinks back, and the device re-
leases the seedlings under the action of the retreating rod, and falls into the grid of the 
seedling belt. 

 
Figure 3. Procedure diagram of seedling picking. 

3. Seedling Picking Model 
3.1. Force Analysis of the Seedlings 

A force analysis of the tomato seedlings was carried out to explore the force of the 
tomato seedlings when they are picked by the device and move upwards to escape from 
the tray. The factors affecting seedling picking were obtained, and the influence on this 
effect was analyzed. 

When the device picks the seedlings, the substrate is picked at an angle of α. Figure 
4 shows the force analysis when the seedlings are picked. We obtain Equation (1): 

      ( cos cos ) ( sin sin ) 2 sin ( )fA fB JA JB NB NA LF F F F F F G Fα α α α α⋅ + ⋅ + ⋅ + ⋅ − ⋅ ⋅ + − =  (1) 

 
Figure 4. Force analysis of a seedling. 

In Equation (1), FfA(B) represents static friction force of the needle A (B), FJA(B) is the 
picking force of needle A (B), FNA(B) signifies the adhesion of needle A (B), G is the gravity 
of the seedlings, and FL indicates the seedling pulling force. 

When picking seedlings, the needles A and B of the device produce a picking force 
on the substrate, FJA and FJB: 

JA JB JF F Aσ= = ⋅  (2)

PlasticPlastic TrayTray GridGrid inin thethe seedlingseedling beltbelt

SeedlingSeedling PickingPicking

SeedlingSeedling TransportationTransportation

SeedlingSeedling ReleasingReleasing

FfA
FFJB

FF

FL

JA

NB NA

FfB
α

α
α

α

G

α

α

Figure 3. Procedure diagram of seedling picking.

3. Seedling Picking Model
3.1. Force Analysis of the Seedlings

A force analysis of the tomato seedlings was carried out to explore the force of the
tomato seedlings when they are picked by the device and move upwards to escape from
the tray. The factors affecting seedling picking were obtained, and the influence on this
effect was analyzed.

When the device picks the seedlings, the substrate is picked at an angle of α. Figure 4
shows the force analysis when the seedlings are picked. We obtain Equation (1):

(Ff A · cos α + Ff B · cos α) + (FJA · sin α + FJB · sin α)− 2 · sin α · (FNB + FNA)− G = FL (1)
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In Equation (1), FfA(B) represents static friction force of the needle A (B), FJA(B) is the
picking force of needle A (B), FNA(B) signifies the adhesion of needle A (B), G is the gravity
of the seedlings, and FL indicates the seedling pulling force.

When picking seedlings, the needles A and B of the device produce a picking force on
the substrate, FJA and FJB:

FJA = FJB = σ · AJ (2)

In Equation (2), σ is the anticompression characteristic of the substrate and AJ is the
seedling picking area.
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At the same time, when the seedlings are pulled out, static friction is generated in the
direction parallel to the hole wall, FfA and FfB:

Ff A = Ff B = µ · FJA(B) (3)

In Equation (3), µ represents the static friction coefficient of the needles.
In addition, when the tomato seedling grows in the tray, the root system is entangled

with the substrate and adheres to the inner wall of the hole. The adhesion is represented
by FNA and FNB. When the device picks the seedlings and moves upward, it needs to
overcome the self-weight G, adhesion FNA(B), picking force FJA(B), and static friction of the
seedlings FfA(B), so that the seedlings can be successfully removed.

3.2. Device Motion Model

To explore various motion parameters of the device, the parametric model shown in
Figure 5 was established [21], and the rotation center of the fixed rod is the coordinate origin.

Agriculture 2022, 12, x FOR PEER REVIEW 4 of 14 
 

 

In Equation (2), σ is the anticompression characteristic of the substrate and AJ is the 
seedling picking area. 

At the same time, when the seedlings are pulled out, static friction is generated in the 
direction parallel to the hole wall, FfA and FfB: 

( )= =fA fB JA BF F Fμ ⋅  (3)

In Equation (3), μ represents the static friction coefficient of the needles. 
In addition, when the tomato seedling grows in the tray, the root system is entangled 

with the substrate and adheres to the inner wall of the hole. The adhesion is represented 
by FNA and FNB. When the device picks the seedlings and moves upward, it needs to over-
come the self-weight G, adhesion FNA(B), picking force FJA(B), and static friction of the seed-
lings FfA(B), so that the seedlings can be successfully removed. 

3.2. Device Motion Model 
To explore various motion parameters of the device, the parametric model shown in 

Figure 5 was established [21], and the rotation center of the fixed rod is the coordinate 
origin. 

. 

Figure 5. Structure diagram of the pick-up device. OQ, EP, PN, and QM are stretchable slices, MA 
and NB are needles, β is the angle between stretchable slice and horizontal plane, α0 is the initial 
installation angle of seedling needles and stretchable slices, and α is the angle between the seedling 
needle and the horizontal plane. 

Point E is one end point of the sliding rod. When the device operates, the stretchable 
slice EP moves forward; the angle between the stretchable sheet EP and the x-axis is rep-
resented by β. When the device moves, α is the angle between the seedling needles MA 
and NB and the horizontal line; α can be expressed as: 

α = α0 − β (4)

In Equation (4), α0 represents the initial angle of the needles (∠QMA and ∠PNB) and 
β shows the horizontal angle of stretchable slices (∠OEP and ∠EOQ). 

Taking the multiple rods OQMA as the research object, the coordinates of point A 
can be expressed as: 

= sin
2 sin sin

A P

A F P

x l
y l lβ

α
α

⋅
 = ⋅ ⋅ + ⋅  

(5)

In Equation (5), lP is the length of the needles and lF is the length of the stretchable 
slices. When the multiple rods EPNB is used as the research object, the coordinates of 
point B can be expressed as: 

x y
o

E
C

P Q

M N

A B

D

β0

E '

P '

βt

α0 αt

Figure 5. Structure diagram of the pick-up device. OQ, EP, PN, and QM are stretchable slices, MA
and NB are needles, β is the angle between stretchable slice and horizontal plane, α0 is the initial
installation angle of seedling needles and stretchable slices, and α is the angle between the seedling
needle and the horizontal plane.

Point E is one end point of the sliding rod. When the device operates, the stretchable
slice EP moves forward; the angle between the stretchable sheet EP and the x-axis is
represented by β. When the device moves, α is the angle between the seedling needles MA
and NB and the horizontal line; α can be expressed as:

α = α0 − β (4)

In Equation (4), α0 represents the initial angle of the needles (∠QMA and ∠PNB) and
β shows the horizontal angle of stretchable slices (∠OEP and ∠EOQ).

Taking the multiple rods OQMA as the research object, the coordinates of point A can
be expressed as: {

xA = lP · sin α
yA = 2 · lF · sin β + lP · sin α

(5)

In Equation (5), lP is the length of the needles and lF is the length of the stretchable
slices. When the multiple rods EPNB is used as the research object, the coordinates of point
B can be expressed as: {

xB = lF · sin β− lP · cos α
yB = 2 · lF · sin β + lP sin α

(6)
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Knowing the displacement equation of the needle, the first derivative of Equation (5)
with respect to time t can be calculated, and then the velocity expression at point A can
be obtained: { ·

xA = lP · cos α · ·α
·

yA = 2 · lF · cos α · ·α + lP · cos α · ·α
(7)

Taking the first derivative of Equation (6) with respect to time t, the velocity expression
at point B can be obtained:





·
xB = lF · cos β ·

·
β + lP · sin α · ·α

·
yB = 2 · lF · cos β ·

·
β + lP · cos α · ·α

(8)

Taking the derivative of Equation (4) twice, we obtain

·
α = (α0− β)′ = −

·
β (9)

··
α = −

··
β (10)

Differentiating Equations (7) and (8) and combining Equations (9) and (10), the accel-
erations of points A and B can be obtained:





··
xA = −lP ·

·
β

2
· sin α−

··
β cos α

··
yA = −(2 · lF + lP) · (

··
β· cos α +

·
β

2
· sin α)

(11)





··
xB = lF

(
··
β · cos β−

·
β

2
sin β

)
+ lP

(
·
β

2
cos α−

··
β sin α

)

··
yB = 2lF

(
··
β · cos β−

·
β

2
sin β

)
− lP

(
··
β cos α +

·
β

2
sin α

) (12)

From Newton’s second law, it can be shown that the force of the seedling picker is
related to its acceleration. Equations (11) and (12) are the acceleration expressions for points
A and B. The influence of various factors cause the change in the needles’ acceleration,
which changes the magnitude of the force. These factors include the length of the stretchable
slices lF, the length of the needles lP, initial angle of the needles α0, and the horizontal
angle of stretchable slices β. Therefore, the picking force can be optimized by changing
these parameters.

3.3. Evaluation Indicators

To achieve precise picking of tomato seedlings, the displacement changes of points
A and B at the end of the needles were analyzed. This analysis aims to avoid pinching
seedlings and damaging the tray. To achieve these goals, the trajectory of the seedlings
is optimized.

lAB =

√
(lF · sin β− lP · cos α− lP · sin α)2 (13)

From Equations (5) and (6), it can be shown that the ordinates of the two points A
and B are the same, and then the vertical displacement lDA (lDB) of the two points can be
expressed as:

lDA = lDB =
√
[2 · lF · (sin βt − sin β0) + lP · (sin αt − sin α0)]

2 (14)

In Equation (14), βt is horizontal angle of the stretchable slices at time t, β0 represents
the horizontal angle of the stretchable slice at the initial moment, αt is the horizontal angle
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of seedling needles at time t, and α0 shows the horizontal angle of the seedling needle at
the initial moment.

From Equations (13) and (14), it can be shown that the displacement of the end of the
seedling needle is related to the length of the picking needle lP, the length of the stretchable
sheet lF, and the movement time t. These three factors can be used as optimization objects
to explore the influence of parameter changes on seedling picking.

4. Component Design and Simulation
4.1. Component Design

Figure 6 is a schematic diagram showing the height of a whole seedling. When the
stretchable slice is moving, the total length of them in the vertical state should be longer
than the height of the seedlings. Furthermore, to ensure that the needles do not damage
the plastic tray when picking the seedlings, the needle’s length should be less than the
depth of the tray. In addition, the length of the stretchable slice should be longer than the
distance of the electric push rod. According to these requirements, the parameter range of
each component can be obtained:





2lF + lP ≥ H2 + H1
lP ≤ H1
S ≤ lF

(15)
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Figure 6. Schematic diagram of seedling height and the size of the part. 
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Figure 6. Schematic diagram of seedling height and the size of the part.

In Equation (15), H1 is the depth of the tray, H2 represents the average height of the
seedlings, and S indicates the electric push rod stroke. According to Equation (15), the
minimum length of the stretchable slice is calculated to be 70 mm. The maximum length of
pick-up needle lP is 36 mm. The optional maximum distance of the electric push rod S is
70 mm.

We designed the device parts using SOLIDWORKS software, which is a common
method adopted by many designers to realize the conception of a product. Four main parts
were designed: upper plate, push/fixed rod, stretchable slice, and picking needle. The
following figures show the design of the parts from different viewing angles.

4.1.1. Upper Plate

As shown in Figure 7, the upper plate is a type of rectangular structure with four
support slices beneath it, where the push rod can move back and forth at will. The outer
dimensions of the upper plate are 90 mm × 100 mm × 16 mm, and the distance between
the supporting slices is 32 mm.
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4.1.2. Push/Fixed Rod

The push rod and the fixed rod are installed, respectively, in the chute and round hole
of the supporting slice. The push rod can move randomly, which realizes the movement
of picking and releasing. The fixed rod can connect with the stretchable slice, which can
rotate around it. The two rods are 120 mm in length and 7 mm in diameter. Figure 8 shows
their structure.
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Figure 8. Drawing of pushing rod structure.

4.1.3. Stretchable Slices

The stretchable slices are the main components of the devices. As shown in Figure 9,
the initial length is 70 mm and 11 mm wide. Holes with a radius of 3.5 mm facilitate
connection of the device.
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4.1.4. Picking Needle

The picking needle is used to pick the tomato seedlings grown in the plastic tray. As
shown in Figure 10, the length and width of this part are 24 and 8 mm, respectively. The
spade-shaped structure is more conducive to picking of the seedlings.
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Dynamics software, ADAMS improves engineering efficiency and reduces development 
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4.2. Simulation and Optimization

As shown in Figure 11, simulation of the device is undertaken with the procedure
carried out in ADAMS [22]. As the world’s most well-known and widely used Multibody
Dynamics software, ADAMS improves engineering efficiency and reduces development
costs. Engineers can evaluate and manage complex interactions amongdesigns, including
motion and structures, to better optimize product designs for performance.

The single factor screening method is used. The first step is to determine the reasonable
length of the push rod. On this basis, the phenomenon of reverse crossover of the needles
is eliminated. There are two possible options: one is to reduce the length of the pick-up
needle lP, and the other method is to increase the length of the expansion piece lF. ADAMS
simulations were carried out for the two methods and the distance between the tip of the
needle at the end moment analyzed. In this way, the length of the pick-up needle lP and
the length of the stretch piece lF are determined.
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4.2.1. Push Rod Stroke S

The known maximum stroke of the push rod is 70 mm and its running speed is
15 mm/s; thus, the longest movement time of the putter is 4.667 s. In ADAMS, the exercise
time is set at 4.667 s, and the lateral displacement of points A and B at the end of the needles
is measured.

Available push-rod strokes are 10, 30, 50, and 70 mm. The corresponding movement
times are 0.667, 2, 3.333, and 4.667 s. The results in Figure 12 show that when the exercise
time is 0.667 and 2 s, the distance is 92.42 and 39.38 mm, respectively. Both are smaller
than 32 mm (the length of the upper side of the hole in the tray), which cannot meet the
requirements for taking seedlings. When the movement time is 4.667 s, its distance is
−46.63 mm and the seedling needles are reversed, which easily crushes the substrate and
damages the plug. Therefore, the stroke of the electric actuator needs to be between 30 and
70 mm, so an electric actuator with a stroke of 50 mm is chosen.
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4.2.2. Length of the Needle lP
When the electric push rod has a stroke of 50 mm, the distance between the needles

is −5.8 mm. It indicates that the seedling needles cross in the opposite direction, which
is not conducive to accurate seedling picking. It is necessary to optimize the length of
the pick-up needle lP and the length of the stretchable slices lF to improve the accuracy
of picking. Reducing the needle’s length or increasing the length of the stretchable slices
are possible solutions. The optimized pick-up needle lengths are 36, 24, and 12 mm. The
kinematics simulation is carried out, and the statistical results are shown in Table 1.

Table 1. Motion distance of the point under different needle lengths.

Length of the Needle
lP/mm

Distance between AB at the
End Time/mm

Distance of Vertical Movement
of Point A or B/mm

36 −10.243 116.008
24 −0.185 117.449
12 6.305 114.085

It can be seen from the simulation results that reducing the length of the needles can
avoid the reverse crossing of the needles at the end of the movement. When the length of
the needle is 24 and 12 mm, the distance is −0.185 and 6.305 mm, respectively, which can
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meet the requirements for picking seedlings. When the length of the needle is 24 mm, there
is a larger picking area, which can ensure stable picking. Therefore, a pick-up needle with a
length of 24 mm was selected.

4.2.3. Length of the Stretchable Slices lF
When lF is increased, the optimized stretchable sheet lengths are 75, 85, and 95 mm.

The kinematics simulation is performed again, and the results are shown in Table 2.

Table 2. Motion distance of the point under different lengths of flexible slices.

Length of the Stretchable
Slices lF/mm

Distance between AB at
the End Time/mm

Distance of Vertical Movement
of Point A or B/mm

75 −1.700 89.437
85 −2.549 65.950
95 −4.743 53.675

From Table 2, it can be seen that increasing the length of the stretchable slices has no
obvious effect on reducing the AB reverse crossing. The reverse crossing is more obvious,
so the length of the stretchable slices is the same as the initial value, which is 70 mm.

4.2.4. Displacement and Trajectory of Point A and B

From the simulation described above, it is determined that the stroke S of the push
rod is 50 mm, the length of the pick-up needle is 24 mm, and the length of the telescopic
piece is 70 mm. The distance and vertical distance between AB can be obtained, and the
ideal seedling picking time can also be known.

The displacement curve (Figure 13) shows that from 2.135 to 3.33 s the distance at the
end is −0.185 mm, and the reverse crossing is not obvious. In this process, the vertical
movement distance is 14.55 mm, and the picking point is taken and inserted into one-
third of the substrate. This point is in a suitable picking position, which is conducive to
stable picking.
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Figure 14 illustrates the trajectory curve of the seedling picking. The movement
trajectories of points A and B are completely different. This movement characteristic
ensures stable picking. This trajectory has better positioning and gripping properties.

4.2.5. Running Speed and Acceleration

As can be seen from Figure 15, the speed and acceleration show the same changing
law: a rapid decrease and a stable decrease afterward. In the initial state, the speed and
acceleration of taking seedlings are large, which can quickly reach the substrate plane.

Larger acceleration brings a larger force for taking seedlings, which is more conducive
to successful soil breaking. After the soil is broken, the speed and acceleration are reduced
to ensure stable picking. The reduction in acceleration reduces the picking force, thereby
reducing substrate damage.
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5. Test of the Seedling Pick-Up Device
5.1. Trajectory Test

The parts of the seedling device were manufactured (Figure 16) and assembled, and
the trajectory test carried out. High-speed photography was performed on the movement
process, and the seedling trajectory was obtained after processing. The actual movement
trajectory of the device (Figure 17a) is consistent with the simulated trajectory (Figure 14),
indicating that the actual working trajectory of the device meets the design requirements.
The actual trajectories of point A and B obtained are shown in Figure 18.
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Figure 16. Components of the pick-up device.

In Figure 17b, l1 and l2 of the motion trajectory are measured 10 times; the results
are shown in Table 3. The average distance of l1 is 28.30 mm. When the seedling needles
reach the substrate plane, the distance is smaller than the hole’s top length W1 (32 mm);
this distance makes it easier for the needles to enter the substrate. The vertical movement
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distance l2 is 13.34 mm, and it is inserted into one-third of the matrix, which is in a better
picking position.
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Figure 17. Movement trajectory diagram of seedling picking. At T2 = 2.135 s, the device starts to take
seedlings, and at T3 = 3.33 s, the seedlings are picked; l1 is the distance when the needle touches the
substrate plane and l2 is the vertical displacement of the movement.
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Table 3. Results of trajectory measurement.

