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Design and Application of Agricultural Equipment in
Tillage Systems
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Due to the rapid increase in world population, the demand for food has increased
dramatically. Climate change, labour shortage, and aging problems cause insufficient food
supply. Agricultural technologies and farming systems need to be improved to meet the
increased demand. Tillage systems are essential for food production and significantly
affect crop production. A significant amount of the energy (from fuels) used in crop
production is also expended in tillage systems. This energy use increases greenhouse gas
emissions. The energy used in tillage systems must be reduced, and the efficiency of tillage
tools must be improved to achieve sustainable farming practices. This can help farmers
manage their farms better, reach high productivity, save resources, and achieve high-quality
food production value. Therefore, designing new tillage systems or optimising existing
systems is essential. This Special Issue involves 29 papers—27 research and 2 review
articles—from different countries on 6 continents and has eminent research focusing on
improving, analysing, and designing tillage systems.

Tractors or related power sources are the main components of tillage systems. Increas-
ing the efficiency of tractors or developing tractor systems can significantly help to reduce
power consumption and increase the efficiency of using tillage systems. Therefore, the
contributions of [1-6] in this Special Issue focused on developing tractors or their relevant
components. The authors of [1,3] investigated the control features of unmanned electric
tractor platforms and unmanned self-powered robot trailers, respectively, while in [2,4,5],
the authors mainly focused on tractor transmissions.

Citation: Ucgul, M.; Chang, C.-L.
No-till or minimum-till seeders are vital parts of tillage systems. The authors of [7-16]

Design and Application of

Agricultural Equipment in Tillage investigated several seeding systems and their components. No-till planters were re-
Systems. Agriculture 2023, 13, 790. searched in [7,8,12,14], while the authors of [9-13] focused on the components of tillage
https:/ /doi.org/10.3390/ systems either using experimental studies or a computer modelling approach, particularly
agriculture13040790 with a focus on discrete element method (DEM) modelling. Another contribution [15] is

considered the only study on pot seedling transplantation in this Special Issue. A detailed
review of the DEM modelling of furrow openers was also conducted in [16].

Soil-tillage equipment has a vital role in crop production. There are different tillage
tools available for various purposes. In this Special Issue, the authors of Cao et al. [17]
designed a residual film-picking device to collect residual films (mulch) from the soil, while

BY an arc-shaped nail-tooth roller-type machine was tested and optimised in [18]. With a
Copyright: © 2023 by the authors.  similar approach, a cotton recovery device was also designed and tested by the authors
Licensee MDPI, Basel, Switzerland.  of [19]. In [20], the authors designed the spiral soil separation mechanism of compound
This article is an open access article  planters using DEM, while in another contribution, the authors designed a well-cellar cavi-
distributed under the terms and  tating device [21]. The analysis of disc ploughs using DEM-MBD coupling was conducted
conditions of the Creative Commons  jpy [22]. In the study of [23], tillage depth was verified using a machine learning approach.
Attribution (CC BY) license (https:// A general review of the application of computational intelligence methods in agricultural

creativecommons.org/licenses/by / soil-machine interaction was also presented in another contribution [24].
40/).
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Published: 30 March 2023
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Weed control is important for improving crop production. A mechanical control
method for precise weeding based on deep learning was studied in [25]. Soil compaction
significantly reduces crop yield. In this Special Issue, the effects of tyre configuration and
axel load of a four-wheel tractor on soil compaction under no-till systems were investigated
by the authors of [26]. Soil compaction from wheel traffic under three tillage systems was
studied in another contribution [27].

Due to working conditions, tillage tools are prone to wear. In their article, the authors
of Gulyarenko and Bembenek [28] proposed a method to calculate the ploughshare’s
durability for increasing the service life of tillage parts. In Wang et al [29], the authors
constructed a harvester’s dynamic model of straw throwing and analysed the factors
affecting the straw throwing width to create conditions for the smooth implementation
of straw returning to the field, which is particularly important for straw management
during seeding.

In summary, the studies amassed in this Special Issue reflect the current status and
recent development in tillage systems. The guest editors hope that this Special Issue is
helpful for researchers and industry experts in this field.

Funding: This research received no external funding.

Acknowledgments: The guest editors would like to thank all authors who contributed to the Special
Issue of Agriculture entitled “Design and Application of Agricultural Equipment in Tillage Systems”
and reviewers who reviewed these papers.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: This paper presents a mechanical control method for precise weeding based on deep
learning. Deep convolutional neural network was used to identify and locate weeds. A special
modular weeder was designed, which can be installed on the rear of a mobile platform. An inverted
pyramid-shaped weeding tool equipped in the modular weeder can shovel out weeds without being
contaminated by soil. The weed detection and control method was implemented on an embedded
system with a high-speed graphics processing unit and integrated with the weeder. The experimental
results showed that even if the speed of the mobile platform reaches 20 cm/s, the weeds can still
be accurately detected and the position of the weeds can be located by the system. Moreover, the
weeding mechanism can successfully shovel out the roots of the weeds. The proposed weeder has
been tested in the field, and its performance and weed coverage have been verified to be precise
for weeding.

Keywords: deep learning; machine vision; weeder; smart agriculture; mechanical control

1. Introduction

The type of crop production and management has been toward knowledge- and
automation-intensive practices, which use automated machine, information communica-
tion technology, and biotechnology for large-scale production, which can be combined
with precision agriculture technique to increase productivity, reduce resource waste and
production costs, and improve environmental quality [1-3]. Among them, weed manage-
ment is regarded as one of the most challenging tasks in crop production. Effective weed
control can increase the productivity per unit area to meet the growing demand for crop
production [4]. Improper weed management can lead to a potential loss of approximately
32%, which is increasing every year [5]. If weeds are not effectively controlled, most of
the fertilizer nutrients applied to the crop are absorbed by the weeds, resulting in 60%
reduction in crop yield in organic farming [6].

Since weeds exhibit uneven spatial distribution [7], however, the traditional weed
management method is that herbicides are usually applied uniformly across the field. Most
herbicides are released into the environment through runoff and drift, which have an
impact on the ecological environment and human health [8]. Hand-weeding is a common
weed management practice, but it is time-consuming, high cost, labor-intensive, and more
difficult due to labor shortage in the agriculture. This practice may also expose farmers
to the risk of infected weeds. Some countries have even abandoned this practice [9,10].
Fortunately, some smart agricultural machines have been investigated recently, which use
physical or chemical methods to solve the issue of weed management [11-17]. It can be
expected that machines will replace humans or assist operators to achieve the purpose of
smart production management [18].