No. 1 2 3 4 5 6 7 8 9 10 Average

l1 28.6 28.7 27.2 26.6 29.2 29.8 28.5 28.3 28.8 27.3 28.3
l2 12.8 13.5 14.5 12.7 12.9 12.5 13.8 12.5 13.8 14.2 13.34

5.2. Seedling Picking Test
5.2.1. Evaluation Index

Using seedling success rate Y1, leaf damage rate Y2, and substrate damage rate Y3 as
evaluation indicators, a bench test was carried out. The evaluation indicators of the test are
defined as follows:

Y1 =
n1

n
× 100% (16)

Y2 =
n2

n1
× 100% (17)

Y3 =
m−m1

m
× 100% (18)

In Equations (16)–(18), n is the total number of tomato seedlings in the whole tray, n1
is the number of seedlings successfully taken from the whole plate of tomato seedlings, n2
represents the number of seedlings in which leaves are broken while successfully taken, m
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is the weight of a single seedling, and m1 indicates the weight of a single seedling after its
release. When the number of damaged leaves of a single seedling exceeds three, the tomato
plug seedling is determined to be damaged.

5.2.2. Test Design

The experiment was carried out in the Precision Agriculture Laboratory of Shihezi
University. Seedlings with an age 30~50 d were selected and the moisture content was
35.41%~65.21%. The process of picking and releasing seedlings is shown in Figure 18. The
device picks the seedlings on the left side, moves to the top of the belt on the right side, and
returns to the seedling initial position. It takes 8.228 s for the device to complete the process,
including soil breaking (3.33 s), upward pulling (1 s), conveying (1.831 s), release (1 s), and
return (1.067 s). Eight seedlings are taken during each working cycle, and 58 seedlings are
taken in one minute.

The test was carried out according to the sequence shown in Table 4; 128 seedlings
were used each time. The effect of seedling picking, leaf damage, and substrate damage
were counted. The calculation results are provided in Table 4.

Table 4. Results of the picking test.

No.
Factors Evaluation Index

Growing
Days/d

Moisture
Content/%

Seedling Picking
Success Rate/%

Leaf Damage
Rate/%

Substrate
Damage Rate/%

1 20 35.41 85.16 1.56 2.79
2 20 65.21 84.38 0.78 2.31
3 30 35.41 93.75 2.34 2.07
4 30 65.21 92.19 3.13 1.54
5 40 35.41 94.53 4.69 1.25
6 40 65.21 91.41 3.91 1.15

5.2.3. Analysis of Test Results

The effect of a different number of growing days on each evaluation index was
analyzed; the data are shown in Figure 19. Figure 19a shows that the seedlings with a
growth age of 30 to 40 d and moisture content of 35.41% have the highest success rate.
Because the root system of the seedlings by this time is developed, the method is conducive
to picking. Figure 19b shows that when the growth days increase, the leaf damage rate
also increases. There is no significant relationship between leaf damage rate and moisture
content. The longer the seedlings, the lusher the leaves, and they are easily damaged by the
pick-up device. Figure 19c shows that the substrate damage rate decreases with the increase
in seedling age, and the substrate damage rate of the seedlings with a moisture content of
65.21% is lower. The seedlings with a moisture content of 65.21% have a low breakage rate.
The root system developed has a stronger entanglement effect on the substrate. Increasing
the moisture content increases the adhesion of the substrate, resulting in less scattering
during work.
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6. Conclusions 
According to the working requirements of a transplanting machine for picking seed-
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were grown for 30 days and the moisture content was 65.21%, the success rate of seedling 
picking was 92.19%, the leaf damage rate was 3.13%, and the substrate damage rate was 
1.54%. 
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The pick-up device has a good effect on the seedlings that have grown for 30 days
and have a moisture content 65.21%. At this time, the success rate of seedling picking was
92.19%, the leaf damage rate was 3.13%, and the substrate damage rate was 1.54%.

6. Conclusions

According to the working requirements of a transplanting machine for picking seedlings
in a row, we designed a stretchable slice-type seedling picker. It is mainly composed of
stretchable slices, moving rods, fixed rods, and other components. Key components were
designed according to seedling height and tray size. A model of the device’s movement
was established and evaluation indexes proposed.

ADAMS was used to carry out kinematic simulation of the device, and we used the
method of distance screening to optimize the stroke of the electric push rod, the length of
the pick-up needle, and the length of the stretchable slices. We obtained better parameters
for the components, and analyzed their displacement, velocity, and acceleration. The results
verify that the seedling picker has the advantages of high seedling picking accuracy and
minor damage to the substrate.

The parts of the device were manufactured and assembled, and a trajectory experiment
completed. Our experimental results show that the actual trajectory is consistent with the
simulated trajectory. The seedling picking test showed that when the seedlings were grown
for 30 days and the moisture content was 65.21%, the success rate of seedling picking was
92.19%, the leaf damage rate was 3.13%, and the substrate damage rate was 1.54%.
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Abstract: In Pakistan, groundwater resources are depleting at an alarming rate due to intensive
pumping, shifting of cropping patterns, and climate change vulnerability. The present study is
aimed at investigating groundwater stress in the command area of Lower Chenab Canal (LCC) and
associated branch canals. Groundwater stress is determined by considering the cropping patterns,
surface water availability, groundwater levels, climatic variation, and crop water requirement (CWR)
in the LCC command area. The climatic data is obtained from the Pakistan Meteorological Department
(PMD) from 1990 to 2020. The records of temporal variation in cropping patterns are obtained from
the Crop Reporting Service (CRS), Directorate of Agriculture, Lahore for the 1995–2020 period and
classified according to Rabi season (November to April) and Kharif season (May to October). The LCC
surface water flows data and groundwater levels are collected from the Punjab Irrigation Department
(PID) Lahore from 2003 to 2018 and from 1995 to 2016, respectively. The CWR is estimated using the
Cropwat 8.0 model and groundwater levels are estimated using the Inverse Distance Weighted (IDW)
tool of ArcGIS software. It has been determined that Faisalabad, Sheikhupura, and Toba Tek Singh
are highly groundwater stress cities having an average drawdown rate of 0.58 m/year. The surface
water availability is also decreased from 7.75 to 4.81 billion cubic meters (Bm3) for the Kharif season
whilst 4.17 to 2.63 Bm3 for the Rabi season. This study concluded that due to severe conditions in
highly stressed areas, policy planners, decision-makers, and stakeholders should sincerely take some
steps for maintaining groundwater levels either by capacity building workshops for the farmers or
limiting the number of tubewells.

Keywords: cropping pattern; water stress; LCC area; surface water availability; CROPWAT

1. Introduction

Water is essential for human well-being and socio-economic development. In Pakistan,
surface water plays a significant role in performing agricultural activities. About 95% of the
available freshwater is utilized by the agriculture sector whilst only 5% is used for domestic
and industrial activities [1]. The conveyance of surface water is accomplished by the largest
irrigation network, namely the Indus Basin Irrigation System (IBIS) [2]. However, the
surface water supplies in IBIS are shrinking due to industrialization, urbanization, and
exponential growth of population [3–5].

Groundwater is recognized as an alternative source of accessible freshwater, con-
tributing 69% of total accessible freshwater share, and accounting for one-third of global
freshwater usage [6–8]. In Pakistan, reliance on groundwater is dramatically increasing.
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Approximately 62 billion cubic meters (Bm3) of groundwater is pumped out each year [9].
Figure 1 illustrates the average annual water balance of IBIS [9]. Watto et al. [10] reported
exponential growth of groundwater contribution due to the massive installation of tube-
wells [11]. The growth rate of private tubewells was 60% only in Punjab province from 1991
to 2000 [12]. More than 70% of urban and 97% of rural populations depend upon ground-
water, whilst industries fulfill their major water requirements from groundwater [13,14].
High dependency on groundwater results in a major dropdown of groundwater levels,
consequently leading to the water crisis. According to Falkenmark indicator [15], Pakistan
met water scarcity criteria in 2005, and there will be an absolute water scarcity in 2025 [16].
Pakistan’s Water Resources Vulnerability Index (WRVI) is 77% which indicates that the
country would face a serious water crisis shortly [17]. The surface water supplies are
limited therefore extensive groundwater pumping is made hence placing Pakistan among
the top ten countries that are dramatically affected by water pumping [18].
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In Pakistan, the agriculture sector is more sensitive as compared to other sectors
due to its 19.2% contribution to gross domestic product (GDP) and 38.5% employment
in the labor force [19]. Human activities and climate change meaningly affect the flow
regimes of surface water and groundwater [20]. For instance, mostly in the eastern region
of Pakistan, the temperature is rising, which causes an increase in agricultural water
requirements [21] due to increment in evaporation rate, and transpiration rate. In addition,
the shifting of rainfall patterns in northern regions of Pakistan creates a significant water
shortfall during Kharif and Rabi seasons. Poor irrigation practices further lead to the
water crises hence demanding strict implementation of water management strategies for
socio-economic development [22,23]. In comparison to other Asian nations with low
mean annual rainfall, almost 70% of the rainfall stations tended to increase rainfall during
monsoon seasons [13,17]. However, during the last decade, shifting rainfall patterns and
rising temperatures also influenced accessible water, resulting in a substantial decline in
the countries’ freshwater availability [24]. Consequently, a large amount of groundwater
is being extracted from the ground to meet the crop water requirements (CWR). Farmers
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are extracting groundwater to satisfy the agricultural water needs without considering the
actual CWR from the perspective of getting maximum yield [1,25]. In this regard, a large
number of tubewells (2700 to millions) have been installed in the country during the last
64 years [26] having no systemic trend in tubewell densities. Farmers are pumping the
groundwater without any concern about groundwater depletion and its quality. In some
areas of Pakistan, the quality of groundwater is degrading day by day due to the disposal
of untreated industrial and domestic wastewater in nearby streams [5,9,27].

The Lower Chenab Canal (LCC) is one of the major sections of the IBIS constructed
between 1892 to 1898 having a command area of 12,266 km2 which includes Gujranwala,
Hafizabad, Sheikhupura, Nanakana Sahib, Faisalabad, Jhang, and Toba Tek Singh [28].
Climate change, rapid urbanization, inefficient water use, and limited surface water sup-
plies create an alarming situation in the command area of LCC for crop production. There-
fore, extensive groundwater extraction is being made to meet the agricultural needs re-
sulting in a massive drop in groundwater levels. The estimation of groundwater degra-
dation is crucial. In this regard, several studies have been reported in the literature.
For instance, Ahmed et al. [1] investigated the crop water supply-demand gap of two
main distributes (Killianwala and Mungi) in the command area of LCC using CropWat
8.0 model. Land use, soil type, and topography were considered the influential aspects
that impact the water deficiency. The recorded average water shortfall is 4.1 million cubic
meters per year (Mm3/year) for Killianwala and 4.9 Mm3/year for the Mungi distributary.
Yongguang et al. [29] quantified the groundwater pumping in Killianwala and Mungi dis-
tributaries from 2014 to 2015. It was reported that for both distributaries the groundwater
pumping is compulsory due to a shortfall in canal water supplies, but lower demand as com-
pared to canal water however, more for Mungi and less for Killianwala. Usman et al. [30]
performed numerical modeling and remote sensing for estimating the inflow and outflow
of groundwater in the LCC command area. It was reported that the groundwater inflow
is 0.871 folds higher as compared to the pumping rate. However, a significant ground-
water drawdown is expected between 2026 and 2035 due to limited canal water supplies.
Awam et al. [31] utilized the Soil and Water Assessment Tool (SWAT) for determining the
CWR in the command area of the LCC corresponding to varying the climatic parameters.
The results shows that the CWR could be increased by 7% and 11% during 2020, under
different climatic scenario.

Similarly, the area under groundwater quality associated with LCC has been degraded
from 50.35% to 28.95% up to 2030 [12]. The groundwater recharge to withdrawal ratio is
0.8/1.0 resulting in the rapid drawdown of the water table in most parts of Pakistan [32].
Safe groundwater potential is about 53.04 Bm3 while abstraction is 55.51 Bm3 with an
over-abstraction of 2.47 Bm3 [33]. This issue with Pakistan’s water table suggests that the
country’s groundwater supply would be insufficient to meet future water demands. This
requires continuous monitoring of groundwater and resource management [34].

For sustainable water resource planning, there should be a clear estimation of pres-
sure on the natural water reserves. In this regard, the present study aims to estimate the
water supply-demand gap in the areas under the LCC irrigation system. In addition, the
groundwater fluctuation both for pre-monsoon and post-monsoon seasons was analyzed
and explored using the inverse distance weighted (IDW) method. Identification of water-
stressed areas and the effect of climatic parameters on the groundwater and cropping
pattern are being explored. Based on the previous literature, there is no research avail-
able that identifies the effect of cropping patterns and climatic parameters for estimating
groundwater stress, particularly in Punjab, Pakistan. For doing this, meteorological data,
groundwater levels, streamflow records, and cropping patterns in the LCC region were
collected from the Pakistan Meteorological Department (PMD), Punjab Irrigation Depart-
ment (PID), and Crop Reporting Service (CRS). After performing feature engineering, the
data is employed to estimate the crop water requirements using CropWat [35]. Considering
the streamflow and crop water requirement, temporal water deficiency is estimated. The
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present study could be supportive to employ water management practices, particularly in
highly stressed cities nearby the LCC and associated branch canals.

2. Materials and Methods

The methodology and steps employed to determine the groundwater stress in the
command area of LCC as shown in Figure 2. The steps comprising of: (i) collection of
data from the relevant departments; (ii) data analysis; and (iii) results obtained in terms of
highly stressed areas.
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2.1. Study Area

For this research, the LCC area was selected, and the canal network along with the
branch canals are shown in Figure 3. The branch canals include the Upper Gugera, Lower
Gugera, Burala, Mian Ali, Rakh, Jhang Upper, Jhang Lower, and Bhowana canal. Flow
in this study area is Perennial. Divisions, sections, reduced distance, distances, designed
head discharge, authorized tail discharge, authorized tail gauge, gross command area, and
culturable command area of all of the canals are tabulated in Table 1.

Table 1. Features of main canal, branch canals in Lower Chenab Canal [36].

Description LCC Upper
Gugera

Lower
Gugera Burala Mian Ali Rakh Jhang

Upper
Jhang
Lower Bhowana

Division Khanki Upper
Gugera

Lower
Gugera Burala Upper

Gugera Hafizabad FSD Canal Jhang Jhang

Section Chenawan Ajniawala Jaranwala Farida Salar Main Line
Lower Bhobra Sheikh

Chur Jaura

Distance (km2) 64.36 90.10 123.89 156.07 32.18 88.50 98.15 59.53 27.35

Designed head
discharge (m3/s) 230.58 210.79 74.84 58.22 20.50 38.34 88.77 42.98 14.33

Authorized tail
discharge (m3/s) 0.00 125.87 16.21 9.00 10.76 11.27 51.93 10.96 10.87

Authorized tail
gauge (m) 0.00 3.29 0.00 0.85 0.66 0.69 1.94 0.30 0.30

Gross command
area (km2) 14,973.38 4865.60 62.50 2344.6 30.46 1553.79 1616.43 38.01 12.20

Culturable
command
area (km2)

13,759.32 4102.19 51.54 2064.0 25.90 1258.08 1272.17 35.15 8.89

456



Agriculture 2022, 12, 708

Agriculture 2022, 12, x FOR PEER REVIEW 6 of 23 
 

 

 
Figure 3. Location map with all rivers, canals, cities, and headworks. 

  

Figure 3. Location map with all rivers, canals, cities, and headworks.

Data collected from various governmental and private departments includes the num-
ber of tubewells, canal water supplies, crops grown, climatic parameters, and groundwater
levels in various districts of the LCC area, which is tabulated in Table 2.
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Table 2. Data collected from various organization.

Parameters Duration Department

Climatic Data 1990–2020 * Pakistan Meteorological
Department (PMD)

Groundwater Levels 2003–2018 Punjab Irrigation Department (PID)

Streamflow 1995–2016 Punjab Irrigation Department (PID)

Crops grown 1995–2020 Crop Reporting Service (CRS),
Directorate of Agriculture, LahoreNo. of Tubewells 2008–2020

* Limited for some stations due to not availability of climate stations.

2.2. Crop Water Requirement

Penman-Monteith method [37] is used in CropWat for the estimation of the crop
water requirement (CWR). The empirical relationships used in this method is given in
Equations (1)–(3).

CWR = ETp × Pe (1)

ETp = ETo × kc (2)

ETo =

(
0.408∆(Rn − G) + γ

(
900

T + 273

)
u2(Vs − Va)

)

∆ + γ(1 + 0.34u2)
(3)

where, in Equation (1), ETp and Pe stand for potential evapotranspiration, and effective
precipitation which excludes the losses in precipitation, respectively. Similarly, the ETo
and kc used in Equation (2) refer to observed evapotranspiration and crop factor which are
different for all of the crops, respectively. However, for determining the ETo, Equation (3)
is used, covering different meteorological and psychometric variables. For instance, in
psychrometric variables, actual vapor pressure (Va), saturated vapor pressure (Vs), psy-
chometric constant (γ), and slope of saturation (∆) of the studied areas were used. In
the case of meteorological variables, net radiations (Rn), wind speed (u2), soil heat flux
(G), and temperature (T) data were deployed in CropWat 8.0, taken from the different
meteorological departments as mentioned in Table 2.

For this research, the cropping pattern is analyzed to estimate the area under different
crops both for the Rabi and Kharif seasons for the duration of 1995–2020. CWR is estimated
for all of the crops and the whole area. Streamflow data is used for the estimation of the
surface water availability within the study area for both seasons. The deficit is estimated by
subtracting the surface water availability from CWR. Based on the deficit and groundwater
levels, the highly stressed areas in the area were taken and analyzed to check the reasons
for rapid drawdown.

3. Results and Discussions
3.1. Kharif Crops

Bajra, cotton, sorghum, maize, moong, rice, sugarcane, and fodder are commonly
cultivated crops identified during the Kharif season. However, rice, sugarcane, and fod-
der are extensively grown crops covering more than 70% of total cultivated land in this
region. In the last 25 years (1995–2020), the cumulative area for rice cultivation recorded
61,471.8 km2 followed by fodder and sugarcane having 44,798 km2 and 43,706.09 km2,
respectively as illustrated in Figure 4. Moong pulse is the least cultivated crop in this
region (578.7 km2), among the mentioned Kharif crops. In comparison to 1995–1996, the
overall area under cultivation has dropped around 8.2% during the 2019–2020 period. The
maximum and minimum area utilized for crop production was observed in 2004–2005
and 2018–2019 having a gross production area of 8595.5 km2 and 7171.0 km2, respectively.
In Figure 4 color gradient illustrates the shifting of the cropping pattern in consecutive
years. For instance, it has been realized that the cropping pattern of the bajra is static,
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between 141.6–303.5 km2 from 1995 to 2020. Similarly, in the case of sorghum and moong,
no significant drop or increment in the cropping pattern is observed. However, for cotton,
there is a declining trend in the cultivation pattern from 1995 to 2020. In 1995–1996 the
area utilized for cotton cultivation is 1205.93 km2 whilst in 2015–2016 it has been reduced
to 364.82 km2. However, in the case of rice, and fodder the cultivated area is increasing,
which indicates the shifting of the cropping pattern toward high delta crops. Consequently,
the pressure on the groundwater reserve is progressively increasing.
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3.2. Rabi Crops

During Rabi season, a total of 11 crops which includes barley, fodder, gram guava,
kinnu, linseed, masoor, onion, potato, tomato, and wheat are considered normal crops are
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grown in this region. However, wheat cultivation is more than the other crops, holding 70%
of the land in the region associated with the LCC area. In the last 25 years, the cumulative
area utilized for cultivation of the wheat was recorded at 178,547.5 km2 followed by fodder
(Rabi) having a cultivated area of 38,000 km2. Figure 5 shows the temporal variation in the
area utilized for cultivating the Rabi crops. The area employed for the cultivation of barely,
guava, linseed, masoor, onion, potato, and tomato ranges between 0.57–382.8 km2 from
the period of 1995 to 2020. Similarly, in the case of gram and kinnu, the area employed for
cultivation each year ranges between 382.0 to 764.0 km2 per year. However, in the case
of Fodder (Rabi), the marginal variation is observed in the area utilized for cultivation
ranging between 1100 to 1900 km2 per year. The area for wheat cultivation ranges within
higher levels (6070.3–7284.3 km2 per year). Concludingly, no shifting of cropping pattern is
recorded under the studied region during the Rabi season. The cultivated area during the
Rabi season in each year is greater than 8093.7 km2. The reduction in the cumulative area
of Rabi crops was estimated at ~5.6%. Wheat is an extensively grown crop in this region.
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3.3. Crop Water Requirement

By using the Cropwat 8.0 model, the crop water requirement (CWR) of the selected
crops both for Kharif and Rabi is estimated and presented in Figure 6. A progressive drop
is represented in the clockwise direction corresponding to the selected crops. For instance,
sugarcane has the highest CWR (1577 mm) followed by rice (1182 mm), guava (1120 mm),
kinnu (1067 mm), and so on. In comparison, Shakir et al. [38] reported that for Kharif
and Rabi season the CWR range between 300 mm to 1450 mm and 250 mm to 400 mm,
respectively. The estimated crop water requirement is in the acceptable range if compared
with the study reported by Shakir et al. [38]. Since the area under cultivation is decreasing,
CWR should also decrease, for both Rabi and Kharif seasons, at the same rate but due to
the use of high delta crops with higher values for crop water requirements, it is decreasing
at a lower rate as shown in Figure 7. In addition, Figure 7 defines the area distribution of
Rabi, Kharif, and cumulative CWR.
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3.4. Surface Water Availability

Surface water availability is estimated based upon the streamflow data collected from
the PID, for both Rabi and Kharif seasons as given in Figure 8a. Surface water availability in
LCC decreased from 11.92 to 5.06 Bm3 from 1995 to 2002, after that an up and down trend
is observed. The minimum surface water availability in LCC was recorded in 2009–2010
having a value of 3.82 Bm3. On the other hand, the water demand is estimated based on the
crop water requirement and cultivated area in the region. Thereby, the water shortfall in the
region is shown in Figure 8b. It has been identified that the maximum water shortfall was
recorded in 2004–2005 followed by 2009–2010 with the shortfall of 8.89 Bm3 and 8.77 Bm3. In
2015–2016 the total water shortfall is 4.56 Bm3 corresponding to a water supply of 7.51 Bm3

against the demand of 12.08 Bm3. In addition, the total average deficit was recorded at
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8.02 Bm3 which creates an alarming situation for the country and emphasizes the pumping
of the groundwater for meeting the water shortfall. Waqas et al. [39] employed satellite
remote sensing and the geographic information system (GIS) for estimating the dropdown
of surface water availability in LCC. The study reported that at the Killianwala distributary
the average water supply deficit is 6 Mm3 whereas in Mungi and Khurrianwala distributary
water supply deficits recorded 5 and 5.5 Mm3, respectively, during the 2009–2010 period.
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3.5. Groundwater Fluctuations

In order to investigate the ground water fluctuations in the studied area, data of the
ground water levels at specific localities were collected from the PID. After that, Inverse
Distance Weighted (IDW) tool is used in ArcGIS for interpolating the groundwater levels
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in the whole area from 2003 to 2018 for pre-monsoon and post-monsoon seasons as shown
in Figure 9.
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From these trends, the maximum groundwater depths from 2003 to 2018 vary from
5.91 m to 15.45 m resulting in a 9.54 m (0.61 m/year) drawdown in groundwater depth. For
checking the results, a comparison is made between the net deficit and average groundwater
levels for the year 2015–2016. The average groundwater depth in 2015 was 6.33 m while it
is 6.18 m in 2016 which corresponds to a 0.15 m drawdown. While the net deficit in 2016
was 0.05665 m (56.65 mm), the remaining 0.09 m is used by domestic, industries, etc. In
comparison to this study, Qureshi et al. [33] reported that groundwater levels in most of
the irrigated parts of the study area have a drawdown up to 6 m which directly increases
the pumping cost due to deep well boring.

3.6. Highly Stressed Areas

To check the possible cause of stress on groundwater, highly stressed areas in the
LCC are identified from groundwater depths. The highly stressed areas are Faisalabad,
Sheikhupura, and Toba Tek Singh where the groundwater is depleting abruptly. Average
groundwater depletion is 9.54 m (0.58 m/year). Reasons for rapid drawdown are due to
different causes such as cropping effect, climatic effect, and effect due to tubewell density.

3.7. Cropping Effect

Since, for high delta crops, crop water requirement is high, the effect of crops is
analyzed based on the historical data for the highly stressed areas as shown in Figure 10. In
Faisalabad, rice, sugarcane, fodder, and maize cover 6%, 31%, 30%, and 13%, respectively,
in the Kharif season while wheat is covering more than 70% area in the Rabi season.
Similarly, for Sheikhupura and Toba Tek Singh, the results are summarized in Table 3.
Rizwan et al. [40] proposed that if the command area of the LCC crop was cultivated
with a cropping pattern containing wheat, rice, and cotton, with high-efficiency irrigation
practices then surface water can be saved in a range between 2.768 Bm3 and 3.699 Bm3.

Table 3. Summary of the highest growing crop in highly stressed areas in Rabi and Kharif season.

Seasons Crops Faisalabad Sheikhupura Toba Tek Singh

Kharif Season

Rice 12% 70% 11%

Sugarcane 31% 9% 23%

Fodder 30% 15% 21%

Maize 13% 3% 16%

Rabi Season Wheat >70% >70% >70%
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3.8. Climatic Effect and Effect of Tubewell Density

In highly stressed areas such as Faisalabad, Sheikhupura, and Toba Tek Singh, cli-
matic factors are analyzed from the perspective of exploring their impacts on crop water
requirements. Rainfall (mm), minimum temperature (◦C), and maximum temperatures
(◦C) are selected as the meteorological parameters that significantly influence the crop
water requirement. A comparison matrix of the three meteorological parameters among
the highly stressed cities is presented in Figure 11. The maximum temperature recorded
in Sheikhupura, Faisalabad, and Toba Tek Singh were 31 ◦C, 38 ◦C, and 34 ◦C, whereas
the minimum temperature recorded was 18 ◦C, 16 ◦C, and 16.5 ◦C. The ranges of the tem-
poral variability in the maximum and minimum temperature are summarized in Table 4.
Sheikhupura’s rainfall pattern is progressively increasing with higher intensity compared
to Faisalabad and Toba Tek Singh which reflects the availability of water to fulfill the
crop water requirement. In Faisalabad, rainfall has an increasing trend with minimum
temperature and maximum temperature of 16 ◦C and 38 ◦C, respectively. The results are
summarized in Table 4. Awan et al. [31] reported that temperature and rainfall significantly
impacted the use of irrigation water. The water consumption in the LCC region could
increase from 7% to 11% by the end of 2020.
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Table 4. Summary of climatic parameters in highly stressed areas.

Areas Rainfall (mm) Min Temperature (◦C) Max Temperature (◦C)

Faisalabad 500–700 16–19 32–38

Sheikhupura 800–1200 18–20 29–31

Toba Tek Singh 400–700 16.5–18.5 30–34

Tubewells are used for various purposes such as agriculture and domestic and indus-
trial use. Due to the rapid increase in tubewell, the extraction rate has also increased which
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affected the groundwater levels. Figure 12 shows the tubewell density from 2008 to 2021.
In the last decade, the number of tubewells has increased from 225,660 to 338,300 having
an average growth rate of 8664.6 tubewell/year.
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4. Conclusions

Groundwater is a precious resource that has been rapidly depleting in some places of
Pakistan owing to overexploitation. The present study focused on estimating the drop in
groundwater levels near to Lower Chenab Canal (LCC) and its branch canals considering
the temporal variation in cropping pattern, available surface water supply, and ground-
water level. The results showed that rice, fodder, and sugarcane are the most frequent
crops grown in the Kharif season occupying 70% of the cultivated land in the study area.
Crops growing pattern is shifting towards high delta crops (i.e., rice, and sugarcane), thus
increasing the crop water requirement in the region. Wheat is mostly grown in the Rabi
season holding 70% of the cultivated area and ranges from 6070.3 to >7689 km2 per year.
On the other hand, from 1995 to 2016, surface water supplies in LCC have declined from
7.75 billion cubic meters (Bm3) to 4.88 Bm3 in the Kharif season and 4.17 Bm3 to 2.63 Bm3

in the Rabi season. An average groundwater drawdown of 0.61 m/year, is recorded in the
LCC region. Faisalabad, Sheikhupura, and Toba Tek Singh are highly groundwater stressed
cities due to the shifting of cropping patterns and temporal declination in groundwater lev-
els. In Sheikhupura, cultivation of rice increased from 68% to 84% whilst in Toba Tek Singh
rice, maize, and sugarcane cultivation increased from 10% to 25%, 15% to 20%, and 11% to
16%, respectively. The average annual groundwater drawdown in highly stressed cities is
recorded at 0.58 m/year which creates an alarming situation. This study recommended
taking some serious steps to maintain the groundwater levels by following the recharging
techniques, capacity building workshops for farmers, or changing the cropping patterns.
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Abstract: The pressurized irrigation network aims to deliver water to consumption nodes at an
appropriate pressure and discharge. The traditional pipe network optimization minimizes the
annual operating cost or investment per unit area. The present work establishes the traditional pipe
diameter and operating frequency optimization models based on flattish terrain. It proposes a new
synchronization optimization method of pipe diameter and operation frequency to find the best match
point for pipe diameter and operating frequency in the branched network system. The irrigation
costs of the above three models, including the energy and pipe network costs, are compared with the
original irrigation network system. Based on the results of optimizing the typical experimental field,
the operation frequency optimization model and the pipe diameter optimization model can save
about 1.4% and 10.6% in irrigation cost, respectively. Furthermore, the synchronous optimization
model can significantly reduce the irrigation cost to about 19.3%, including a 26.6% reduction in the
pipe network cost and a 21.9% increase in the energy cost. Compared with pipe diameter optimization,
synchronous optimization can further reduce network costs while generating lower energy costs. The
results of this research can be used for the design of the network system in flattish terrain to reduce
the irrigation cost.

Keywords: pipe diameter; operation frequency; genetic algorithm; rotation irrigation sectoring;
irrigation cost; energy cost; network cost

1. Introduction

Pipeline irrigation is an important trend in the development of water-saving irrigation,
while pipe network optimization is a multi-discipline issue involving global optimization,
hydraulics, and intelligent algorithms [1–4]. The pressurized irrigation network (PIN), an
essential system in the agricultural irrigation project, aims to deliver water to consumption
nodes at an appropriate pressure and discharge [3]. The pipe network optimization mini-
mizes the annual operating cost or investment per unit area and maximizes the system’s
reliability under pressure and discharge constraints [1]. With the formulation of PIN de-
sign as an optimization problem, various studies have been performed on pipe network
optimization [2,5–8].

The rapidly growing world energy use has already raised concerns over supply diffi-
culties, exhaustion of energy resources and heavy environmental impact [9]. Predictions
show that energy use by nations with emerging economies will grow at an average annual
rate of 3.2% and will exceed by 2020 that for the developed countries at an average growing
rate of 1.1%. Energy consumption plays an important role in pipeline irrigation [10,11]. For
example, energy consumption is involved in the process of water extraction, transportation,
irrigation and drainage [12]. Various measures can be adopted to reduce energy consump-
tion during the operation of pressurized irrigation systems. The irrigation network design
should take into account the energy criterion for determining the optimum pipe diameter.
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Conversely, more efficient management and operation of irrigation systems can be achieved
using protocols and tools developed for assessing the performance using management
indicators [13].

The optimization of pipe diameter combination significantly influences the investment
of the whole system, leading to remarkable economic benefits [14]. Giménez et al. [15]
proposed a two-level dynamic programming method to optimize networks represented by
multistage graphs. Zhao et al. [16] constructed the mathematical optimization model of
the pipe diameter optimization for the overall synchronized optimization of the pipeline
layout and pipe diameter and achieved a total cost 27.5% lower than the empirical method.
Ma et al. [14] proposed the optimization method of the mechanical pressure micro-irrigation
pipe network system and established the mathematical model of the optimization design.
Accordingly, the annual cost of the optimal design scheme of the irrigation pipe network
has been reduced by 14%. According to various research results, optimizing the diameter
of the irrigation pipe network can provide significant economic benefits [17–20]. Diam-
eter optimization can realize the use of smaller diameter pipes to complete the system
construction and to reduce the construction cost of the irrigation system.

The variable speed drive (VSD) offers many advantages in the operation of centrifugal
pumps [21]. It can reduce or increase the pump head by adjusting the pump speed [22].
Lamaddalena et al. [23] and AitKadi et al. [24] indicated that about 20% and 25% of the
energy for pumping could be saved by variable-speed pumps in two Italian irrigation
districts and an irrigation district in Morocco, respectively. Díaz et al. [25] analyzed an
irrigation district in southern Spain equipped with variable-speed pumps and simulated
four alternative management scenarios for several water demand levels. In summary,
by adopting the operation frequency optimization technology, adjusting the speed of the
water pump, and matching the appropriate pump operating points for different irrigation
groups, the energy consumption of the pumping station can be reduced, and the sustainable
development of the irrigation system can be achieved [26,27].

The above research indicates that pipe diameter optimization and operating frequency
optimization can significantly reduce network and energy costs, respectively. The optimiza-
tion target of this paper is the irrigation cost as the sum of the annual network and energy
costs. A synchronization optimization model of pipe diameter and the operation frequency
is established and solved using the genetic algorithms (GA) [28–31], providing a design
reference for the PIN system.

2. Materials and Methods
2.1. Problem Description and Generalization

The PIN system consists of four parts: the water source, water intake works, irrigation
networks, and field irrigators. The irrigation networks are arranged according to the terrain,
water source, and water consumption. Due to their low cost and convenient maintenance,
branched networks have been widely utilized in agriculture [16]; this paper conducts
research on the networks. Figure 1 shows the schematic diagram of the branched networks.

Irrigation costs include the investment cost (this paper only considers the cost of the
pipe network, excluding equipment such as pumping stations) and the energy consumption
cost [2]. There is a non-strict inverse relationship between these two costs and the pipe
diameter. The network cost is positively related to the pipe diameter, and the energy
consumption cost is negatively related to the pipe diameter [26].

The pipeline network investment generally accounts for 70% of the total investment in
the irrigation system and determines the investment in the entire system. Plastic pipes such
as PVC or PE are usually employed for the PIN. With the increase in the pipe diameter, the
unit price of pipes usually increases exponentially [16]. Therefore, a reasonable reduction
of the pipe diameter can significantly reduce the investment cost of irrigation projects.

Furthermore, the energy consumption cost is mainly generated by the motor that
drives the pump, determined by the pump’s operating point. The pump’s operating point
will change during the entire irrigation process according to different pipeline resistances
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of different rotation irrigation sectoring [32,33]. When the pipeline resistance difference
between the rotation irrigation sectoring is relatively significant, the operating point de-
viation of different rotation irrigation sectoring will be more obvious. This often avoids
the water pump running at the optimal operating point, thus reducing the pump efficiency
and increasing unnecessary irrigation energy consumption. In order to adjust the working
point of the pump, the pump revolution speed can change the pump’s performance curve
based on VSD technology [26]. This technology can theoretically match the operating point
for each rotation irrigation sectoring to realize the low energy consumption operation of all
rotation irrigation sectoring.

Figure 1. The schematic diagram of the branched networks and irrigation sectoring.

2.2. Mathematical Models

The PIN design is a highly complex problem. Most of the optimization methods are
based on the pipe diameter optimization of the fixed speed pump [21]. Compared with the
traditional optimization of branch pipe diameter and operation frequency optimization,
this paper establishes a pipe diameter optimization model (PDM), an operation frequency
optimization model (OFM), and a synchronization optimization model of pipe diameter
and variable frequency (SOM) without changing the rotation irrigation sectoring, irrigation
amount, and pipe network layout.