The type of weeding machine can be divided into passive and active based on whether
there is a power source [19]. Among them, active weeding can realize the behavior of
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avoiding seedlings and simultaneously weeding. Its weeding behavior can be divided
into swing, rotation, hybrid, etc. [18,20-23]. Among them, swing behaviors are mainly
powered by ground-driven system to drive the hoe to reciprocate. The rotary type is
divided into vertical axis rotation and horizontal axis rotation according to the position of
the rotation axis. There are notched hoe knives, claw tooth cycloidal hoe knives, etc., which
rotate around the vertical axis of the transmission mechanism of the machine. Hybrid
is a combination of swing and rotating, and its motion behavior has a high degree of
spatial freedom. However, the design challenge is how to optimize the transmission
mechanism and reduce the number of components. The weeding machines are usually
mounted behind the tractor. As the tractor moves, the weeding machine will continue to
shovel the soil to remove weeds. In fact, the implementation of full-cover mechanized
shoveling operations will affect the organic matter content in the soil, which in turn affects
the nutrient absorption effect of the crop roots.

Generally, a detector is installed on an automated weeding machine, which is expected
to be used to detect whether there is crop in the interrow. At the same time, the actuator
can control the knives or hoe knives under the soil. Based on the detection results, the
actuator can move the knives into or out of the rows to fork over the soil, so as to remove
weeds [9,24]. Since the performance of the end effector (actuator) of weeding machinery
directly affects the efficiency of weeding. This kind of variable rate technology is rarely
used in actual operation and the cost is also a key factor that needs to be considered [25].
In order to achieve the purpose of precise weeding, some weeding machine combine
computer vision technology with a mobile robot capable of autonomous navigation [26].
The mobile manipulator must be able to accurately locate the weeds in real time. At the
same time, the weeding tools must cooperate with the actuator to operate the weeding
tools at the right time to remove the weed.

In previous study, a machine vision-based smart weeder is peoposed that uses im-
age processing methods to identify crops and weeds, and uses an inference-based control
method to drive three direct current (DC) motors, which are driven by gears and chains [27].
The three-claw harrows weeding tool on the connecting rod is inserted into the soil, and
then the soil is moved backward to remove the weeds. However, due to the type of claw
harrow and the torque limitation of the actuator, this machine is only suitable for soft soil
and small weed removal. McCool et al. [28] described mechanical methods as an alter-
native to weed management. They proposed different types of weeding tools, including
arrow- and tine-shaped, which can be mounted on a guided vehicle to perform weeding
operations. Statistical analysis proves the effectiveness of these tools and emphasizes
the importance of early intervention. Other types of weeding tools, such as intrarow
plowshares, comb harrows, spring harrows, and specific plowshares for in-row weeding,
are also used for weeding operations [29]. Fennimore and Cutulle [30] developed and
implemented machine vision technology in an autonomous weeder. Two robotic arms
cooperate with weed actuators to spray herbicides directly on each weed. Raja et al. [31]
proposed a weeding system based on a 3D geometry detection algorithm of robot vision. A
corresponding mechanical weeding device was also designed, used for automated weeding
in tomato and lettuce fields, which can efficiently perform weed removal in a high-density
environment. Kumar et al. [32] proposed an mechatronics prototype for interrow weeding
and crop damage control, which initiates weeding operations through plant sensing, soil,
and plantation parameters. The developed method combines the different conditions of
soil, forward speed, and plant spacing to calculate the dynamic lateral movement speed.
However, it is still easy to be affected by vibration or other uncontrolled movements during
image processing in practical applications, resulting in blurry images, which impact the
recognition and positioning performance. Meanwhile, this mechanism is complicated and
lacks modular design.

The implementation of machine vision technology for weeding tasks first needs to
use image processing methods to extract features such as the color, texture, and shape of
the image, and then combine them with machine learning algorithms such as clustering
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or classification to detect and classify weeds [33-36]. Among them, the shape or feature
extraction based on the support vector machine is the most commonly used to distinguish
crops and weeds [37-39]. After this, it is necessary to determine the feature of the target
object and use some morphology or color space conversion methods to extract the feature
and position of the weeds [40,41]. Due to the use of a machine vision system to detect and
locate weeds, its system performance is limited by the uncertainty of the environment,
including light conditions and color variance of leaves or soil, which also results in a
decrease in the performance of weed control. There are currently some weed detection
technologies that integrate images taken from multiple perspective sources and multiple
feature marks to improve the accuracy of weed recognition and location [42,43]. Because of
its complex system design, time-consuming and maintenance costs need to be considered.
Other methods include the use of controlled light emitting diode (LED) lighting equipment
in the dark box and the use of camera-lighting module to record the reflection spectrum of
the object. The system combines the size information of the desired object to distinguish
crops, weeds and soil in horticultural crops, which can locate weeds [44]. Currently, this
method has not integrated weeding equipment to implement precise weeding operations.

With the improvement of computer computing performance and the increase in
the number of available images, deep learning has been able to provide enhanced data
expression capabilities for target objects in images. These methods can be used to extract
multiscale and multidimensional spatial semantic feature information of objects [5,45-47].

In many cases, the detection and classification results obtained using convolutional
neural network method are better than the classification results produced by using machine
learning commonly in the early stages [48-55]. However, deep learning needs to rely on a
large number of data sets for training, it is not easy to collect crop and weed images [56].
Redmon et al. [57] proposed a fast target detection algorithm called YOLO, which can
quickly implement real-time applications. This method is based on the Darknet-53 network
architecture and has been modified many times to greatly improve the accuracy of target
identification with only a small amount of data samples.

This study proposes a weed identification technology and weeding tool control
method based on the YOLOv3 model [58], and implements it in an innovative weeding
mechanism. In the early study, an artificial intelligent-enabled shovel weeder is designed
and implemented [59]. Nevertheless, the weeder was only tested in a simulated field and
its weeding performance is limited by the torque of actuator and unstable transmission
mechanism, which requires further design and testing. The earlier designed mechanism
was modified and re-made and assembled. The modular weeding tool is attached to an
unpowered machine. The motion behavior of the weeding tool is a combination of swing
and rotating. The design concept of the transmission mechanism of the weeding machine
is derived from the power transmission of a bicycle. An inverted triangle weeding knife is
designed. The weeding machine is equipped with a camera module, which can be used
to obtain top-in-view images in real time. This weeding tool is used to test and evaluate
the effectiveness of deep learning methods. After that, the weeding machine was used
in the field to actually test the weeding performance of the method in the presence and
absence of crops. The results of different types of knives for weed removal will also be
analyzed and compared.When the trailer is moving, the proposed weeding machine can
automatically remove weeds in the farmland.