The synchronization optimization of pipe diameter and operation frequency process
can be structured in four stages. First, mathematical models of PDM, OFM, and SOM are
established. In the second stage, various irrigation constraints are established according
to the engineering application requirements. In the third stage, the annual energy and
network costs are evaluated. Finally, the total costs of PDM and OFM are compared with
those of SOM.

Large-scale farmlands generally employ the rotation irrigation system [16]. The main
pipe adopts continuous irrigation. Valves control the branch pipe for rotation irrigation; that
is, the main pipe supplies water to the branch pipes according to the sequence of rotation
irrigation groups. Furthermore, considering engineering applications, the pump station
generally supplies water only to two branch pipes at the same node. In the proposed model,
the number of main pipes is 1, the number of main pipe segments is NM, the number of
branch pipes is N, and the number of branch pipe segments is NB. The number of hydrants
and branch pipe segments is the same. The numbering methods of branch pipes and main
pipe segments are shown in Figure 2. The division method of rotation irrigation sectoring
and the number of passes through the central pipe segment are shown in Table 1. The
branch pipes are numbered in sequence from the pump along the water flow direction.
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Figure 2. The schematic diagram of branch pipes number and main pipe segments number.

Table 1. Rotation irrigation sectoring and the number of main pipe segments between branch pipe
and pump.

Rotation irrigation sectoring number 1 2 3 4 5 N/2

Branch pipe number 1 3 5 7 9 . . . N−1
2 4 6 8 10 . . . N

The number of main pipe segments
between branch and pump 1 1 2 2 3 . . .

⌊
N−1

4

⌋
+ 1

In engineering applications, the branch pipe diameter will gradually decrease along
the flow direction to reduce investment. Furthermore, due to the different irrigation areas of
each hydrant, the discharge of each outlet is also different during the irrigation process [34].
Therefore, to obtain a reliable hydraulic model close to reality, the pipeline resistance
calculation should be performed for each pipe segment during the hydraulic calculation.
For the convenience of mathematical calculation, the branch pipe segments and hydrant
should be numbered. Figure 3 shows the branch pipe segments and hydrant numbers. The
branch pipe segments are numbered sequentially from the furthest hydrant in the opposite
direction of the water flow.

Figure 3. Schematic diagram of the branch pipe segments number and hydrant number.

2.2.1. Mathematical Model of Irrigation Cost

The PIN optimization mainly involves pipeline layout, pipe diameter selection, and
pump revolution speed [16,21]. This paper optimizes pipe diameter and operating fre-
quency (pump revolution), considering a constant pipeline layout. The pipe diameter
optimization aims to determine the branch pipe diameter, considering only one stan-
dard diameter for each branch pipe segment. Operating frequency optimization mainly
matches the most economical pump speed for the network characteristic curve of each
irrigation sectoring.
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PDM, OFM, and SOM are established in this paper. SOM can be simplified to PDM
without frequency optimization, and OFM can be obtained without pipe diameter optimiza-
tion. For the convenience of mathematical description, an irrigation system optimization
model is established to optimize pipe diameter and operation frequency with the mini-
mum annual cost of the rotary irrigation network as the objective function. The minimum
irrigation annual cost (including the annual network and energy costs) of the irrigation
system is considered the objective function, which is defined as follows:

min F =

[
r(1 + r)y

(1 + r)y − 1
+ B

] N

∑
i=1

NBi

∑
j=1

CijLij + µ ·
N/2

∑
i=1

ETi Hi

(
NB2i−1

∑
j=1

q2i−1,j +
NB2i
∑

j=1
q2i,j

)

367.2ηiηp
(1)

here, F is annual irrigation cost, Yuan/year; r is annual interest rate, %; y is depreciation
period; B is average annual maintenance rate, %; Cij is the price of branch pipe i segment
j, yaun/m; Lij is the length of branch pipe i segment j, yaun/m; µ energy consumption
correction coefficient based on experimental; E is the local electricity price, yaun/kW·h;
Ti is irrigation period of rotation irrigation sectoring i, h; Hi is pump outlet pressure of
rotation irrigation sectoring i, m; NBi is the number of pipe segments of branch pipe i; qi,j

is the hydrant discharge of branch pipe i segment j, m3/h; ηi is pump efficiency of the
rotation irrigation sectoring i, %; ηp is water utilization coefficient of pipeline system, %.

2.2.2. Constraint Conditions of the Model

• Irrigation period constraints

The irrigation period is determined according to the local irrigation test data and
national standards [35]. The rotation irrigation period should not be greater than the
designed irrigation period. Therefore, the following constraints are considered for the
rotation irrigation period:

N/2

∑
i=1

Ti ≤ Ts (2)

here, Ti is the irrigation period of the rotation irrigation sectoring i, h; Ts is the longest
irrigation period allowed by the project, h.

• Pipe diameter constraints

Along the direction of water discharge, the diameter of the pipe should gradually
decrease [16,36]. The pipe diameter constraint established are shown below:

di,j ≤ di,j+1 (3)

here, di,j is the diameter of branch pipe i segment j, mm.

• Velocity constraints

When the network has fertilization or application tasks, the velocity in the pipe is
0.6–2.0 m s−1 [36]. The flow depends on the velocity in a pipe and on the pipe diameter.
The velocity constraints are given by:

qi,j =
j

∑
j=1

9π · (1.4 · Rand + 0.6) · di,j
2

1× 104 (4)
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• Hydrant outlet pressure constraints

Since the most basic design principle of the irrigation network is that all hydrants have
a steady discharge, there should be no pressure deficit in the most remote hydrants [37].
Taking the hydrant working pressure at the end of all branch pipes in the rotation irri-
gation sectoring to meet the pressure conditions as constraints, the following constraints
are established:

hyei ≥ hyM (5)

here, hyei is the working pressure of the hydrant at the end of the branch pipe i, m; hyM is
the minimum working pressure of hydrant, m.

• Pump outlet pressure constraints

Each rotation irrigation sectoring in this study contains two branch pipes. Each
irrigation sectoring passes through various main pipe segments, resulting in different
irrigation sectoring with different main pipe dampers. Similarly, each rotation irrigation
sectoring has different branch pipe dampers. In order to meet the hydrant pressure of the
branch pipe with greater damping, the pressure calculation should be performed with a
branch pipe with high dampers. Thus, a general mathematical model should be established
to obtain the network inlet pressure of different irrigation sectoring. The network inlet
pressure consists of main dampers, branch dampers, and minimum hydrant working
pressure. Thus, the network inlet pressure model of different rotation irrigation sectoring
can be established according to the working pressure demand of the hydrant at the end of
the branch pipe.

hi = α ·max




NB2i
∑

j=1
f

j
∑

i=1
q2i,i

m

d2i,j
b l2i,j,

NB2i−1

∑
j=1

f

j
∑

i=1
q2i−1,i

m

d2i−1,j
b l2i−1,j




+
b 2i−1

4 c+1

∑
k=1

f

(
NB2i

∑
i=1

q2n,i+
NB2i−1

∑
i=1

q2i−1,i

)m

Dk
b Lk + hyM

(6)

here, hi is network inlet pressure of rotation irrigation sectoring i, m; α is drag coefficient
considering local hydraulic losses; f, m, b are friction coefficient, discharge coefficient, pipe
diameter coefficient, respectively; di,j is the diameter of the branch pipe i segment j, mm
(OFM is consistent with the parameters of the original pipe network); li,j is the length of the
branch pipe i segment j, m; Dk is the diameter of the main pipe segment k, mm; Lk is the
length of the main pipe k, m.

Each performance parameter of a pump is not isolated and static but interrelated and
mutually restrictive. This connection and restriction have certain regularity. A polynomial
curve usually represents the law of change between them [26]. A pump outlet pressure
model is established based on the inlet discharge of the pipe network:

Hbi =
4

∑
i=1


Bi, f

(
NB2i

∑
j=1

q2i,j +
NB2i−1

∑
j=1

q2i−1,j

)i−1

 (7)

here, Hbi is pump outlet pressure of rotation irrigation sectoring i, m; Bi,f is the polynomial
regression coefficient of frequency f in the rotation irrigation sectoring i (The f of PDM
remains unchanged and runs in 50 Hz power frequency).

This research model employs the farthest hydrant to calculate the network inlet
pressure. Since the pump outlet pressure may be less than the demand of the network inlet
pressure, the pump outlet pressure constraint is established as:

hi ≤ Hbi (8)
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• Pump efficiency constraints

Similar to the pump outlet pressure constraint, a polynomial regression model of
pump efficiency is established according to the inlet discharge of the pipe network.

Pbi =
4

∑
i=1


Ci, f

(
NB2i

∑
j=1

q2i,j +
NB2i−1

∑
j=1

q2i−1,j

)i−1

 (9)

here, Pbi is pump operating efficiency of rotation irrigation sectoring i, %; Ci,f is the polyno-
mial regression coefficient of frequency f in the rotation irrigation sectoring i.

2.3. Method of the Model Solving
2.3.1. Fitness Function Design of GA

GA is a computational model of the biological evolution process that simulates Dar-
win’s theory of biological evolution [38,39]. GA can iterate independently, allowing the
individuals to perform a natural selection of survival of the fittest, retaining better indi-
viduals, and excluding inferior individuals. Since the GA is based on selecting the best
individual, this paper employs the character to find the minimum irrigation cost.

The penalty function method is the most common and typical constraint processing
method [40]. Numerous constraints must be managed when solving models. Usually,
the penalty factor parameter setting is challenging and directly affects the search. The
unreasonable function will lead to problems such as falling into the local optimum solution,
too long calculation time, and instability.

The proposed model has five constraints, and the fitness function is established
as follows:

Ff it = F− λ1 ·max
(

N/2
∑

n= 1
Ti−Ts, 0

)
− λ2max(di − di+1, 0)

+λ3(min(hynmin − hyM, 0) + min(Hbn − hn, 0) + min(pbn, 0) + max(pbn − 1, 0))
(10)

here, Ffit is the fitness of the irrigation cost, λ is the penalty factor.
Irrigation period and pipe diameter constraints can accept inferior solutions. Their

order of magnitude is similar to irrigation cost to make the effective solution more stable.
Thus, the penalty function can range from 102 to 103. In order to meet the hydrant outlet
pressure constraints, pump outlet pressure constraints, and pump efficiency constraints,
the penalty factor for these constraints should be infinite.

2.3.2. Solution Process of the Model

This study employs the GA to solve PDM, OFM, and SOM. Figure 4 shows the basic
calculation flow chart of the GA. Compared with PDM and OFM, the SOM is a multifactorial
model. One of the optimization variables (pipe diameter or operating frequency) in the
SOM is chosen the same as the original system to convert SOM to PDM or OFM.
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Figure 4. The basic calculation flow chart of the GA.

3. Results
3.1. Basic Information

In order to assess the performance of the proposed method, it is applied to PIN
instances. The considered instances were obtained from the data from a real network in
an experimental field (33◦04′53.0′ ′ N 119◦52′55.8′ ′ W) in Jiangsu Province, China. The
irrigation area of the experimental field is about 30 hectares, the terrain is flat, rice and
wheat are planted, and the annual irrigation amount is about 950 mm. The pipe network
has many main pipe segments with a diameter of 400 mm and ten branch pipes. The pipes
used in the experimental field are U-PVC, The friction coefficient, discharge coefficient,
and pipe diameter coefficient are 94,800, 1.77, and 4.77, respectively. Each branch pipe
is distributed with multiple hydrants, and the interval of each hydrant is 40 m. Figure 5
shows the irrigation area of each hydrant, pipe network layout, length, and diameter of the
main pipe.

The irrigation network of the experimental field was designed and constructed more
than ten years ago, and the original pipe network was designed by the relatively advanced
economic flow method at that time [41,42]. Table 2 shows the diameters of all branch
pipe segments.

Through the investigation of pipeline manufacturers near the experimental field, the
latest pipe price is utilized in the model for calculation. The commercial diameters and
prices listed in Table 3 are utilized for all optimization modes.

In order to determine the operational performance of the pumping station and the pipe
network, the working condition confirmation was accomplished. The experimental system
construction is shown in Figure 6. There is a 0.2 s high-precision electric energy meter,
frequency converter, and motor in the irrigation system. The inlet pipe, pump, pressure
gauge, flowmeter, main pipe, valve, and branch pipe are ordered sequentially along the
water flow direction. The experimental procedure is: First, the pump’s performance (50 Hz)
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is evaluated by controlling the valve. Second, the output frequency of the inverter is
adjusted, the previous actions are repeated, and the pump performance curve is tested at
different frequencies, the polynomial regression coefficients of performance are shown in
Table 4.

Figure 5. Diagram of the experimental field.

Table 2. The diameters of all branch pipe segments in the experimental field. Since there are too
many pipe sections in the experimental field, in order to facilitate the mathematical description, this
paper describes the pipe sections as two-dimensional data. Sort by branch number and assign values
to all pipe segments of each branch.

Branch Pipe
Number

Branch Pipe Segment Number and the Corresponding Pipe Diameter (mm)

1 2 3 4 5 6 7

1 160 200 250 250 315 315 315
2 160 200 250 250 315 315 -
3 160 200 250 250 315 315 315
4 160 200 250 250 315 315 -
5 160 200 250 250 315 315 315
6 160 200 250 250 315 315 -
7 160 200 250 250 315 315 315
8 160 200 250 250 315 315 -
9 160 200 250 250 315 315 315
10 160 200 250 250 - - -

Table 3. Unit prices of commercial different pipes.

Unplasticized Polyvinyl Chloride (U-PVC) Pipes (with a Pressure Capacity of 0.6 MPa)

Outside diameter (mm) 140 160 200 250 315 400
Inner diameter (mm) 132.1 152.6 190.8 236.4 302.6 380.4
Unit price (Yuan/m) 28 37 56 90 142 232
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Figure 6. Schematic diagram of experimental system construction.

Table 4. The polynomial regression coefficient of the pump at the experimental site, since Bi,f and
Ci,f have two variables, is converted into a table of different coordinates for description, irrigation
sectoring (i), and operation frequency (f).

Irrigation
Sectoring (i) Operation Frequency (f)

s 50 49 48 47 . . . 42 41

B

1 21.1 20.26 19.45 18.64

. . .

14.89 14.19
2 −0.004611 −0.004519 −0.004427 −0.004334 −0.003873 −0.003781
3 −8.467 × 10−6 −8.467 × 10−6 −8.467 × 10−6 −8.467 × 10−6 −8.467 × 10−6 −8.467 × 10−6

4 −1.329 × 10−22 −4.025 × 10−17 −7.911 × 10−18 −1.066 × 10−17 3.556 × 10−17 7.502 × 10−17

C

1 −0.02273 0.02265 −0.02257 0.02248 0.02206 0.02197
2 0.002277 0.002316 0.002356 0.002397 0.002632 0.002685
3 −1.919 × 10−6 −1.919 × 10−6 −2.068 × 10−6 2.149 × 10−6 −2.64 × 10−6 2.758 × 10−6

4 3.97 × 10−10 4.203 × 10−10 4.455 × 10−10 4.729 × 10−10 6.493 × 10−10 6.95 × 10−10

The µ in the objective function (Equation (1)) should also be determined experimentally
to verify its accuracy. The designed experimental process is as follows: First, the equipment
in Figure 6 is employed to collect flow, pressure, running period, current, voltage, power
factor, and energy consumption. Next, the above values are substituted into formula 1 for
calculation, and the value of µ is determined based on the difference between theoretical
and actual values of F. This paper performs the field test of the energy consumption of
different pump operating points. Compared with the theoretical calculation, it is concluded
that the energy consumption correction coefficient is 1.05. This work substitutes this
coefficient into OFM and SOM to calculate energy consumption.

3.2. Optimization Results
3.2.1. Algorithm Results

The genetic genes of this algorithm are discharge of hydrant, branch pipe diameter,
and operating frequency. Figure 7 shows an iteration diagram of the hydrant discharge at
the end of branch pipe 1. It can be seen from the iteration map that the initial population
distribution of hydrant discharge is wide and covers all reasonable areas. After 20 iterations,
the optimal discharge range is reduced, while the optimal discharge of the hydrant value
becomes stable after 40 iterations. Similarly, the convergence of branch diameter and
operating frequency has a similar effect.
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Figure 7. Population distribution of hydrant discharge during iteration.

Since the dimensions of the three models in this work are not the same, the feasible
solution area is quite different. It is necessary to establish matching population sizes for
different models. The orders of magnitude of OFM, PDM, and SOM are 10, 50, and 500,
respectively. Therefore, to obtain better convergence, the designed population sizes are 1000,
2000, and 10,000. Figure 8 shows the model’s convergence iteration graph. Among them,
the number of iterations is 30, the crossover probability is 0.4, the mutation probability is
0.2, the penalty coefficients are λ1 = 100, λ2 = 100, λ3 = 10,000, the depreciation period is 50,
the annual interest rate is 8%, and the average annual maintenance rate is 3%.

Figure 8. Iterative graph of cost for different optimization models.

3.2.2. Calculation Results

As shown in Figure 1, the branches in the irrigation sectoring have the same number of
hydrants. However, asymmetry in the number of branch pipes often occurs in engineering
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applications. Therefore, when solving programming, the length of the non-existent branch
pipe segment should be set to 0, and its corresponding hydrant discharge should also be
set to 0.

Table 5 shows the pump operating performance and irrigation period for all irrigation
sectoring of different optimization models. PDM runs at power frequency (50 Hz), while
OFM and SOM run at variable frequencies.

Table 5. Operating frequency, pump performance and irrigation period for all irrigation sectoring of
different irrigation models.

Optimization
Model

Irrigation
Sectoring

Operating
Frequency

(Hz)

Pump Flow
(m3/h)

Pump Head
(m)

Pump
Efficiency

(%)

Irrigation
Period

(h)

PDM

1 50 844 11.2 81.6 5.1
2 50 555 15.9 76.3 9.7
3 50 626 14.9 79.4 8.3
4 50 646 14.6 80 8.7
5 50 673 14.2 80.7 6.1

OFM

1 42 593 9.6 79 8.4
2 41 636 8.3 79.3 8.1
3 45 727 9.6 80.4 7.1
4 41 612 8.7 79.2 9.3
5 44 644 10.2 75.5 7.6

SOM

1 50 579 15.6 77.5 8.6
2 48 642 13.1 80.1 8.2
3 43 581 10.4 78.8 8.2
4 48 545 14.5 76.4 10.7
5 43 593 12.3 79 6.5

Although both PDM and SOM optimize the pipe diameter, the SOM also optimizes
the operation frequency. There is a clear difference in their pipe diameter optimization
results, as shown in Table 6.

Table 6. The diameters of all branch pipe segments in the different irrigation models.

Optimization
Model

Branch Pipe
Number

Branch Pipe Segment Number

1 2 3 4 5 6 7

PDM

1 200 200 200 200 200 200 200
2 250 250 250 250 250 315 -
3 315 315 315 315 315 315 315
4 160 200 200 200 315 315 -
5 200 200 200 200 200 200 250
6 200 250 250 250 315 315 -
7 200 200 250 250 315 315 315
8 160 200 200 200 200 200 -
9 315 315 315 315 315 315 315

10 160 160 160 200 - - -

SOM

1 200 200 200 200 250 250 315
2 160 160 200 200 200 200 -
3 160 160 160 200 250 250 315
4 200 200 250 250 250 250 -
5 200 200 200 315 315 315 315
6 160 160 200 200 200 250 -
7 160 160 160 160 250 250 2
8 160 160 160 160 160 160 -
9 160 160 200 250 315 315 315

10 200 200 200 200 - - -
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4. Discussion

The irrigation cost is the sum of the network and energy costs. Figure 9 shows the
irrigation cost, including the network and energy costs of the original scheme and the three
model schemes. As shown in Figure 9, the annual irrigation costs from high to low are the
original scheme, OFM, PDM, and SOM. SOM can achieve a lower irrigation cost than OFM
and PDM.

Figure 9. Irrigation cost, network cost and energy cost of the original scheme, OFM, PDM, SOM.

From the perspective of irrigation cost, the cost of a pipe network is about five times
the energy consumption cost. Therefore, the pipe network optimization should reduce the
pipe network cost as much as possible to complete the irrigation, rather than requiring the
system to operate with lower energy consumption.

In order to compare the three optimization schemes with the original scheme, the
savings rates of the irrigation cost, the network cost, and the energy cost are shown in
Figure 10. A comparison between OFM and the original scheme indicates that the operation
frequency optimization can achieve an energy-saving rate of 9.3%. It is verified that variable
frequency drive optimization can reduce irrigation energy consumption [26,27]. However,
the irrigation cost is only reduced by 1.4%, reflecting that the energy-saving effect of
variable frequency drive is not apparent compared with the expensive pipe diameter cost.
Furthermore, the irrigation costs of PDM and SOM are reduced by 10.6% and 19.3, the
network costs are reduced by 18.1 and 19.3%, while the energy costs are increased by 31.7%
and 21.9%, respectively. Therefore, although irrigation cost reduces while reducing the
pipe diameter [7,16], it also has the detrimental effect of increasing energy consumption.
Finally, a comparison between PDM and SOM shows that adding frequency conversion
optimization can significantly reduce the irrigation cost, further reduction in the network
cost and the energy consumption.
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Figure 10. OFM, PDM, SOM compared with the original scheme, the saving rate of total irrigation
cost, pipe network cost and energy cost.

5. Conclusions

In this study, the pipe diameter optimization model and operation frequency opti-
mization model are established, and a synchronous optimization model for the selection of
the pipe diameter and variable frequency is proposed. The premise of this research is the
flattish terrain, for which the models are only applicable. If used in hilly areas, the terrain
should be used as an important constraint to modify the model. Taking the irrigation cost
of the sum of network costs and energy costs as the research objective and solving it using
GA. The algorithm converges after 20 iterations, and the calculation results are stable after
50 iterations. It is proved that the algorithm has strong adaptability and can be used to
solve symmetric and asymmetric PINs.

The market research and experimental results show that the annual network cost and
annual energy costs respectively account for about 5/6 and 1/6 of the annual total cost.
Therefore, the focus of piping optimization should be to reduce the cost of the pipeline
network as much as possible, rather than the low-energy operation of the system.

The traditional pipe diameter optimization and operating frequency optimization aim
to reduce network cost and operating energy consumption, respectively. The calculation
results of these two models show that the cost-saving rates of pipe diameter optimization
and frequency conversion optimization are 10.6% and 1.4%, respectively. It shows that
both optimization models can reduce the irrigation cost, but the optimization of the pipe
diameter can significantly reduce the cost of irrigation more than the optimization of the
operating frequency. The reason is that the cost-saving effect of variable frequency drive
will be weakened compared with the expensive pipe diameter cost.

Furthermore, compared with only the pipe diameter optimization and only the fre-
quency conversion optimization, the proposed synchronization optimization model can
significantly reduce the irrigation cost, while the saving rate increases from 1.4% and 10.6%
to 19.3%, respectively. It shows that the synchronization optimization proposed, adding
the frequency conversion optimization to the pipe diameter optimization, in this paper, has
more advantages in reducing irrigation costs than the traditional optimization.

486



Agriculture 2022, 12, 673

Author Contributions: Conceptualization, Y.P. and H.L.; methodology, Y.P. and P.T.; validation, Y.P.;
formal analysis, Y.P. and C.C.; investigation, Y.P. and C.C.; data curation, Y.P.; writing—original draft
preparation, Y.P.; writing—review and editing, P.T. and C.C.; visualization, Y.P.; supervision, P.T.;
project administration, Y.P. and H.L. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by National Natural Science Foundation of China, grant number
51939005; Key Research and Development Program of Jiangsu Province, grant number BE2021340;
Jiangsu Agriculture Science and Technology Innovation Fund, grant number CX(19)2040; Graduate
research and innovation plan project for the regular institution of higher learning in Jiangsu province,
grant number KYCX21_3355.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Afshar, M.H. Application of a max–min ant system to joint layout and size optimization of pipe networks. Eng. Optim. 2006, 38,

299–317. [CrossRef]
2. Alandí, P.P.; Álvarez, J.F.O.; Martín-Benito, J.M.T. Optimization of irrigation water distribution networks, layout included. Agric.

Water Manag. 2007, 88, 110–118. [CrossRef]
3. Caballero, J.A.; Ravagnani, M.A.S.S. Water distribution networks optimization considering unknown flow directions and pipe

diameters. Comput. Chem. Eng. 2019, 127, 41–48. [CrossRef]
4. Jiménez-Bello, M.A.; Martínez, F.; Soler, V.B.; Ayala, H.J. Methodology for grouping intakes of pressurised irrigation networks

into sectors to minimise energy consumption. Biosyst. Eng. 2010, 105, 429–438. [CrossRef]
5. Zhang, L.; Zhou, W.; Li, D. Research progress in irrigation mode selection of high-efficiency water-saving agriculture. J. Drain.

Irrig. Mach. Eng. 2019, 37, 447–453. [CrossRef]
6. Shiono, N.; Suzuki, H.; Saruwatari, Y. A dynamic programming approach for the pipe network layout problem. Eur. J. Oper. Res.

2019, 277, 52–61. [CrossRef]
7. Afshar, M.H. Evaluation of selection algorithms for simultaneous layout and pipe size optimization of water distribution network.

Sci. Iran. 2007, 14, 274–286. [CrossRef]
8. Boyne, G.G. The optimum design of fluid distribution networks with particular reference to low pressure gas distribution

networks. Int. J. Numer. Methods Eng. 2010, 5, 253–270. [CrossRef]
9. Pérez, L.; Ortiz, J.; Pout, C. A review on buildings energy consumption information. Energy Build. 2008, 40, 394–398. [CrossRef]
10. Li, X.; Zhang, C.; Huo, Z. Optimizing irrigation and drainage by considering agricultural hydrological process in arid farmland

with shallow groundwater. J. Hydrol. 2020, 585, 124785. [CrossRef]
11. Tsolas, S.D.; Karim, M.N.; Hasan, M.M.F. Optimization of water-energy nexus: A network representation-based graphical

approach. Appl. Energy 2018, 224, 230–250. [CrossRef]
12. Ren, C.; Xie, Z.; Zhang, Y.; Wei, X.; Wang, Y.; Sun, D. An improved interval multi-objective programming model for irrigation

water allocation by considering energy consumption under multiple uncertainties. J. Hydrol. 2021, 602, 126699. [CrossRef]
13. Córcoles, J.I.; de Juan, J.A.; Ortega, J.F.; Tarjuelo, J.M.; Moreno, M.A. Management evaluation of water users associations using

benchmarking techniques. Agric. Water Manag. 2010, 98, 1–11. [CrossRef]
14. Ma, P.H.; Hu, Y.J.; Liu, H.S.; Li, Y.N. Simultaneous optimization of micro-irrigation subunit layout and pipe diameter and analysis

of influencing factors. J. Hydraul. Eng. 2019, 50, 1350–1373. [CrossRef]
15. Giménez, J.L.; Calvet, J.L.; Alonso, A. A two-level dynamic programming method for the optimal design of sewerage networks.

IFAC Proc. Vol. 1995, 28, 537–542. [CrossRef]
16. Zhao, R.H.; He, W.Q.; Lou, Z.K.; Nie, W.B.; Ma, X.Y. Synchronization optimization of pipeline layout and pipe diameter selection

in a self-pressurized drip irrigation network system based on the genetic algorithm. Water 2019, 11, 489. [CrossRef]
17. Theocharis, M.E.; Tzimopoulos, C.D.; Sakellariou-Makrantonaki, M.A.; Yannopoulos, S.I.; Meletiou, I.K. Comparative calculation

of irrigation networks using Labye’s method, the linear programming method and a simplified nonlinear method. Math. Comput.
Model. 2010, 51, 286–299. [CrossRef]

18. Arai, Y.; Koizumi, A.; Inakazu, T.; Tamura, S. Optimized operation of water distribution system using multipurpose fuzzy LP
model. Water Sci. Technol. Water Supply 2013, 13, 66–73. [CrossRef]

19. Aghdam, K.M.; Mirzaee, I.; Pourmahmood, N.; Aghababa, M.P. Adaptive Mutated Momentum Shuffled Frog Leaping Algorithm
for Design of Water Distribution Networks. Arab. J. Sci. Eng. 2014, 39, 7717–7727. [CrossRef]

20. Bahoosh, S.; Bahoosh, R.; Haghighi, A. Development of a Self-Adaptive Ant Colony Optimization for Designing Pipe Networks.
Water Resour. Manag. 2019, 33, 4715–4729. [CrossRef]

487



Agriculture 2022, 12, 673

21. Lamaddalena, N.; Khila, S. Energy saving with variable speed pumps in on-demand irrigation systems. Irrig. Sci. 2012, 30,
157–166. [CrossRef]

22. Tolvanen, J. Saving energy with variable speed drives. World Pumps 2008, 501, 32–33. [CrossRef]
23. Lamaddalena, N.; Piccinni, A.F. Indexed characteristic curves of an irrigation network for the lifting plant design. Riv. Ing. Agrar.

1993, 24, 129–135. (In Italian)
24. AitKadi, M.; Lamaddalena, N.; Bouabe, Z.; El Yacoubi, Z. Study on the possibility of energy saving in an irrigation system

equipped with pumping station. Riv. Irrig. Dren. 1998, 45, 25–30.
25. Díaz, J.A.R.; Luque, R.L.; Cobo, M.T.C.; Montesinos, P.; Poyato, E.C. Exploring energy saving scenarios for on-demand pressurised

irrigation networks. Biosyst. Eng. 2009, 104, 552–561. [CrossRef]
26. Camoirano, R.; Dellepiane, G. Variable frequency drives for MSF desalination plant and associated pumping stations. Desalination

2005, 182, 53–65. [CrossRef]
27. Mahmoudi, M.; Dehghan, M.; Haghgou, H.; Keyanpour-Rad, M. Techno-economic performance of photovoltaic-powered

air-Conditioning heat pumps with variable-speed and fixed-speed compression systems. Sustain. Energy Technol. Assess. 2021, 45,
101–113. [CrossRef]

28. Simpson, A.R.; Goldberg, D.E. Pipeline optimization via genetic algorithms: From theory to practice. In Water Pipeline Systems;
Mechanical Engineering Publication: London, UK, 1994; pp. 309–320.

29. Zheng, F.; Simpson, A.R.; Zecchin, A.C. A decomposition and multistage optimization approach applied to the optimization of
water distribution systems with multiple supply sources. Water Resour. Res. 2013, 49, 380–399. [CrossRef]

30. Zhan, H.; Yang, J.J.; Ding, Y.C. Improved Genetic Algorithm for Optimization of Multi-Source Pumping Tree-Type Pipe Network.
Adv. Mater. Res. 2011, 402, 738–741. [CrossRef]

31. Sui, H.; Niu, W. Branch-Pipe-Routing Approach for Ships Using Improved Genetic Algorithm. Front. Mech. Eng. 2016, 11, 316–323.
[CrossRef]

32. Abadia, R.; Rocamora, C.; Ruiz, A.; Puerto, H. Energy efficiency in irrigation distribution networks i: Theory. Biosyst. Eng. 2008,
101, 21–27. [CrossRef]

33. Abadia, R.; Rocamora, C.; Vera, J. Energy efficiency in irrigation distribution networks II: 1pplications. Biosyst. Eng. 2012, 111,
398–411. [CrossRef]

34. Planells, P.P.; Tarjuelo, J.M.; Ortega, J.F.; Casanova, M.I. Design of water distribution networks for on-demand irrigation. Irrig. Sci.
2001, 20, 189–201. [CrossRef]

35. GB/T 20203-2017. Technical Specification for Irrigation Projects with Pipe Conveyance (in China). 2017. AQSIQ, SAC. Available
online: http://std.samr.gov.cn/gb/search/gbDetailed?id=5DDA8BA1F40718DEE05397BE0A0A95A7 (accessed on 5 May 2022).

36. Lapo, C.M.; Pérez-García, R.; Izquierdo, J.; Ayala-Cabrera, D. Hybrid optimization proposal for the design of collective on-rotation
operating irrigation networks. Procedia Eng. 2017, 186, 530–536. [CrossRef]

37. Maier, H.R.; Simpson, A.R.; Zecchin, A.C.; Foong, W.K.; Phang, K.Y.; Seah, H.Y.; Tan, C.L. Ant Colony Optimization for Design of
Water Distribution Systems. J. Water Resour. Plan. Manag. 2003, 129, 200–209. [CrossRef]

38. Aguilar-Rivera, R.; Valenzuela-Rendón, M.; Rodríguez-Ortiz, J.J. Genetic Algorithms and Darwinian Approaches in Financial
Applications: A Survey. Expert Syst. Appl. 2015, 42, 7684–7697. [CrossRef]

39. Slowik, A.; Kwasnicka, H. Evolutionary Algorithms and Their Applications to Engineering Problems. Neural Comput. Appl. 2020,
32, 12363–12379. [CrossRef]

40. Deb, K. An efficient constraint handling method for genetic algorithms. Comput. Methods Appl. Mech. Eng. 2000, 186, 311–338.
[CrossRef]

41. Wang, X.K.; Cai, H.J. Multi-group genetic algorithms for optimization of pumping tree pipe network. Trans. Chin. Soc. Agric.
Mach. 2004, 6, 20–22.

42. Wang, X.K. Optimization of pumping tree pipe network by using annealing-genetic algorithms based on infeasible degree. Trans.
Chin. Soc. Agric. Mach. 2009, 40, 63–67.

488



Citation: Jiao, W.; Li, Z.; Cheng, L.;

Wang, Y.; Zhang, B. Study on the

Hydraulic and Energy Loss

Characteristics of the Agricultural

Pumping Station Caused by

Hydraulic Structures. Agriculture

2022, 12, 1770. https://doi.org/

10.3390/agriculture12111770

Academic Editors: Muhammad

Sultan, Redmond R. Shamshiri, Md

Shamim Ahamed and

Muhammad Farooq

Received: 27 September 2022

Accepted: 22 October 2022

Published: 25 October 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

agriculture

Article

Study on the Hydraulic and Energy Loss Characteristics of the
Agricultural Pumping Station Caused by Hydraulic Structures
Weixuan Jiao, Zhishuang Li, Li Cheng *, Yuqi Wang and Bowen Zhang

College of Hydraulic Science and Engineering, Yangzhou University, Yangzhou 214000, China
* Correspondence: chengli@yzu.edu.cn

Abstract: The pumping station is an important part of the agricultural irrigation and drainage system.
The sump is one of the common water inlet types of agricultural pumping stations. In the sump, to
facilitate the installation and maintenance of equipment, some hydraulic structures, such as pump
beams, maintenance platforms and chest walls, are added to the sump. At present, the impact of
hydraulic structures in the sump on the hydraulic performance of the pump device is not clear,
so this paper focused on the impact of hydraulic structures on the hydraulic characteristics and
entropy generation characteristics of the pump device by using numerical simulation methods. The
results showed that the installation of hydraulic structures in the sump has the greatest impact on
the efficiency of the pump device. The efficiency coefficient increased after adding a pump beam in
the sump and decreased by about 2% after adding a maintenance platform and a water retaining
chest wall. Results also showed that the installation of hydraulic structures in the sump will lead
to uneven distribution of entropy generation in the sump, especially in the vicinity of the hydraulic
structures. The installation of the maintenance platform and chest wall will lead to the increase of
the total entropy generation in the sump, which also means that the hydraulic loss in the sump will
increase accordingly. Hence, in addition to the pump beam, other structures should be avoided in
the sump.

Keywords: agricultural engineering; irrigation and drainage system; pumping station; sump; hydraulic
characteristics; entropy production

1. Introduction

Irrigation and drainage system refers to the farmland water conservancy facilities that
transport water from the irrigation water source to the field through irrigation channels
(pipes) and buildings at all levels and drain the surplus water from the field through
drainage ditches at all levels. When the water level of the irrigation water source is lower
than the farmland surface, a pumping station needs to be built for water-lifting irrigation.
Therefore, the pumping station is an important part of farmland irrigation and drainage
systems. With the continuous acceleration of China’s modernization, pumping station
engineering in China has been dramatically developed. Small- and medium-sized irriga-
tion and drainage pumping stations are widely used in agricultural irrigation and water
drainage and have contributed significantly to the improvement of agricultural production
conditions and China’s modernization.