The purpose of this study is as follows: First, a weeder is implemented and can be
used to replace manual weeding. Second, the use of deep learning methods to achieve
precise removal of individual weeds to improve the existing mechanized weeding. Third,
modularize the weeder. Multiple modules can be attached to the back of the vehicle to solve
the problem of difficult disassembly and spacing adjustment of large weeders. Fourth, the
proposed weeder simultaneously weeds and shovels soil, which can reduce the probability
of weed growth. The proposed weeder is particularly suitable for homeworkers and
farmers who want to carry out organic cultivation for weeding operations in small fields.



Agriculture 2021, 11, 1049

The chapters of this paper are organized as follows: The design method for the
weeding machine and the mobile platform, including the design of the weeding mechanism
and transmission mode, the software and hardware construction of the weeding system,
and the performance evaluation matrices are described in Section 2. The flow of the weed
detection program is also explained in this chapter. Section 3 explains how to test the
performance of weeding machine, including evaluating the performance of weed detection
and testing the weeding efficiency. The last chapter summarizes the characteristics and
applications of the weeding methods proposed in this paper and explains future work.

2. Materials and Methods

The weeding machine developed in this research will can be attached to a simple
four-wheeled trailer with no power source to perform weeding operations. The battery
supplies power to the machine. The appearance of the entire mechanism is shown in
Figure 1. At most, two sets of weeding machines are attached to the vehicle, which are
respectively mounted on the left and right sides of the vehicle. On the right is the advanced
intelligent weeding machine (Weeder #1) equipped with an inverted triangle weeding tool.
On the left is the first-generation weeding machine (Weeder #2), which is equipped with a
claw rake-type weeding tool [59].

17 Weeder #2

<— Weeder #1

L Inverted triangle weeding tool

‘ Claw rake weeding tool
Four wheeled trailer
Figure 1. Smart weeding machine and its four-wheel trailer.

Based on the YOLOV3 network, the deep learning model is used as weed detection,
the network model is trained by multiple feature objects, and the trained network model
and the weeding tool control algorithm are integrated and implemented in the embedded
system. Through the execution of the program, the weeding tool can swing up and down
and back and forth for weeding operations. The following describes the design of the drive
mechanism of the weeding machine and the weed detection and control system, including
the weed recognition algorithm and the hardware construction, and the software program
flow is also described in detail in this chapter.

2.1. Mechanism Design

The design and development of weeding equipment must take into account the
various agronomical requirements of crops, soil conditions, and weed characteristics for
field management operations. For example, the appearance of the field includes different
field heights, widths, and densities of cultivated crops. In addition, the height of crops,
root length, leaf branch and soil type, water content, bulk density, and strength of the soil
also need to be considered. The mechanical design of weeding tools needs to be simplified,
so that farmers or craftsmen can repair them quickly and have low maintenance costs.
Therefore, based on the above ideas, a DC-driven weeding machine was developed. Its
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components include a DC motor (model: SWG-24-1800, Xajong), a transmission mechanism,
a height-adjustable weeding handle, and a protective case (see Figure 2).

Upper Gear
DC motor 5 )
Proximity switches Gear chain
- « » 10 - = -
Disc (Right side) il o % v:-!\‘ ] ’:=
r (6,
Disc (Left side) I | y @ X
\[ & Lower Gear

g f— =M VIRT eae
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Control device

Ball bearing seater
| —— 5

Coupler

¥ - Digital camera

iEE ——___ Weedingtools

Figure 2. A drawing prototype of the weeding mechanism.

Cylindrical rod

The transmission mechanism consists of an upper sprocket (Model: RS35-B-16,
New Sheylee CO., Ltd., Taichung City, Taiwan), a lower sprocket (Model: RS35-B-32,
New Sheylee CO., Ltd., Taichung City, Taiwan), a drive chain (Model: RS35, Prelead
Industrial CO., Ltd., Taiwan), left and right discs, a coupler, a ball bearing seat, and a
cylindrical rod (16 mm x 200 mm (diameter [D] x length [L])). The size of the case is
216 mm x 180 mm x 278 mm (L x width (W) x height (H)), and the weight of the whole
machine is 6 kg. In terms of tool design, the appearance of traditional weeding tools is
mostly designed to imitate the blade geometry. Different types of soil require the use of
different shaped cutters to shovel the soil [60]. This type of tool set is installed on a rotating
mechanism, which can make the vertical cutting surface of the blade move downward
through the rotating torsion force to achieve the purpose of shoveling the soil. However,
this tool is suitable for use in fields with a low cultivation density. In contrast, weeding
tools, such as the disc, round head, and sawtooth types, are more suitable for use in fields
with higher planting density and can effectively treat weeds on the surface of the soil. In
addition, the rake-type cutter can be used to dig out weeds with shallow roots [27,59], but
the material of this cutter is more likely to stick to the soil.

Therefore, a new type of tool was designed, the material of which was aluminum
alloy. The shape of the weeding tool is an inverted triangle (90 mm x 47 mm x 80 mm
(L x W x H)) with a sharp end, which is suitable for hard soil. In addition, the bottom of
the cutter is wider, which can cover the size of a single weed and shovel out the roots of the
weeds. A combination of multiple iron plates is used as the mechanism case. The upper
part of the front and rear sides is locked with a pull handle, and a proximity switch is
installed inside the upper part of the iron plate (Model: TG1-X3010E1, Prosensor Phototech
Co., Ltd., Taoyuan city, Taiwan), which is used to stop the motor. The digital lens (Model:
Logitech BRIO, Logitech International S.A., Lausanne, Switzerland) is installed under
the case.

The control box is installed on the back side of the case, and it contains an embed-
ded control board (Model: Jeston Nano, NVIDIA Company, Santa Clara, CA, USA) and
peripheral circuit boards. A DC 24V lead-acid battery (Model: GP1272 F2, CSB Energy
Technology Co., Ltd., Taipei city, Taiwan) is the power source for the entire system. The
specifications of the weeding system are shown in Table 1.



Agriculture 2021, 11, 1049

Table 1. The specifications of the weeding machine.