An open sump is a pumping station inlet building with a free water surface suction
pipe to directly absorb water, which is the most common form of inlet in small and medium-
sized pumping stations. The main function of the pumping station sump is to regulate the
flow pattern in the sump and provide better inlet conditions for the pump inlet. Uneven
flow distribution in the sump, or the emergence of a vortex sump, will not only significantly
increase energy loss, affecting the device’s efficiency, but also may lead to vibration of the
pump device, so that it cannot work correctly. Only good inlet conditions can ensure the
safe and efficient operation of the pump. Therefore, in order to improve the operation
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efficiency of the agricultural irrigation pumping station and achieve the goal of energy
saving and consumption reduction, it is necessary to study the hydraulic characteristics of
the sump of the irrigation pumping station.

The sump in the actual project is widely used, so many experts and scholars on the
open type into the sump have carried out a significant amount of experimental research,
accessing many valuable results, and applied these to engineering practices. In 1998, Con-
stantinescu et al. [1] simulated the flow field in a rectangular sump and accurately obtained
the length and position of the vortex. Wang et al. [2] used the CFD method to simulate
the three-dimensional turbulent flow in the coupled half-elbow sump of a large diameter
axial flow pump, and found that there were increases in an obvious reflux phenomenon
in the half-elbow sump and strong flow inhomogeneity at the outlet of the sump. Based
on Reynolds shear stress distribution, a simplified Navier–Stokes equation, and a turbu-
lent kinetic energy transport equation, Xi et al. [3] analyzed the formation mechanism of
asymmetrically attached vortices in the side pump sump. Padmanabhan et al. [4] analyzed
the scale effect of the experimental model of inflow flow. Denny et al. [5] systematically
studied the vortex problem in the sump. Ansar et al. [6] analyzed in detail the flow patterns
of the pump in the rectangular sump, with and without tangential reflux. With the emer-
gence of modern flow testing technologies such as PIV and LDV, visualization of the flow
field in pimps and pump devices has become the development direction of experimental
research [7,8]. To sum up, experts and scholars have conducted a significant amount of
research on the flow characteristics of the sump in pumping stations using numerical simu-
lations and experimental methods, and research results have significantly guided practical
projects. However, the actual engineering design often increases part of the structure in the
sump to facilitate the installation and maintenance of equipment. After these structures are
arranged, their influence on the flow pattern of the sump and the performance of the pump
device is still unclear.

Helios et al. [9] presented an implementation of entropy generation analysis in the
main flow field of a water jet pump via the CFD method. Yang et al. [10] obtained the
result that the entropy production rate in the impeller is the highest among the components
in the pump. With the increase in flow rate, the proportion of entropy generation of
the impeller to the total value of the pump device increases continuously. Pei et al. [11]
used the entropy generation method based on numerical results to assess the impact of
distance on the internal flow loss distribution and overall power loss to gain a better
understanding of the hydraulic loss mechanism. Fabian et al. [12] systematically analyzed
the entropy generation of incompressible turbulent shear flows in Newtonian fluids and
incorporated it into computational fluid dynamics programs. Zhou et al. [13] reviewed
entropy generation in the pump flow, including energy loss analysis, design optimization,
cavitation analysis, and fault diagnosis. Different perspectives were presented for future
works and introduced to other methods such as kinetic energy dissipation theory to obtain
procedures that reveal energy loss to improve the pump performance and try to understand
the causes of pump failure. This review provided theoretical guidance for optimal design
and assessment of the operational conditions in terms of irreversible flow losses in the
pumps. Hou et al. [14] used the Reynolds stress turbulence model and energy equation
model to numerically simulate 3D steady-state flow and calculate entropy generation
through user-defined function codes. The range analysis was made to identify the optimal
case indicating that a combination of local entropy production and orthogonal design is
feasible for pump optimization. Using the results of direct numerical simulations, Donald
M. McCeligot et al. [15] studied the entropy generated by friction in turbulent viscous
layers with significant flow pressure gradients, including boundary layers and channels.
About two-thirds or more of the entropy production per device surface area occurred
there. Increasing the pressure gradient increased the direct dissipation and decreased
the turbulent dissipation (in wall coordinates). Ghasemi et al. [16] studied the process
of entropy generation in the by-pass transition scenario of a plate boundary layer. Here,
transition occurred prematurely due to strong levels of free-stream turbulence. Reynolds-
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Averaged Navier–Stokes (RANS) models and direct numerical simulations (DNS) were
implemented to comprehensively study the local entropy generation and energy dissipation
in pre-transitional and transitional regions. Guan et al. [17] analyzed the energy loss of
double-suction centrifugal pumps by entropy generation theory. The numerical simulation
results, verified by experiments, indicated that the difference in total entropy production
under different flow rates is mainly affected by the entropy production in the central flow
region. To explore the energy loss mechanism of PAT under different flow conditions,
Lin et al. [18] used the entropy dissipation method to calculate the energy loss of each part
of PAT, which could not only accurately calculate the energy loss but also diagnose the
location and way of hydraulic loss. An et al. [19] applied the theory of entropy generation
to the flow of a turbine and quantitatively analyzed the hydraulic loss characteristics of
the turbine. Based on numerical simulation, Li et al. [20] introduced entropy generation
theory to determine the flow loss of the whole passage. The variation of entropy production
under different guide vane openings is presented. Zhang et al. [21] analyzed the energy
dissipation mechanism of axial flow pump stations under reverse power generation using
by entropy production method. In order to demonstrate the internal energy loss mechanism
of the axial-flow pump, Yang et al. [22] calculated the energy loss of the total conduit of
the pump device using the entropy generation method, and clarified the internal energy
loss mechanism of the pump device. It can be seen that entropy generation theory has been
widely used in the energy loss of hydraulic machinery. However, there are few studies on
the entropy generation characteristics of the sump in the pumping station. In particular, the
influence of the increase of hydraulic structures on the entropy generation characteristics
of the sump is not clear.

At present, experts and scholars mainly focus on the analysis of internal flow char-
acteristics, optimization of geometric parameters, and vortex control in the sump of the
pumping station. Research on the common hydraulic structures in the sump is scarce.
Because there are many different hydraulic structures in the sumps of actual pumping
station projects, their influence on the flow characteristics in the sump and the hydraulic
performance of the pump device cannot be ignored. Hence, this paper studied the influence
of different hydraulic structures on the hydraulic characteristics and energy characteristics
of the sump based on the steady control equations of incompressible fluid and the RNG
k-ε turbulence model. The main contents include the following aspects: (1) The hydraulic
performance curves of pump devices under different structure forms were obtained by
calculation, the reasons for the formation of different curves were analyzed, and relevant
suggestions are put forward; (2) Through numerical simulation of the pump device under
different structure forms, the causes of the formation of different flow states were analyzed
and combined with the weighted average angle and the velocity uniformity of further
analysis, and a reasonable layout of the structure was proposed for engineering design
reference; (3) Based on the entropy generation theory, a flow loss analysis of the sump
with additional structures was carried out to obtain the structure layout plan with the
minimum loss, the reason for the change of entropy generation, and the variation amplitude
and proportion of different entropy generation were analyzed. This study can provide a
reference for choosing different forms of hydraulic structures in practical engineering.

2. Numerical Calculation
2.1. Modeling case and Research Content

In this paper, a typical axial flow pumping station with ω-shaped back wall form was
used as a model, and a sump with the pump was used as the research object. The design
flow rate of the axial flow pump station is 2.6 m3/s, and two 700ZLB-125 axial flow pumps
are installed in the pumping station. The sump inside the pumping station is symmetrically
distributed, the unilateral sump is 2.5 m wide and 2.0 m deep. The pump and suction pipe
are placed in the sump, as shown in Figure 1a. This case is the prototype case. Because
of the actual needs of the project, the pump beam is often added to the sump. The cross
section of the pump beam is a rectangle of 0.35 m × 0.45 m, as shown in Figure 1b. To
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facilitate the installation and maintenance of equipment, the pump beam will generally
be widened to build a maintenance platform. The side length of the overhaul platform is
1.9 m and the height is 0.4 m, as shown in Figure 1c, as shown in Figure 1c. Some will set
up a retaining parapet at the inlet of the sump, and the cross section of the chest wall is a
rectangle of 0.32 m × 0.35 m, as shown in Figure 1d.

Figure 1. Design case of entering sump structure.

2.2. Governing Equation

The water flow in the open sump is in a complex three-dimensional turbulent state.
This paper uses the continuity equation based on incompressible fluid and the time-
averaged Reynolds equation (RANS equation), and the RNG k-ε model was used for
the turbulence model. Several studies [23,24] have revealed that the RNG k-ε model can
predict the swirling flow and vortex flow very well, and has good applicability in the flow
field of the axial flow pump.

2.3. Generation of the Computational Grid

As shown in Figure 2, the entire computational domain was generated with hexahedral
elements. The grid of the sump and impeller is presented in Figure 2. ICEM CFD software
was utilized to mesh the sump, impeller, guide vanes, pipes, and outlet sump. When
meshing the computational domain, the minimum angle of the grid was maintained

492



Agriculture 2022, 12, 1770

with a degree not less than 12◦. The guide vane, the impeller, and the clearance meshed
periodically. The poor-quality mesh was eliminated in this study through mesh refinement
and Y-type mesh generation to ensure the grid quality of the pump device. In order to
ensure the calculation accuracy, the mesh density of impeller and guide vane is encrypted.
Since different turbulence models have different requirements on the grid y+ input value,
the RNG k-ε model adopted in this paper requires the y+ leaf value to be between 30 and
100. Since the calculation model includes the impeller, the mesh quality at the impeller has
a great influence on the calculation results. The y+ appreciation of the grid at the impeller
was analyzed, and the y+ value of the grid at the impeller was between 36.5 and 81.3.
The y+ value in the overall calculation domain is between 30 and 100, which meets the
requirements of RNG k-ε model.

Figure 2. Grid division.

2.4. Grid Independence Analysis

The grid independence of the pump device is analyzed under the design flow con-
dition. The numerical simulation was carried out under 9 cases of 3 million, 4 million,
5 million, 6 million, 7 million, 8 million, 9 million, 10 million, and 11 million respectively.
As shown in Figure 3, the head is selected as the grid independence analysis index. It can
be seen from the figure that with the increase in the number of grids, the head of the pump
device shows a dynamic increasing trend, and tends to be stable after the number of grids
reaches 9 million. Too many grids will consume computing resources, and too few grids
cannot guarantee the accuracy of computing. Therefore, the number of grids for the pump
device is finally determined to be 9 million.

Figure 3. Grid independence analysis.

2.5. Boundary Condition Setting

The inlet is set at the upstream of the sump, and the incoming flow is considered to be
uniform. The inlet of the forebay is set as the inlet boundary of the entire computational
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domain, and mass flow rate is adopted as the inlet boundary condition. The nominal
turbulence intensities (with a value equal to 5%) are used at the inlet boundary. The
outlet of the outlet sump is set as the outlet boundary. An average static pressure outlet
boundary condition is applied with 1 atm at the outlet. No-slip condition was applied at
solid boundaries. The interfaces between the rotational impeller and static domain are
set as the frozen stage condition. A multi-reference frame model is used to deal with the
dynamic and static interface to ensure the continuity of the interface. The surface of the
sump and outlet sump is a free water surface. The free surface remained almost unchanged,
so the rigid-lid (RL) assumption method was used to process the free surface, and it was
set as a symmetrical surface. The convergence precision is set to 10−5.

3. Entropy production theory

To analyze the energy loss after the addition of structures in the sump, the entropy
production calculation is performed in this paper. Entropy production is a phenomenon
caused by the inevitable irreversibility of the actual fluid mechanical operation, mainly
consisting of heat transfer entropy production and dissipation entropy production because
the temperature remains almost constant throughout the flow process, so only the entropy
production changes caused by dissipation are considered here. Zhang et al. [25] used the
following entropy production theory in their study of flow loss in vertical shaft cross-flow
pumps. In the general turbulent motion, dissipative entropy production mainly has three
parts, the following are recorded S′, S′′, S′′′, one for the turbulent direct dissipative entropy
production S′, the average velocity primarily causes this part of the entropy production;
two for the turbulent energy dissipation caused by the entropy production S′′, this part
is mainly caused by the pulsation velocity; the first two are collectively referred to as the
mainstream area entropy production S′′; three is generated by the water flow and wall
friction and wall entropy production S′′′; the sum of the three is the total dissipative entropy
production S.

The entropy production
·
S is defined as (1):

·
S =

·
Q
t

(1)

where
·

Q is the energy dissipation rate (W/m3), t is the temperature, and its value is taken
as 298.15 K, i.e., 25 ◦C, for the calculation.

The direct dissipation entropy production
·

S′ generated by the time-averaged velocity
can be found by the following Equation (2):

·
S′ =

2µ

t
[(

∂u
∂x

)
2
+ (
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2
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2
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2
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2
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where, µ is the kinematic viscosity (Pa·s); u, v, w is the component of the time-averaged
velocity in the x, y, and z directions (m/s).

The entropy production
·

S′ is integrated into the requested region, which leads to the
direct dissipation of entropy production as (3):

S′ =
∫

V

·
S′dV (3)

where, V is the volume of the calculation domain (m3).

The entropy production resulting from turbulent dissipation
·

S′′ due to pulsating
velocity is calculated as follows (4):

·
S′′ =

ρε

t
(4)

494



Agriculture 2022, 12, 1770

where: ε is the turbulent kinetic energy dissipation rate (m2/s3).

Integrating the entropy production
·

S′′ over the desired region gives the direct dissipa-
tive entropy production as (5):

S′′ =
∫

V

·
S′′dV (5)

The wall entropy production
·

S′′′ generated by wall friction is calculated as follows (6):

·
S′′′ =

τ·v
t

(6)

where, τ is the wall shear stress, Pa; v is the relative velocity vector at the center of the first
grid layer in the wall area (m/s).

The entropy production is integrated into the requested region. Thus the wall entropy
production is obtained as (7):

S′′′ =
∫

A

·
S′′′dA (7)

where: A is the calculated domain surface area (m2).

4. Results and Discussion
4.1. External Characteristics

The impact of the structure in the open sump on the pump device is reflected in
the influence on the efficiency and head. In different cases, the structure’s influence on
the pump device’s performance is obtained through the comparison and analysis of the
head ~ flow curve and efficiency ~ flow curve of the pump device in different cases.

In this paper, the influence of different structures on the performance of the pump
device in the open sump is studied by numerical simulation. To facilitate comparison with
the test results, the flow coefficient KQ, head coefficient KHS and efficiency Kη were used to
analyze the calculation results with the following equations.

KQ =
Q

ND3 (8)

where: Q is the volume flow rate in (m3/s); N is the pump speed (rad/s); D is the impeller
inlet diameter (m).

HS = (Pins − Pouts)/ρg (9)

where: HS is the pump head (m); Pins and Pouts are the inlet and outlet static pressures
(Pa); ρ is the density of water, taken as 103 kg/m3; g is the acceleration of gravity, taken as
9.81 m/s2.

KHS =
gHS

(ND)2 (10)

HT = (Pint − Pout)/ρg (11)

where: HT is the total head (m; Pint is the total pump inlet pressure (Pa); Pout is the total
pump outlet pressure (Pa).

Psha f t =
2πTN

1000 · 60
(12)

η =
ρgQHT

P
(13)

η =
9550ρgQHT

TN
(14)
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Kη =
gη

N3D5 (15)

where Pint is the total pump inlet pressure (Pa); Pout is the total pump outlet pressure (Pa); η
is the pump efficiency; T is the torque on the impeller in N·m; Pshaft is the shaft power (kW).

Figures 4 and 5 show the performance curves of pump devices with different structure
cases. According to the KQ~ KHS curves of the four cases in Figure 4, the head coefficient
increases with the flow rate decreases. When reduced to a certain flow rate, the head
increases slowly, but beyond this area, the head rises sharply again. To further explore the
influence of different structures on the performance of the pump device, the KQ~ KHS and
KQ~Kη curves of different cases are compared.

Figure 4. Efficiency ~ flow rate curves.

Figure 5. Head ~ flow rate curves.

It can be seen from the Figure 4, the KQ~Kη curves of the pump device are approx-
imately the same under different construction conditions, and the efficiency coefficient
increases and then decreases with the rise of the flow coefficient. The highest efficiency
point is reached around the design flow rate. In the case of the design flow coefficient, the
efficiency coefficients of case 1 and case 2 are similar. The efficiency coefficients of case 3 are
slightly lower than those of the prototype. By comparing the four sets of data, it is easy to
find that the installation of a maintenance platform in the sump has the greatest impact on
the hydraulic performance of the pump device. The efficiency coefficient increased after
adding a pump beam in the sump and decreased by about 2% after adding a maintenance
platform and a water retaining chest wall.

It can be seen from Figure 5 that the KQ~KHS curves of the pump device are roughly
the same under different construction conditions. Under large flow, the head coefficient
KHS is small. When the flow rate is small, the head coefficient is significant. Case 1 is close
to case 2, and case 3 and case 4 have slightly lower head coefficients than the prototype. To
sum up, the structure of the sump affects the efficiency of the pump device, and the impact
on the head is negligible.

4.2. Internal Characteristics

The sump is the installation of a water pump inlet pipe building, general requirements
into the sump hydraulic design should meet two conditions: one is the sump water flow
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smooth, the hydraulic loss is slight, no harmful vortex, to ensure that the pump device
does not produce performance deterioration and mechanical vibration; Second, the velocity
distribution of inlet section of pump impeller chamber is uniform and perpendicular to the
area to ensure that the pump device reaches its best operating condition. For this reason, in
this paper, the flow analysis is carried out mainly at the longitudinal section of the sump,
and the axial velocity analysis at the pump inlet through numerical simulation.

4.2.1. Longitudinal Profile Flow Analysis

As seen from Figure 6a, when the sump is without the hydraulic structures, the flow
pattern in the sump is stable and the streamline is smooth. However, due to the barrier
effect of the wall at the back wall, it is easy to form backflow at the back wall.

Figure 6. Contour of velocity distribution in longitudinal profile of the sump.

As seen from Figure 6b, when the pump beam is added to the sump, the influence
of the pump beam on the streamline and velocity distribution in the sump can be almost
ignored. Since the water space at the ω-shaped back wall is squeezed, and the original
water structure is broken after the pump beam is added, the backflow at the back wall is
difficult to form and the velocity distribution is more uniform.

As seen from Figure 6c, when the maintenance platform is added to the sump, the
velocity distribution in the sump becomes uneven, and the transverse vortex is easy to
form under the maintenance platform at the inlet side. Since the vortex occurs close to
the inlet of the pump, it is very easy to be sucked in by the pump, thus aggravating the
cavitation of the pump and affecting the safe operation of the pump. After the maintenance
platform is installed at the ω-shaped rear wall, although the maintenance platform also
breaks the original water structure, it also blocks the flow of water, leading to more chaotic
flow patterns.

As seen from Figure 6d, after the additional chest wall, there is a vortex after the chest
wall, affected by the vertical extrusion of the chest wall, the water flow in the middle of the
sump can only enter the flapper pipe from the front half of the inlet pipe together with the
lower water flow, and the water flow in the near-wall area goes around to the back of the
inlet pipe and forms a backflow in the platform above the ω-shaped back wall after the
inlet pipe, which affects the stable operation of the pump.

4.2.2. Flow state analysis of bell mouth

The bell mouth is the only channel for water flow into the pump in the sump, so the
flow state at the bell mouth directly affects the performance of the pump. Figure 7 shows
the distribution of streamline at the bottom of the sump. It can be seen from Figure 7a that
the water flow at the bottom of the sump enters the bell mouth evenly from around the
bell mouth. The streamline distribution is relatively uniform. The overall water flow in the
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sump is stable without an adverse flow pattern. As shown in Figure 7b, when the pump
beam is added to the sump, the flow pattern in the sump is almost unaffected. At this
time, the water at the bell mouth is still evenly flowing into the bell mouth from around,
but the streamline at the bell mouth is slightly disordered. As shown in Figure 7c, when
the maintenance platform is added to the sump, the flow pattern distribution in the sump
starts to become uneven, and the streamline at the inlet of the bell mouth starts to become
disordered. As shown in Figure 7c, when the chest wall is added to the sump, the upper
water flow in the sump will be disturbed greatly and the flow pattern will be uneven due
to the water blocking of the chest wall. In particular, the water inlet state at the bell mouth
changes from uniform water inlet in four directions to water inlet in three directions.

Figure 7. Streamlines distribution in the sump under different cases.

The uniformity of the velocity distribution and weighted velocity average swirl angle
are important indexes to describe the flow pattern at the inlet of the bell mouth. The
uniformity of the velocity distribution at the impeller inlet section is represented by the
axial velocity distribution coefficient Vu. The axial velocity distribution is best when its
coefficient is closer to 100%. The following formula is used to calculate Vu:

Vu =


1− 1

va

√
∑ (vai − va)

2

m


× 100% (16)

where vai is the axial velocity of each element of the calculated section (m/s), va is the
averaged axial velocity of the calculated section (m/s), and m is the number of cells of the
calculated section.
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The weighted velocity average swirl angle θ is used to measure the inflow conditions
of the impeller. The flow angle perpendicular to the impeller inlet section is better when θ
is closer to 90◦. The following formula is used to calculate θ:

θ =

n
∑

i=1

[
vai

(
90− arctan vti

vai

)]

n
∑

i=1
vai

(17)

where vti is the tangential velocity of each element of the calculated section (m/s).
Figure 8 shows the uniformity of the velocity distribution and the weighted velocity

average swirl angle of the bell mouth inlet for different cases at design flow rates, from
which it can be seen that:

Figure 8. The uniformity of the velocity distribution and weighted velocity average swirl angle at the
bell mouth inlet.

The addition of structures in the sump has an obvious influence on the weighted aver-
age angle at the inlet of the bell mouth, but has little influence on the velocity distribution
at the inlet of the bell mouth. This is also consistent with the previous research results.
Compared with the prototype case, the weighted average angle of the other three cases has
a significant decrease, which indicates that the addition of the structure will have a certain
impact on flow pattern of the sump, which may cause some hydraulic losses. Unlike flow
uniformity, adding structures in the sump will affect the weighted average angle of the
bell mouth inlet. The weighted average angle of 86.80◦ for the prototype case, 73.30◦ for
case 2e, 73.19◦ for case 3, and 73.17◦ for case 4. The installation of structures in the sump
has little impact on the velocity distribution, but has a greater impact on the angle of the
pumped water flow. This is mainly because the installation of structures will break the
original water structure, hinder the flow of water, and cause the angle of the pumped water
flow to deflect.

4.3. Entropy Production
4.3.1. Entropy Production Distribution Characteristic

Figure 9 shows the entropy production of various cases in the sump under the designed
flow rate. From Figure 9, it can be seen that the total entropy production of case 2 is slightly
smaller than that of the prototype, the total entropy production of case 3 is significantly
larger than that of the prototype, and the total entropy production of case 4 is slightly
increased compared with that of the prototype. It indicates that adding pump beams in the
sump will reduce the energy loss in the sump, while adding maintenance platforms and
water retaining chest walls in the sump will increase the energy loss in the sump.
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Figure 9. Dissipation entropy production value of each case.

The reasons for the change in entropy production are further analyzed according to
Table 1. The total entropy production value of case 2 is 0.28 W·K−1 lower than that of the
prototype case, in which the direct dissipation entropy production and turbulent energy
dissipation entropy production are slightly reduced compared to the prototype case, but
the wall dissipation entropy production increases compared to the prototype case. With
the addition of the pump beam, the turbulent flow losses in the sump are reduced, but
the entropy production from the friction between the water flow and the wall surface is
increased. The entropy production of all parts of case 3 increased significantly compared
to the prototype case, which indicates that the addition of an access platform in the sump
has a greater impact on the energy loss in the sump. The total entropy production value of
case 4 is slightly greater than the prototype case, in which the direct dissipation entropy
production is smaller than the prototype case, and the turbulent motion entropy production
and wall entropy production are greater than the prototype case, which indicates that the
additional water retaining chest wall in the sump has a certain effect on the flow loss in
the sump.

Table 1. Dissipation entropy production of each case.

Case

Entropy Production Value (W·K−1)

Direct Dissipation
Entropy

Production S′

Turbulent Energy
Dissipation

Entropy
Production S′′

Wall Dissipation
Entropy

Production S′′′
Total Entropy

Production

1 1.81 × 10−3 0.205 0.048 0.254
2 1.54 × 10−3 0.172 0.052 0.226
3 1.92 × 10−3 0.377 0.088 0.467
4 1.23 × 10−3 0.263 0.031 0.295

In order to further explore the energy loss under the design flow, the entropy produc-
tion ratio of each category in the sump under the four cases of prototype cases, additional
pump beam, additional maintenance platform, and additional water retaining chest wall
pump were analyzed respectively. It can be seen from Figure 10 that the direct dissipation
entropy production ratio of all four cases is the lowest, below 1%, and the turbulent dissipa-
tion entropy production ratio is the largest, above 75%. The direct dissipation percentage of
the prototype case is 0.71%, which is larger than 0.68% of case 2, 0.41% of case 3 and 0.42%
of case 4. The wall entropy production ratio varies widely, with the largest wall entropy
production ratio of 23.09% for case 2, close to that of case 3 and the prototype case, and
the smallest wall entropy production ratio of 10.49% for case 4. The turbulent dissipative
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entropy production of case 4 is the largest, 8.52% higher than that of the prototype case, the
dissipative entropy production of cases 1 and 3 are similar, and the turbulent dissipative
entropy production of case 2 is 76.23%, which is 4.34% less than that of the prototype case.

Figure 10. Percentage of entropy production by type.

4.3.2. Internal Flow Characteristics

To further investigate the entropy production distribution inside the sump, the entropy
production inside the sump and impeller of the four cases were further analyzed under the
design working conditions. From Figure 11a, the entropy production distribution inside
the sump is more uniform when the structures inside the sump are not increased, and the
location of the local high entropy production area is mainly concentrated in the bottom
location of the sump. From Figure 11b, it can be seen that after adding the pump beam, a
local high entropy production region appears behind the pump beam on the inlet side, in
addition to a local increase in entropy production at the pump beam at the ω-shaped back
wall. As can be seen in Figure 11c, after the addition of the access platform, localized high
entropy production regions appear above and below the access platform on the inlet side.
As shown in Figure 11d, after adding the water retaining chest wall in the sump, a more
regular localized high entropy production area appears after the chest wall by the extrusion
of the water retaining chest wall. As seen above, adding structures to the sump will impact
the entropy production distribution in the sump, and the high entropy production area is
mainly concentrated in the front and rear of the structures.

Figure 11. Contour of entropy production distribution in longitudinal section.
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Figures 12 and 13 shows the entropy production at the hub and rim of the impeller
under the design working condition. The figure shows that the high entropy production
area at the hub is mainly concentrated in the front and middle of the suction surface, and
the high entropy production area at the wheel rim is consistent with that at the hub. The
distribution of entropy production at the wheel rim and the wheel hub is approximately
the same for cases 1 to 4, which indicates that the addition of structures in the sump has no
effect on the distribution of entropy production at the impeller, and the entropy production
at the impeller is mainly related to the rotation of the impeller itself.

Figure 12. Entropy production contour at the hub.

Figure 13. Entropy production contour at the rim.

5. Conclusions

The sump is one of the common types of agricultural irrigation pumping stations. In
this paper, the numerical simulation method is used to study the influence of hydraulic
structures on the hydraulic characteristics and entropy generation characteristics of the
pump device. The conclusions are summarized as follows:

(1) The installation of hydraulic structures in the sump of the pumping station has a
certain impact on the hydraulic performance of the pump device. The pump beam installed
in the sump plays a role of rectification to a certain extent, and the size of the pump beam
is relatively small, so its impact on the hydraulic performance of the pump device can be
ignored. However, the maintenance platform and chest wall have a great impact on the
flow pattern in the sump and the hydraulic performance of the pump device;

(2) The installation of hydraulic structures in the sump of the pumping station has
obvious effect on the flow pattern in the sump. The installation of hydraulic structures will
have adverse effects on the velocity uniformity and weighted average angle of flow at the
bell mouth in the sump. Moreover, the installation of the maintenance platform and chest
wall will directly affect the inlet flow pattern of the bell mouth;

(3) The installation of hydraulic structures in the sump will lead to uneven distribution
of entropy generation in the sump, especially in the vicinity of hydraulic structures. The
installation of the maintenance platform and chest wall will lead to the increase of the total
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entropy generation in the sump, which also means that the hydraulic loss in the sump will
increase accordingly.

Therefore, comprehensive consideration of the impact mentioned above, in addition
to the arrangement of the necessary pump beam indicates that the set-up of a maintenance
platform and chest wall in the sump should be avoided.
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Abstract: Among food crops, rice has the largest planting area, the highest yield per unit area and the
largest total yield in China. However, cleaning performance is reduced by the high moisture content
of rice during the harvesting process. In order to decrease the adhesion among wet rice threshed
mixtures and improve the cleaning performance, the method of hot airflow cleaning was proposed.
Firstly, the fluidization characteristics of wet sticky rice under the action of hot air were compared
with those of dry particles. In this work, the minimum suspension velocity and the fastest suspension
time were used and quantified to characterize the fluidization characteristics. It was found that the
minimum suspension velocity and the fastest suspension time of the wet rice threshed mixture are
both higher than those of dry particles due to the liquid bridge force. Moreover, the dispersion degree
of the wet rice threshed mixture can be improved by the hot airflow due to the decrease in the surface
water content of impurities. Secondly, the influence of the temperature and vibration frequency in the
air-and-screen cleaning device on the dispersion characteristics of the wet rice threshed mixture were
investigated. The accumulation mass was measured to quantify the dispersion degree. It was found
that the increase in vibration frequency has little effect on the dispersion of the wet rice threshed
mixture. The accumulation mass on the front of the sieve decreases slightly with the increase in the
gas temperature range from ambient temperature to 30 ◦C. Then, the dispersion degree increases
rapidly when the temperature exceeds 40 ◦C. The dispersion effect is the best when the temperature
is 50 ◦C and the vibration frequency is 5 Hz. These results provide a basis for the cleaning of the wet
rice threshed mixture in a combine harvester.

Keywords: wet rice; adhesion; hot airflow; dispersion characteristic; minimum suspension speed;
surface water content

1. Introduction

Rice is the largest grain crop in China due to its high starch content [1–3]. During the
rice harvest season, the climate is changeable and the weather is humid, so the moisture
content of rice is too high when harvesting [4,5]. The adhesion between wet rice threshed
materials occurs easily, resulting in the blockage of the cleaning screen, which seriously
affects the rice quality and the working reliability of the combine harvester [6]. Hence, the
air-and-screen cleaning device has been widely used in medium and large grain combine
harvesters due to its high efficiency and strong adaptability [7–10]. To reduce the adhesion
between the wet threshed mixture and the cleaning sieve, various methods, such as surface
modification and introduction of a bionic screen, have been investigated. Ma et al. [11–14]
applied the bionic non-smooth surface to the vibration screen of a rape harvester, and
the test proved that the bionic non-smooth screen surface has good stability and use
effect; however, the processing technology of the non-smooth screen is complex and the
production cost is relatively high. Chen et al. [15] added a polytetrafluoroethylene coating
to the surface of the vibrating screen to achieve the hydrophobic effect. Xu et al. [16] found
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that the wettability of the rape cleaning screen surface can be reduced by a laser texture.
Recently, a method to reduce the adhesion of wet sticky rice materials and the metal jitter
plate by interface heating was proposed by Chen et al. [17]. The results indicated that the
interface heating effectively decreased the adhesion rate between wet sticky rice materials
and the jitter plate.

Before the working parameters can be determined, the influence of the working pa-
rameters on fluidization characteristics of the wet threshed mixture needs to be investigated
and understood. However, only the fluidization state of the dry grain threshed mixture
has been experimentally and numerically studied by a number of scholars. Chen et al. [18]
studied the distribution of grain on the non-uniform air-flow cleaning unit by experiment.
Li et al. [19] developed a CFD-DEM method to simulate the screening process of the air-and-
screen cleaning device. The effect of the inlet airflow velocity was studied and analyzed in
terms of grains and short straws’ longitudinal velocity and vertical height, and cleaning
loss. Bai Gali of Inner Mongolia Agricultural University [20] used a high-speed camera
system to continuously collect the images of the flow field in the vertical pipe, measured the
suspension velocity of several common grain particles, analyzed the influence of various
factors on the suspension velocity of particle groups, and concluded that the suspension
velocity of grain particles decreases with the increase in loading, and increases with the
increase in the equivalent ball diameter. Hou et al. [21] studied the effect of moisture
content of millet on floating speed and found that the floating speed of the grain, ear petal,
stem and leaf of foxtail millet decreased with the decrease in moisture content. On the basis
of the discussion of paddy cleaning mechanisms, the influence of the frequency and pulse
width rate on separation was investigated by Chen et al. [22].

The capillarity of water film is an important cause of the formation of the adhesion
interface, and the adhesion interface model between wet rice and the steel plate was
developed by Chen et al. [17]. The fluidization characteristics of wet and dry rice threshed
mixture were found to be apparently different. It was found that the understanding of
fluidization characteristics of wet particles has been mainly advanced in chemical and
medicine fields [23–26]. In order to reduce the agglomeration of the wet rice threshed
mixture during the cleaning process, the hot airflow cleaning method was proposed. The
fluidization characteristics of wet rice particles in a drying fluidized bed were first studied.
Then, the dispersion characteristics of the wet rice threshed mixture were studied in the
air-and-screen cleaning unit. This was helpful to reveal the dispersion mechanism of wet
threshed materials and provide a theoretical basis for improving the performance of rice
combine harvesters.

The objective of this study was to examine the effect of the airflow temperature on the
fluidization state and dispersion characteristics in the drying fluidized bed. In addition,
influences of the working parameters of cleaning device on the dispersion characteristic
are also discussed in this paper.

2. Materials and Methods
2.1. Threshed Rice Mixture Samples

The test material was the indica rice planted in Miluo City, Hunan Province, China.
After manual harvesting, a threshed rice mixture (see Figure 1) was obtained using the
threshing device developed by Xu et al. [27].

The weight percentage of each component of rice after threshing was measured after
sieving. The proportions of different components were 93.1% for rice grains, 0.7% for
immature grains, 4.3% for short stems and 1.9% for light impurities. Immature grains are
difficult to distinguish from grains in suspension, and their mass content is much lower than
that of other materials, so they were not considered in this experiment. Each component
of the threshed rice mixture was characterized by its density, equivalent diameter and
moisture content. The physical properties of the rice threshed mixture were measured
according to GB/T 24896-2010 and the literature [28]. The initial average values of the
moisture content of rice grains, short stems and light impurities were 27.4%, 79.2% and

506



Agriculture 2022, 12, 601

48.1%, respectively, and these materials were defined as wet particles, as shown in Table 1.
Then, they were dried in the oven at 105 ◦C for 6 h and they were defined as dry particles [5].
Subsequently, these samples were kept in cold storage at 4–6 ◦C until further analysis.
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Table 1. Physical properties of rice threshed mixture.

Materials Moist Content (%) Length (mm) Density (kg·m−3) Diameter (mm)

Rice grains 15.3 a/27.4 b 9.2 1085 -
Short stems 40.6 a/79.2 b 70.5 650 2.1–3.9

Light impurities 16.9 a/48.1 b 48.9 220 0.3–0.7

Note: a denotes dry particles; b denotes wet particles.