Description Value or Other Details
Mechanism body
Size (L x W x H) 216 mm x 180 mm x 278 mm
Weight 6 kg
Weeding body
Upper sprocket (Number of teeth (T) x outer diameter (J)) 16 mm X 54 mm
Lower sprocket (T x &) 32 mm x 102 mm
Roller chain (length; tension) RS35-1; 1150 kgf
Cylindrical rod (D x L) 16 x 200 mm
Weeding tools (L x W x H) 90 mm x 47 mm x 80 mm
Disc (D x W) 140 mm x 3 mm
Electronics components
Main control board (speed; memory) 1.43 GHz; 4 GB 64-bit LPDDR4
DC motor (voltage; gear ratio; torque; speed) 24 V; 1:15; 26.7 kg/cm; 120 rpm
Proximity switches (voltage; distance; output) 24 V; 10 mm; normal open
Digital camera (resolution; focus type) 4 K Ultra HD; auto focus
Battery (voltage, capacity, weight) DC24V,7.2 Ah,24Kg

Considering the lowest transmission loss, the double-gear chain transmission mecha-
nism was designed. This design concept was derived from the mechanical transmission
principle of the bicycle. The transmission component adopts a sprocket, which is made of
medium carbon steel.

First, the DC motor rotates to drive the upper gear, and the chain of the upper gear
drives the lower gear. The lower gear is fixed in the case on the left side, and is connected
to the left and right disks by a coaxial connector. Close to the center point of the two discs,
a square seat is locked, and a cylindrical rod is installed in it, which is inserted into the
square coupler and is connected to a ball bearing seat inside the casing. There are holes in
different positions on the end of the cylindrical rod, and the user can select a suitable hole
position and lock the weeding tool on the cylindrical rod to adjust the distance between
the weeding tool and the ground. When the motor rotates, the weeding handle has a
reciprocating swinging behavior (Figure 3). This operation mode is like a farmer holding
a hoe for weeding. The sequence of this motion involves extending the weeding tools,
digging down, turning up the roots of the weeds, throwing away the weeds, and retracting
the weeding tools.

Ground

Figure 3. Transmission of the weeding mechanism.
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Assume that the torque, speed, and radius of the upper sprocket are T,, 14, and r,,
respectively. The chain connects the upper and lower gears. Without considering the
transmission and mechanical friction, the torque T}, and speed 1, of the lower gear are:

Gy

T, = G, x T, 1)
G
ny = EZ X Ng (2

Among them, G, and G, represent the ratio of the number of teeth of the upper gear
to the lower gear, respectively. Since the lower gear and the two discs are on the same axis,
the disc rotation speed 1. = 1, the tangential torque of the fixed point of the cylindrical
rod on the disc T, is:

T.=txT, @
Te
where r;, represents the radius of the lower gear and 7. is the distance between the center
of the disc and the center of the square seat. Assuming that point o is a fixed point, the
distance from point o to the ground is defined as h and the depth of weeding as D. When
the center point of the square seat is at the positions @, ®, ®, and @ in Figure 3, the length [
from point p to the end of the cylindrical rod can be defined as:

I =hcos™'6 )

where 6 depicts the angle of weeding. When § = 0° (position @), the length reaches the
maximum value [y
lnax =h+d ®)

When the center point of the square seat is at position 4 (origin position), / has a
minimum length [,,,;,,.

During the weeding process, a digital camera takes an image of the planted area, and
a YOLOv3-based deep learning method is used to detect and locate weeds (see Figure 4a).
Suppose v depicts the moving speed of the vehicle and s represents the operation range
of weeder between the center point p (xp, yp) of the weed detection frame and the point
q (Xq, yq) below the weed cutter, as shown in Figure 4b. The orange frame represents the
detection results. The green arrow indicates the heading of the trailer and the dashed box
indicates ground truth. The light gray area represents the weeding range, w is the width
of the weeding, and the white color line represents the upper and lower boundary of the
weeding range. Once two weeds are detected and appear in the gray area, the object with
the largest frame area is selected. In addition, the size of weeds that are too small are
ignored because they have little effect on the growth of the crop. When the trailer moves
for t = s/v seconds, once the weeding system detects weeds, the system must activate the
weeding tool within t seconds to remove the weeds.

2.2. System Description
2.2.1. Hardware

The sensing and control circuit components in the weeding system include a main
control board, relays (JQC-3FF-S-Z, Tongling), DC motors, digital cameras, DC/DC conver-
sion modules (model: XL4005, XLSEMI company, Shanghai, China), proximity switches,
and automatic voltage regulators (AVRs). The circuit system architecture is depicted in
Figure 5a. The function of the main control unit is to execute weed detection algorithms
and motor drive and control decisions. The main control board can receive the images
taken by the digital camera via the Universal serial bus (USB) port and store them in the
memory. Two sets of relays are connected to the general-purpose input/output (GPIO)
port of the main control board, which can receive the driving signal output from the main
control board to start and stop the motor.

11
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Vehicle platform

: Trailer
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Figure 4. Operation concept of the weeding process of the weeder. (a) The relationship between
the two-dimensional coordinate points of the weeding tool, the camera and the weeds; (b) Frame
selection of weed objects in the snapshot image and description of the range of weeding.
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Figure 5. Sensing and circuit architecture: (a) Block diagram of electronic circuit and (b) peripheral
electronic component board (upper layer) and main control board (lower layer) in the control box.
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The proximity switch (type: normal open (NO)) is used to detect whether the square
seat in the weeding mechanism has returned to the original position, and the detection
signal is then input into the main control unit through the GPIO interface. The 24 V battery
provides power for circuit components, including motors and proximity switches. The
negative output terminal “—" of the battery is connected to the ground (GND) terminal of
the circuit board. The DC/DC module is used to convert 24 V to 5 V for the embedded
control board; these components and the control board are integrated in a waterproof
control box, as shown in Figure 5b. The upper layer is a circuit board, which mainly
integrates DC/DC conversion modules, relays, and other electronic components, and the
lower layer is for placing an embedded control board.

2.2.2. Software

The YOLOVS3 tool [57] is a common deep learning model used to quickly detect
objects. It is executed in the Darknet environment. Residual neural network (RestNet) [61]
and feature pyramid networks (FPN) are its main architectures, which can improve the
prediction ability of small objects. This network tool is used to detect weed objects. A
desktop computer with a high-speed computing processor (Model: Intel i5-8400, Intel Co.,
Santa Clara, CA, USA) is paired with a high-speed graphics processing unit (GPU) (Model:
GTX 1070, Nvidia Co., Santa Clara, CA, USA) to train the YOLOv3 network model. The
training model of YOLOV3 is configured as follows: Batch size set to 64, image size resized
to 416 x 426 pixels, subdivision of 32, momentum of 0.9, decay of 0.0005, learning rate
of 0.001, batch size of 64, etc. After that, image preprocessing is performed, including
image cropping, white balance, and noise filtering processing, which is then marked by
trained technicians and used for model training and evaluation. Among them, 80% of the
images are used for training and 20% are used for testing. The bounding box of the region
of interest is drawn and exported to YOLO format for model development.

During training, the training loss of each epoch is recorded to evaluate the performance
of the visualization model in real time. Once the loss is stable and there is no significant
change, the training process stops, and the corresponding weights of the model are saved
for further evaluation of the weed detection performance. The trained YOLOvV3 model
integrates the weeding control program and is embedded in the weeding system. Figure 6
shows the program execution flow, which is written in python language. First, the function
library is imported, including the external function (ctype.cdll), multi-threading module,
and open source computer vision library (cv2). Then the GPIO pins, data type, class,
structure, and subfunctions are defined. The next step is to set, import, and load the
environmental variables of Darknet; it also includes defining the frame selection parameters
and their storage file paths.

The program is executed to perform a while loop, the image is read and converted
from the blue (B)-green (G)-red (R) color layer to the RGB color layer, and then weed
detection operation is performed. Once the weed object is detected, the value “1” is
written to the text file. Otherwise, the value “0” is written to the text file. The detection
results, including bounding box and labels, are displayed in the image (see Figure 6a). In
the process of program execution, the multi-threaded module is activated and the motor
control program is executed synchronously (Figure 6b). In the while loop, the text file
value is open and read. When the value is 1, the system outputs a signal to start the motor,
otherwise it stops the motor. A function Delay() with a delay time is inserted into the
program for starting and stopping the motor.

2.3. Performance Evaluation Metrics

The performance indicators for detecting weeds will be defined in this section, includ-
ing the precision, recall, and F1-score, as well as descriptions of the efficiency of weeding
and the rate of plant damage.

13
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2.3.1. Weed Detection

The detection performance metrics used to evaluate YOLOv3 include the precision,
recall, and F1 score [61]. The accuracy index is as per Equation (6):

TP

P = TP+ EP

(6)
TP (true positive solution) represents a true positive test result is one that detects the
condition when the condition is presented; in contrast, FP (false positive solution) is the
opposite result.
Ideally, the FP should be as small as possible in order to ensure the accuracy of the
network in identifying each object. The intersection-over-union (IoU) is a method to define
whether the detected object is a positive solution, as shown in Equation (7):

_unuy,

"=,

@)
where U, and Uy indicate the ground truth and predict boxes of the deep neural network,
respectively, and the symbols “N” and “U” depict the intersection and union operator,
respectively. If u is larger than the threshold ur, the prediction result is regarded as a TP;
otherwise, it is regarded as an FP.
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Figure 6. Software program flow for weeding system. (a) program flow for weed detection;
(b) program flow for weeding operation.

The recall rate is a metric that quantifies the number of correct positive predictions
made from all possible positive predictions, and its definition is shown in Equation (8).

TP

R = TP I EN

®)
where FN depicts the false negative test result. The sum of TP and FN in Equation (8)
is just the number of ground-truths, so there is no need to compute the number of FN.
The Fl-score (J) is a weighted average of the precision and recall which is performed
as a trade-off between Jr and dp to demonstrate the comprehensive performance of the

trained models. 2508
_ 20poR
f = op+or ©)

The values of 5f range from 0 to 1, where 1 means the highest accuracy. Through the
ut setting for the confidence score at various recall levels, different pairs of precision and
recall are generated with recall on the x-axis and precision on the y-axis, which can be
drawn as a precision-recall (PR) curve, indicating their association and can be employed to
measure the performance of the weed detection.
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2.3.2. Weeding Efficiency

We conducted field tests in the field to evaluate the performance of the weeding
machine for weeding operations. The evaluation metrics include weeding efficiency and
plant damage, which are shown in Equqtions (10) and (11):

= (W-W)/W (10)

D=d/d (11)

Among them, W and W represent the number of weeds before and after weeding, respec-
tively, and d and d represent the damaged crop and the total amount of crops, respectively.

3. Experimental Results

This section explains the data collection and model training methods. In addition, two
test scenarios were used to evaluate weed detection performance and weeding efficiency

3.1. Data Collection and Model Training

Images were collected in the field under different climates and time periods. A digital
camera was used to take a total of 140 images of weeds in the experimental field. Image
processing technology, including geometric transformation (resize, crop, rotate, horizontal
flip, etc.) and intensity transformation (such as contrast and brightness enhancement, color
and noise adjustment), was used to modify the original image, thereby increasing the
number of image samples, which totaled 60.

Then, the image size was adjusted from 1920 x 1080 to 416 x 416 pixels to fit the
YOLOV3 model network, and then, each weed in each image was marked with an object box
for model training. There were 160 images in the training set, 30 images in the validation
set, and 10 images in the test set. When the number of iterations reached 20,000 times and
the loss function approached 0.135, the training was stopped and the weight value of the
network was obtained. Finally, the trained model was used to evaluate the performance of
weed detection.

3.2. Experimental Test

The experiment site is located in front of the Department of Biomechanical Engineer-
ing of National Pingtung University of Science and Technology (longitude: 120.6059°;
latitude: 22.6467°). The experiment period was from 5 August to 15 September 2021. Veg-
etable crops were grown for 20 days on the cropland ridges. The length of each cropland
ridge in the field was approximately 20 m and the width was 25 cm. The spacing between
each plant was 50 cm. The number and location of the weeds within the cropland were
recorded in advance. These data were used for a comparison with the experimental results.
In addition, we set up a hoist machine at the end of the field, and hooked the trailer with a
steel shackle. The user was able to adjust the speed of the hoist machine to maintain the
forward speed of the trailer.

Two experiments were used to verify the performance of the weeding system. Ex-
periment 1 was mainly to test the weed removal performance of the weeding machine
on both sides of the crop. Two weeding machines were used. Among them, the weeder
machine (Weeder #1) was mounted on the right side of the vehicle, and the first-generation
weeder machine (Weeder #2) was mounted on the other side. An inverted triangle-shaped
weeding tool was installed on the right machine, and a claw-shaped weeding tool was
installed on the left machine. Experiment 2 was mainly to test the weeding performance of
the weeder (Weeder #1) proposed in this study in the intrarow of crops. Weeder #2 was
mounted at the center of the rear of the trailer.