2.2. Experimental
2.2.1. Fluidized Bed Setup

A fluidized bed is commonly used to measure the suspension velocity of agricultural
materials, such as wheat and cotton seed [29,30]. In this work, a drying fluidized bed was
equipped to investigate the influence of hot airflow on the fluidization characteristics of
the wet rice threshed mixture, as shown in Figure 2. A conical duct made of high light
transmitting Plexiglas was used for observation. The height, bottom diameter and cone
angle of the conical duct was 1000 mm, 140 mm and 6◦, respectively. An asbestos net
was located at the upper part of the steady flow cylinder to lay up rice particles and to
ensure a good fluidization in the bed. Air was supplied by a centrifugal fan driven by an
A.C. motor. The gas was able to reach the desired temperature by means of an electrical
heater (200 kW) controlled by an A.C. contactor. Two ports were located in the side wall
in the vertical direction of the column for pressure and temperature measurements. One
of the ports was located at the bottom of the conical duct, and the other port was located
400 mm above the bottom port. The gas flow rate was changed gradually with a step of
18.3 m3/h. The inlet airflow velocity was measured by an intelligent anemometer (LB-FS80).
Pressure readings were taken with a differential pressure transducer (LFM11, ±1.0%FS,
from China). Furthermore, the airflow temperature of the fan outlet was measured by the
K Type Thermometer (TES-1310, Taipei, Taiwan) with an accuracy of ±0.1 ◦C.

Digital images were recorded with a high-speed camera (type of i-speed 3, OLYMPUS,
Tokyo, Japan) equipped with a 12.5 mm lens. The frame of the camera was 150,000 fps.
The recorded images consisted of 1280 × 1024 pixels. The running time required to reach
steady state conditions was determined by conducting a series of experiments over gas
flow velocities ranging between 0 and 12 m/s.
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2.2.2. Hot Airflow Cleaning Device

The cleaning unit was designed based on the previous study by Li [31], as shown in
Figure 3, and the length and width of the cleaning sieve was 1200 × 960 mm. The outlet of
heater was connected with the inlet of a cross-flow fan through a high-temperature resistant
hose. The airflow temperature was adjusted by a heater (rated power 200 kW) and three
thermometers (type of TM-902C, China) were used to measure the airflow temperature of
the upper and lower fan outlets (test points 1, 2 and 3). The airflow temperature refers to
the average value of the three test points.
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2.3. Experimental Procedure
2.3.1. Fluidization Test

Two commonly used methods of measuring the terminal velocity experimentally are
the drop and suspension methods [32]. The suspension method allows a particle to be
suspended in a vertical duct by blowing air in a duct and measuring the air speed at the
moment when the particle is suspended [33]. Study of fluidization characteristics was
undertaken by investigating the effect of various airflow temperatures (12, 30, 40, 50 and
60 ◦C) on the minimum suspension velocity and fastest suspension time with the latter
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method. Wet rice mixtures with a given composition (14 g rice grains, 4 g short stems, 6 g
light impurities) were first loaded into the reactors. Then, the process gas velocity was
measured through the bottom test port as the fan speed increased. The gas velocity and
time when the rice changed from static to completely suspended in the drying fluidized
bed were determined as the minimum suspension velocity and the fastest suspension time,
respectively. In order to maintain a constant mass of material in the bed, the gas was
turned off abruptly after the rice grains were completely suspended. Each experiment was
conducted three times under the same conditions.

The pressure drop across the bed is an important parameter, characterizing the flow
behavior in a fluidized bed [34]. In order to identify the influence of flow parameters on
the dispersion characteristics of the wet threshed mixture, the dispersion degree of the
wet rice threshed mixture was determined by analysis of the pressure drop across the tube
(see Figure 2). The pressure drop was measured at different airflow temperatures at the
operation time, t, of 8 s.

The agglomerates of wet rice grains, short stems and light impurities were related
to the adhesion force caused by the surface water content of the mixtures [17]; hence,
the surface water content of wet rice threshed mixtures against airflow temperature for
different airflow velocities was measured according to the oven method (GB/T211-2007).
The surface moisture content ωs (wet base) was calculated by:

ωs =
m2 − m1

m2
× 100% (1)

where m2 is the initial mass of wet particles (g); m1 is the mass (g) after drying at 30 ◦C in
the oven for 8 h.

2.3.2. Hot Airflow Cleaning Test

The wet rice threshed mixture was configured as follows: The fresh rice harvested
from the field was placed into a drying box and dried at a constant temperature of 110 ◦C
for 24 h to constant weight; then, the appropriate amount of water was poured into the dry
mixture using a measuring cylinder of 10 mL accuracy, and the mixture was evenly mixed.
The mixture was then sealed and placed in the refrigerator (0~4 ◦C) for 3 days. In this work,
the wet threshed rice mixture was released from the hopper above the oscillating plate, the
feed mass of the threshed rice mixture was 4 kg/s and the entire cleaning process time was
30 s. Each test under different conditions was repeated three times and the average value
was applied. Operation parameters are presented in Table 2.

Table 2. Experimental parameters.

Operation Parameters Value

Heating temperature (◦C) 15, 30, 40, 50
Vibration frequency (Hz) 3, 4, 5, 6

Vibration amplitude (mm) 30
Fan speed (r/min) 1000

2.4. Statistical Calculations

Statistics in this article were calculated by the data fitting function of Orgin8.6 (Origin-
Lab, Northampton, MA, USA).

3. Results and Discussion
3.1. Fluidization Characteristics of Wet and Dry Rice Threshed Mixture
3.1.1. Minimum Suspension Velocity and Fastest Suspension Time

The minimum suspension velocity is one of the most important hydrodynamic pa-
rameters that describes the gas–solid flow characteristics in a fluidized bed [35]. Figure 4
presents the effect of airflow temperature on the minimum suspension velocity vmf of dry
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and wet rice threshed mixtures within 30 s. It can be seen that the minimum suspension
velocity vmf of the dry threshed mixture is less than 6.5 m/s for all temperature levels,
and was independent of the inlet gas temperature. For the wet rice threshed mixture, the
average value of vmf is higher than 7.5 m/s at ambient temperature, which indicates a
larger kinetic energy is needed for suspension. This is because the high moisture content
will introduce the liquid bridge force between wet granules. The drag force needed for
the wet rice threshed mixture to attain suspension in gas phase would be larger than that
for dry particles. Moreover, the large porosity of the wet rice threshed mixture may also
cause an increase in the minimum suspension velocity vmf. From Figure 4, the minimum
suspension speed vmf is almost constant when the temperature is less than 30 ◦C, and then
decreases as the input airflow temperature increases. A possible reason for this is that
the liquid bridge force in the packed bed decreases when the gas temperature increases
from 30 to 40 ◦C because the liquid bridge force between wet particles decreases with the
decrease in the surface tension of the liquid, which is dependent on temperature [35].
Furthermore, the liquid occupying the voids among wet particles would evaporate with
the further increase in gas temperature. This would result in a smaller resistance to gas
flow. When the airflow temperature exceeds 50 ◦C, the minimum suspension speed begins
to stabilize. The minimum suspension speed of the wet threshed mixture is only 0.25 m/s
larger than that of the dry mixture when the airflow temperature is 60 ◦C. Experimental
data of the vmf of the wet threshed mixture were statistically fitted to empirical curves,
which were given by the following equation:

vm f = 6.2 +
1.4

1 + (T/35)11.7 (2)

where vmf is the minimum fluidized velocity (m/s); T is the airflow temperature (◦C). The
adjusted R-square value of the polynomial is 0.88667, which indicates the polynomial can
accurately express the mathematical relation between vmf and temperature T.
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The time when most threshed mixture begin to be suspended in the test bed was
defined as the fastest suspension time. Figure 5 shows the fastest suspension time at
different airflow temperatures. A decrease in the fastest suspension time with increasing
temperature was observed to occur for the wet threshed mixture. In comparison to the
dry rice threshed mixture, the fastest suspension time of the wet rice threshed mixture
was 27.3 s at the airflow temperature of 12 ◦C, which was 25 times longer than that of
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dry particles. Moreover, focusing on the wet particles, the sudden decline in the fastest
suspension time can be observed at the airflow temperature of 50 ◦C. The reason for this is
that the agglomerates were broken down, thus enabling the system to fluidize. The fastest
suspension time of the wet rice threshed mixture was less than 2 s when the temperature
rose to 60 ◦C, as illustrated in Figure 5, which was close to the case of dry particles. The
results show that the wet rice threshed mixture can be suspended within a very short time
after heating.
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3.1.2. Flow State

To better understand the effect of inlet gas temperature on fluidization behavior, some
snapshots of the fluidization process were taken. According to the preliminary experiment
of Figure 4, the minimum suspension velocities of the dry and wet threshed mixture were
6.14 and 7.60 m/s under ambient conditions, respectively. The inlet gas velocity v was
7.60 m/s and working time t = 8 s. The fluidization process of dry and wet rice threshed
mixtures under ambient conditions is illustrated in Figure 6a,b, respectively. Fluidization
does not start until the inlet gas velocity is above the minimum suspension velocity of
the rice threshed mixture. Thus, once enough air is injected into the drying fluidized
bed, the dry and wet particle beds can be agitated by gas bubbles, and suspension of the
threshed mixtures (including rice grains, short stems and light impurities) happens. For
dry particles, it can be seen that the dry threshed mixture was completely suspended and
scattered in the drying fluidized bed. In addition, these dry particles rotated and tumbled
in the suspension device due to their irregular shape, and large gaps among them can be
observed. For wet particles, however, the agglomerate made from the wet light impurities,
rice grains and short stems were suspended in the upper position of the drying fluidized
bed. As suspension continued, the agglomerate hardly changed. The reason for this is that
the adhesion force among the wet rice threshed mixture is far larger than the drag force. In
addition, the rough surface and large length–diameter ratio of the rice threshed mixture
may also cause the agglomeration.

Figure 7 shows the flow state of the wet rice threshed mixture at different gas tempera-
tures at v = 7.60 m/s. Compared with 12 ◦C (see Figure 6b), the suspension behavior of
the wet threshed mixture at 30 ◦C was hardly changed at t = 5 s, as shown in Figure 7a.
A further increase in gas temperature caused the fluidization behavior to change, with the
gas passing through horizontal channels. The lower half of the agglomerate was the first
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to disperse and the short stems began to pass through the rice grain layer at the airflow
temperature of 40 ◦C, as shown in Figure 7b. Then, a certain degree of dispersion occurred
between rice grains and light impurities until the temperature was 50 ◦C (Figure 7c). At
the same time, the flow pattern evolution of the wet threshed mixture in the test bed was
similar to that of dry threshed mixture (see Figure 7a). According to Figure 7d, when
the airflow temperature was 60 ◦C, all the rice grains and short stems were separated,
and only a small number of light impurities were still reunited. This may be due to the
intermolecular van der Waals force.
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3.1.3. Dispersion Degree of Wet Rice Threshed Mixture

The results reported in this work were obtained under steady-state operating condi-
tions at t = 8 s. Figure 8 shows the curve of pressure drop versus gas temperature across the
bed. Room temperature (12 ◦C) resulted in the largest pressure drop of 95.2 pa. When the
inlet gas temperature was in the range of 12 to 40 ◦C, the pressure drop decreased slowly
with increasing temperature. This indicates that the dispersion degree among wet particles
varied little, which confirmed the phenomenon observed in Figure 7b. When the inlet gas
temperature increased from 40 to 60 ◦C, the pressure drop reduced significantly and the
dropping rate exceeded 80%. At the gas temperature of 60 ◦C, the pressure drop reached
the minimum, i.e., 8.3 Pa in the present condition. The results of the above analysis show
that heating can improve the dispersion degree of the wet threshed mixture in the fluidized
bed. Experimental data of pressure drop versus airflow temperature were statistically fitted
to empirical curves, given by the following equation:

∆P = 136.5 − 5.11T + 0.18T2 − 0.002T3 (3)

where ∆P is the pressure drop (Pa); T is the airflow temperature (◦C). The adjusted R-square
value of this polynomial is 0.97695, which indicates the polynomial can accurately express
the mathematical relation between pressure drop ∆P and temperature T.

Agriculture 2022, 12, x FOR PEER REVIEW 9 of 13 
 

 

    
(a) 30 °C (b) 40 °C (c) 50 °C (d) 60 °C 

Figure 7. Flow state of wet threshed mixture at different airflow temperatures (v = 7.60 m/s and t = 
8 s). 

3.1.3. Dispersion Degree of Wet Rice Threshed Mixture 
The results reported in this work were obtained under steady-state operating condi-

tions at t = 8 s. Figure 8 shows the curve of pressure drop versus gas temperature across 
the bed. Room temperature (12 °C) resulted in the largest pressure drop of 95.2 pa. When 
the inlet gas temperature was in the range of 12 to 40 °C, the pressure drop decreased 
slowly with increasing temperature. This indicates that the dispersion degree among wet 
particles varied little, which confirmed the phenomenon observed in Figure 7b. When the 
inlet gas temperature increased from 40 to 60 °C, the pressure drop reduced significantly 
and the dropping rate exceeded 80%. At the gas temperature of 60 °C, the pressure drop 
reached the minimum, i.e., 8.3 Pa in the present condition. The results of the above analy-
sis show that heating can improve the dispersion degree of the wet threshed mixture in 
the fluidized bed. Experimental data of pressure drop versus airflow temperature were 
statistically fitted to empirical curves, given by the following equation: 

2 3  136.5  5.11   0.18  0.002P T T TΔ = − + −  (3)

where ΔP is the pressure drop (Pa); T is the airflow temperature (°C). The adjusted R-
square value of this polynomial is 0.97695, which indicates the polynomial can accurately 
express the mathematical relation between pressure drop ΔP and temperature T. 

 
Figure 8. Pressure drop as a function of airflow temperature (v = 7.60 m/s and t = 8 s). 

  

Figure 8. Pressure drop as a function of airflow temperature (v = 7.60 m/s and t = 8 s).

3.1.4. Surface Water Content

As discussed above, the agglomerates of wet rice grains, short stems and light impuri-
ties were separated when the airflow temperature rose from ambient temperature to 60 ◦C.
It was unknown whether this was related to the change in adhesion force caused by the sur-
face water content of the mixtures. Figure 9 shows the surface moisture content of the wet
threshed mixtures versus airflow temperature under steady state fluidization conditions at
t = 8 s. A decrease in surface moisture with temperature can be observed for rice grains,
short stems and light impurities. The dropping trend in the surface moisture content of light
impurities is consistent with that in pressure. This indicates that the decrease in surface
water content of light impurities is the main reason for the increase in dispersion degree.
The moisture content of the surface of rice grains and short stems was 7.8% and 14.7%
without heating, respectively, and hardly changed as the inlet gas temperature increased in
the range of 12 to 40 ◦C, which also reveals the quite small dispersion degree of the wet rice
threshed mixture seen from Figure 7a,b. Additionally, the surface moisture content of rice
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grains and short stems was 3.4% and 7.9% when the airflow temperature was 50 ◦C, which
clearly explains the reason for the good dispersion between wet rice grains and short stems
observed in Figure 7c.
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3.2. Hot Airflow Cleaning Test

According to the above fluidization experiment, the dispersion degree of wet rice
threshed mixture in the drying fluidized bed can be improved by hot airflow. However,
the adhesion phenomenon among wet rice threshed mixtures usually arises under the
vibration of the cleaning sieve of the combine harvester, and the agglomerates formed by
the wet rice threshed mixture block the cleaning screen. Hence, the effect of hot airflow on
the dispersion characteristics of the wet rice mixture in the air-and-screen cleaning device
was studied.

Figure 10 presents a snapshot of the screen surface after the screening process finished.
It can be seen that the wet threshed mixture entered the front of the sieve and accumulated
there. Therefore, in order to quantitatively analyze the influence of cleaning parameters
on the dispersion characteristics, the accumulation mass on the front half of cleaning sieve
was measured after each test was completed. At the end of each test, the surface of the
cleaning sieve was cleaned by towels to reduce experimental error.
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The results of the accumulation mass are presented in Figure 11. It can be concluded
that, for all vibration frequency levels, the accumulation mass of the wet threshed mixture
on the cleaning sieve decreased with the increasing temperature. When the airflow temper-
ature reached 50 ◦C, the accumulation mass was less than 250 g at 4 and 5 Hz. In addition,
the accumulation mass differed little at various vibration frequencies when the airflow
temperature was lower than 40 ◦C. When the airflow temperature and vibration frequency
were 50 ◦C and 5 Hz, respectively, the accumulation mass on the front of the cleaning sieve
was the smallest. As a result, heating can effectively reduce the accumulation on the screen
surface, so as to improve the dispersion degree of the wet rice threshed mixture. However,
the accumulation mass did not decrease to zero after heating; this may be due to insufficient
temperature or other cleaning parameters.
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4. Conclusions

Based on the results of the above study, the following main conclusions can be drawn:

1. With the increase in temperature, the minimum suspension velocity and the fastest
suspension time decreased gradually. The minimum suspension velocity of rice grains
and short stems increased slightly with inlet airflow up to the critical temperature,
equal to 40 ◦C, and then increased markedly with temperature. The fastest suspension
time of the wet rice threshed mixture was less than 2 s when the temperature increased
to 60 ◦C. According to the observed flow state of the wet rice threshed mixture, the
agglomerations formed by rice grains, short stems and light impurities are difficult to
break into discrete particles under the normal temperature airflow. The lower half of
the agglomerate was the first to disperse and the short stems began to pass through
the rice grain layer with the increasing temperature. When the gas temperature was
about 60 ◦C, rice grains and impurities were effectively separated.

2. The trends in the pressure drop and surface moisture content of light impurities were
the same: both decreased gradually with the increase in inlet gas temperature. As
the temperature increased to 60 ◦C, the surface moisture content of the wet parti-
cles decreased to a lesser extent, which explains the dispersion phenomenon in the
fluidization process.

3. The adhesion mass on the front of the screen surface can be reduced with the increase
in the inlet airflow temperature. However, it is little affected by the vibration fre-
quency. When the airflow temperature and vibration frequency were 50 ◦C and 5 Hz,
respectively, the accumulation mass was less than 220 g. Another beneficial effect
of increasing the inlet gas temperature is that the screen sieve was heated and the
adhesion was reduced.
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4. In future work, more cleaning parameters, such as airflow velocity, louvre screen open-
ing and vibration amplitude, will be considered to study the dispersion characteristics
of the wet rice threshed mixture in the air-and-screen cleaning unit.
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