The test scenarios of Experiments 1 and 2 are shown in Figure 7. The dashed border
represents the area of weed detection. The mechanical design parameters and specifications
of the modified weeder (Weeder #1) based on previous research results [60] are demon-
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strated in Table 2. When the weeding tool was at the origin of the mechanism, the distance
between the coupler in the mechanism and the surface of the ground was h =16.9 cm.
When the weeding tool was activated, the excavation depth for the weeding tool was
d =3 cm. The maximum and minimum lengths of the cylindrical rod were Imax = 26 cm
and /min = 15 cm, respectively.
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Figure 7. Illustration of two scenarios for testing the performance of weeding: (a) Using two weeders
(Weeder #1 and Weeder #2) to weed the areas on both sides of the cropland ridges (gray areas);
(b) using a weeding machine (Weeder #1) for intrarow weeding (the area within the dashed frame).

Table 2. The parameters and specifications of the modified weeder (Weeder #1).

Parameters Value Parameters Value
Mg 120 rpm ! 185 mm
ny 60 rpm Liin 150 mm
Ga 16 Limax 260 mm
Gy 32 h 169 mm
T, 27 Kg-cm d 30 mm
Ty 54 Kg-cm 0 24 degree
Tc 50 Kg-cm p 51 mm
Ta 27 mm Te 55 mm

When the weeding operation was completed, manually the number of weeds that had
not been removed and the number of damaged crops on the cropland ridges were recorded.
Weeds that are too small are ignored. When the roots of the weeds were exposed to the soil
surface, it was considered that the weeds had been successfully removed.
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3.3. Results and Discussion
3.3.1. Performance of Weed Detection Using the YOLOv3 Model

The trained YOLOv3 model was verified to detect weeds in different climatic con-
ditions. During the experiment, the climatic conditions were cloudy in the morning and
at noon, cloudy in the afternoon, and cloudy in the afternoon. When the vehicle was
moving, the weeding tool was not activated. Only the digital camera under the weeding
tool was used to shoot the image on the cropland, and the image samples were taken
by a digital camera every 2 h. The image samples were stored in the memory card. The
number of weed objects is counted in each image that were framed (or unframed), and
Equations (6), (8) and (9) were finally used to evaluate detection performance of the model.

Table 3 shows the results of weed detection using the YOLOv3 model in different
time periods. The results show that the F1 score was between 74.3% and 92.8%, especially
during the period from 10:00 to 13:00, where the accuracy was up to 95.6% and the F1-score
value was also the highest. It is worth noting that due to the low light intensity during
18:00-19:00, the accuracy rate and recall rate are reduced.

Table 3. Using deep learning models to detect weeds during the daytime.

Description Evaluation Metrics

Weather Time Precision Recall Fl-score
08:00-09:00 0.902 0.829 0.864
10:00-11:00 0.956 0.901 0.928

Cloudy and sunny

12:00-13:00 0.936 0.885 0.910
14:00-15:00 0.918 0.854 0.885
16:00-17:00 0.903 0.833 0.867

Cloudy
18:00-19:00 0.832 0.701 0.761

Figure 8 shows the weed detection results of each time interval, where the green frame
represents the area where weeds are detected. It can be seen from these figures that most
of the weed objects were framed, and only a few weeds were not framed between 18:00
and 19:00.

Then, weed detection experiments were carried out on different days, and the climatic
conditions during the detection process were variable, including cloudy, sunny, and rainy.
Figure 9 shows average detection performance results obtained at different time intervals in
the same field using the YOLOv3 network model. The evaluation metrics at different time
intervals include precision, recall, and Fl-score, each representing a ten day average value.

3.3.2. Performance of Weeder

The experimental weeder tests was conducted from 10:00 to 12:00, and the weather
conditions were sunny. Due to the limited area of the site, two experiments were carried
out in a single day and repeated on three different days. Finally, the data obtained from the
three times were averaged. Figure 10 shows the actuation behavior of the weeding tool. In
Figure 10a, “@®” and “®” in the white frame indicate the visible range of the camera on the
left and right weeding tools. The orange line indicates the position of the weeding tool,
which is the origin of the mechanism. When the vehicle was moving, once the weeds had
been detected, the weeder was activated (the weeding tool on the right side of Figure 10b).
In contrast, Weeder #1 was maintained at the origin of the mechanism when the weeds
could not be detected (as shown in Figure 10b, the left weeder—Weeder #2).
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Figure 8. Weed identification results in different time intervals.
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Figure 9. Ten day average detection results at different time intervals.

The effective cutting width of the two weeding machines is 20 cm. The data given in
Table 4 show that in scenario 1, when the vehicle speed was 10 and 15 cm/s, the weeding
efficiency was between 84% and 90.9%, which is equivalent to an hourly working area of
up to 72 and 108 m?. The average Fl-score values of the deep learning networks in the
left and right weeders were between 0.841 and 0.901. When the trailer speed increased to
20 cm/s, its weeding efficiency was significantly reduced, and the F1-score value was able
to still reach approximately 0.867.

In scenario 2, when the vehicle moving speed was 10 and 15 cm/s, the weeding
efficiency when using Weeder #1 was 92.3% and 82.6%, respectively, the crop damage rate
was 5.5% and 11.1%, and the Fl-score was at least 0.890. The weeding efficiency of using
Weeder #2 was 87.0% (10 cm/s) and 78.6% (15 cm/s), respectively, the crop damage rate
was 8.33% and 13.8%, and the F1 score value was above 0.878. Once the vehicle speed
increased to 20 cm/s, the weeding efficiency of using Weeder #1 and Weeder #2 dropped
to 64% and 56%, respectively, and the crop damage rate increased to 44.4% and 52.7%.
However, the Fl-score values were still 0.833 and 0.848, respectively.
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(b)

Figure 10. The operation of the weeder. The orange lines indicate the claw rake (left) and the inverted
triangle (right) weeding tools. The white dotted line indicates the area of view taken by the two
cameras on the left and right weeders. (a) The weed object is framed (the detection result of area
© (upper right corner)) and no weed is detected (the detection result of area @ (upper left corner));
(b) the weeding tool on the right is activated, and the left weeding cutter is maintained at the origin
of the mechanism.

Table 4. Performance evaluation results of the weeding system.

Number of Weeds Damaged Cro
) Type of v g p o
Experiments Weeder (cm/s) W W i 3 D (%) F1-Score
10 25%*/22 ** 4/2 84.0/90.9 - - 0.852/0.901
. Weeder #1/

Scenario 1 Weeder #2 15 26/27 4/3 84.6/88.8 - - 0.841/0.889
20 24/21 11/8 54.2/61.9 - - 0.851/0.867

10 26 2 92.3 2 55 0.910

Weeder #1 15 23 4 82.6 4 11.1 0.890

20 25 9 64.0 16 444 0.833

Scenario 2

10 23 3 87.0 3 8.33 0.903

Weeder #2 15 28 6 78.6 5 13.8 0.878

20 25 11 56.0 19 52.7 0.848

*,**: Number of weeds on the left* and right** sides of the cropland.
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Figure 11 shows an image of the weeds being removed by two weeding tools and the
damage of the crops. Most of the roots of the weeds were turned up to the soil surface
(Figure 11a,d), and some of the weeds on the edge of the weeding tool’s coverage area
were also turned up (Figure 11b,e). Some crops were slightly shifted or damaged from
their original position due to the activation of the weeding tools (Figure 11c,f).

Figure 11. Snapshot of the soil on the field after weeding by the weeding machine. (a) weeds are
completely removed by weeder #2, partially removed (b) and damaged crops (c); (d) weeds are
completely removed by weeding tool #1, partially removed (e) and damaged crop (f). The red circle
and orange arrow indicates the position of the crop roots and the root of the weed, respectively.

3.3.3. Discussion

There were three types of weeds in the experimental field, namely gramineous weeds,
cyperaceae and broadleaf grasses, of which sedges and broadleaf grasses accounted for a
higher proportion. At the end of each weeding experiment, we recorded the number of
weeds remaining in the field, and most of these weed objects were detected. Part of the
weeds did not actually turn up and the roots of some weeds were not removed due to the
position of the weeds on both sides of the cutting width of the weeding tools. In addition,
different shapes of weeding tools have different effects on different types of weeds. The
claw rake-type weeding tool is suitable for shallow-rooted weeds. In contrast, the weeding
tools used in this study are more suitable for removing weeds with deep roots, such as the
tuber roots of Cyperaceae.

Second, the speed of the vehicle needs to match the weeding time. When the speed is
greater than 20 cm/s, the weeding tool cannot accurately turn up the weeds. Especially
under high weed density, some weeds cannot be removed immediately. The experimental
results showed that the vehicle has a 92.6% success rate of weeding when the moving speed
is lower than 15 cm/s. The cutter can shovel 3 cm below the ground. The, the height of the
camera and the ground, and the distance between the camera and the weeding tool are
10 cm and 20 cm respectively. However, when the vehicle moves at a speed of 20 cm/sec,
the highest success rate is only 64%, and there is a 44.4% crop damage rate. The loop speed
of the weeding machine is set to one circle per second. If the moving speed of the trailer
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exceeds 20 cm/s, it increases the probability of crop damage and reduce the efficiency of
weeding. A relatively slow speed is required to achieve a higher weeding success rate
without damaging the crop. It is worth noting that when multiple weeds appear in the
image simultanously, select the weed object with the largest area to maximize the weeding
efficiency. In addition, before using this weeding tools, make sure that there are no large
stones or bricks in the soil to avoid damage to the weeder. Because the steel cable is used
by the hoist to pull the vehicle, when the vehicle is moving, the ground is relatively uneven,
and there are several short speed changes during the movement of the vehicle, resulting in
a time deviation. However, the deviation of weeding is still within the acceptable range.

The frame rate of YOLOVS3 is set to 5 frame per second (fps), which can meet the
requirements of real-time detection. A small number of weed samples were provided to the
YOLOvV3 model for training. Its network model was able to effectively detect weed objects
with an accuracy rate of up to 95.6%. As far as we know, there are no relevant studies that
use the YOLOv3 model to detect individual weeds in the field and use weeding tools to
weed them. Since the number of image samples has an impact on the model detection
performance, too few samples will reduce the model recognition performance [62].

In this study, the images were taken by mobile phones and some of the images were
obtained using data augmentation technology. With a limited number of images, the weed
detection model will still have different detection performance due to the difference in the
brightness of the image background. In Scenario 1, the brightness of the images captured by
the cameras on both sides is different due to the mask of the body frame and the asymmetry
of the position of the weeding equipment, resulting in different model detection results
(F1-score) of the two modules. The F1-score of the deep learning model designed in this
research can reach above 0.83. Although the use of image processing technology can
achieve a recognition rate of more than 90% in the identification of individual weeds and
crops [27]. However, due to the influence of unstable light, the recognition rate fluctuates
greatly. Using YOLOv3 model to detect weeds in low light conditions, the accuracy rate
dropped slightly, but it remained at 83.2%. On the other hand, when the deep learning
model detects eggs, its detection results are not affected by light [63], which is slightly
different from the results of this study. The reason may be that the characterization of the
detected object is more complicated. In weak light intensity environments, the performance
of the model is still affected. This result still needs to be further studied.

The advantage of using the YOLOv3 model based on the Darknet-53 architecture is
that it can quickly obtain the main characteristics of a weed or crop, and even features
outside of human visual perception [55]. It can be observed from Fig. 11 that tiny weeds
still remain on the soil surface. This result is acceptable. The dynamic balance of farmland
agroecosystems will be improved when the composition of the weed community is changed,
and the biodiversity of farmland will be improved [64].

The weeder is equipped with only one camera, and its weeding system can detect all
weeds in the image. The proposed system does not involve the construction of multiple
cameras and complex detection systems that require lighting control [42]. Meanwhile,
the YOLOv3 model can also solve the identification limit of the same size of crops and
weeds [44]. This study proposes an alternative strategy for single weed removal, replacing
the traditional all-in-one weeding (chemical or physical) method. Small weeds on the field
are neglected, which can improve the dynamic balance of the farmland ecosystem and
increase the biodiversity of the farmland [64].

Finally, the use of a new-generation YOLOv4 network can shorten the time for object
recognition [65]. If there are multiple different types of objects in the image or there are
complex backgrounds, this method should be explored and studied.

4. Conclusions

The proposed weeder uses deep learning technology to detect weeds in the field and
can use a special weeding tool to remove the weeds. The experimental results herein
confirmed the effectiveness of the machine for weeding. At travel speeds of vehicle below
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15 cm/s, the weeding system can detect the weed signal with a detection speed 5 fps of
YOLOvV3 and the average weeding efficiency is 88.6%. With an Fl-score of 89.5% and a
recall rate of 90.1%, the average detection accuracy rate is 90.7%. These results were from
field trials of vegetable under different climate condition, which also included various
densities of weeds. Since most of the deep learning model is only used to detect objects in
the image; and the operating conditions of the weeder depend on the detection results of
the contact or non-contact sensors on the machine. In this study, a smart farming method
combining deep learning and weeding control was proposed. Its advantage lies in reducing
the number of sensors used and the cost of maintenance. In addition, the powerful deep
learning method can also identify different types of crops and weeds, with high flexibility.

The proposed weeder can be installed on the pylon behind the tractor, and multiple
units can be made to be used on farmland of different scales and areas. The weeder is
suitable for low-density weeds, early germination of weeds, or farming environments
with deep roots of weeds, such as rice in wetlands or weeding in fields that have been
prepared. The use of the proposed weeder can indeed destroy the growth conditions of
weeds while reducing environmental medication. In addition, the weeder adopts DC
power supply, which has a low production cost (approximately 1000 US dollars) and power
consumption (approximately 500 W/h), which is of great significance for energy saving
and environmental protection.

Future work will focus on the improvement of the performance of the weeder, includ-
ing reducing the weight of the weeder and adjusting the rotation speed of the weeding tool
in real time to adapt to different speed of vehicle. This deep learning method will also be
tested to distinguish crops or weeds of the same size but different colors. Finally, install
this weeder on a large tractor for tillage farming verification.
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Abstract: The tractor is a vehicle often used in agriculture. It is mainly used to tow other unpowered
agricultural machinery for farming, harvesting, and seeding. They consume a lot of fuel with
emissions that often contain a large amount of toxic gases, which seriously jeopardize human
health and the ecological environment. Therefore, the electrical tractor is bound to become a future
trend. The objective of this study is to design and implement a lightweight, energy-saving, and less
polluting electric tractor, which meets the requirements of existing smallholder farmers, equipped
with unmanned technology and multi-functions to assist labor and to provide the potential for
unmanned operation. We reduced the weight of the tractor body structure to 101 kg, and the bending
rigidity and torsional rigidity reached 11,579 N/mm and 4923 Nm/deg, respectively. Two 7.5 kW
induction motors driven by lithium batteries were applied, which allows at least 3.5 h of working time.

Keywords: agricultural; unmanned; electrical tractor

1. Introduction

In recent years, with the rapid development of industrialization, agricultural machin-
ery has gradually replaced traditional labor-intensive farming methods, improved work
efficiency, and reduced manpower requirements. This is a major change in agricultural
history. Today, agricultural machinery has developed into different forms, for example, agri-
cultural machinery for arable land, for planting and fertilizing, for field management, etc.
However, the wide usage of agricultural machinery increases the use of internal combustion
engine vehicles, causing air pollution, environmental damage, and rapid consumption of
land resources. According to statistics, global natural gas, oil, and coal resources can be
supplied for another 30 years, 55 years, and 152 years, respectively [1]. Global environmen-
tal awareness is gradually rising. In order to reduce the harm to the environment, many
countries have begun to promote electric vehicle-related industries vigorously, and have
achieved good results in batteries, hybrid vehicles, and electric vehicles.

The tractor is a vehicle often used in agriculture. It is mainly used to tow other
unpowered agricultural machinery for farming, harvesting, and seeding. For sedans, the
key performance criteria are speed, loading force, and traction, but for tractors, high-
speed performance and strength for traction are not important. The tractor needs to pull
agricultural machinery and implement farmland farming. The tractor can have different
operation modes depending on the agricultural tools with which it is equipped. If a
Western plow, harrow, or raking machine, etc., is mounted behind the tractor, a plowing
operation can be carried out. If the tractor is equipped with a rotary plow, the power
transmission device of the tractor can be used for rotary tillage. Adding a flat soil board
or a rice transplanter to the tractor can achieve soil leveling or planting operations, so the
tractor is essential in agriculture. The agricultural tractors used in Taiwan are less driven
by motors. However, as a trend for small-scale farmers, greenhouse planting emphasizes
the development of technological agriculture and is environmentally controlled. The
development of agricultural machinery needs to fulfill users’ requirements and provide a
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safe and environmental-friendly configuration to reduce labor demand and improve work
comfort for better agricultural production.

Electric tractors have been studied since the 19th century. The first electric tractor
appeared in the USA [2,3], and subsequent developments were mainly powered by batteries.
A 36.8 kW electric tractor manufactured by German Siemens in 1912 was the first electric
tractor [4], which was mainly used for rotary tillage operations. The German company,
Bungartz, developed an electric tractor called Topfer in 1945. It was equipped with a
gearbox and had a speed control function. Its key characteristic was to move both forward
and backward without turning [5]. Later, General Electric (USA) introduced the Elec-Trak
series of electric tractors. This electric tractor used lead-acid batteries to drive a permanent
magnet brushless motor. The motor power was between 5.9 kW and 11 kW. In addition,
the tractor was equipped with a rotary converter, which could tow other agricultural
implements [6]. Since the 1990s, the control and battery technology have developed
rapidly, and the performance of electric tractors has gradually improved, and there is more
research devoted to the development of electric tractors and their electromechanical related
design [7-9].

Furthermore, many articles are devoted to studying the performance and stability of
tractors [10-13]. Improving the effectiveness of tillage is closely related to the characteristics
of soil, and it is one of the areas that cannot be ignored [14-16]. There is a lot of research
on autonomous driving [17-21], but there is very little on intelligent electric vehicles for
unmanned driving in agriculture. We will enable these devices for autonomous driving on
the field either to reach fixed points or to follow planned routes in farming.

2. Materials and Methods

The vehicle design was divided into four parts: the vehicle body design, which is
lightweight and contains safety considerations; the power and vehicle control, which
provides vehicle power and covers a series of system integration and unmanned controls;
the mechanism design, which improves the mechanical functions and analyzes the state of
the vehicle driving; and the field tests and the implementation of the whole vehicle. The
divisions are shown in Figure 1.

| Lightweight design and analysis |

—| Body design } T I Fatigue life analysis |

I Body manufacturing and improvement I
Power system planning
: i I TPower and control |-+ Integratloncgr:ll:gln;ar;?:ﬁllnlelllgent
Multifunction - Y
Unmanned electric tractor [ Functions and
Tar i - " " "
platform argets setting { System integration and functional testing |
| Suspension mechanism design and analysis I
MeCh.amsm ?nd T I Functional mechanism design I
function design
Vehicle motion analysis
Function test
| Functional
on field test

Performance test in
experimental field

Figure 1. Planning of the division for vehicle design.
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The tractor type and the related load affect the power consumption and the design of
the vehicle. For a small electric tractor, the size, mass, and motor power are smaller than
those of a high-load tractor. The designed tractor will be mainly used for rotary tillage and
plowing operations, so the resistances are calculated based on the rotary tillage operation.
Since the designed electric tractor is mainly operated in greenhouses, which have rather flat
terrain, the slope resistance and air resistance of the tractor are not taken into consideration.
The configuration and parameters are shown in Figure 2 and Table 1.

Embedded device

Controller
Microcontroller PTO

Rotary plow

AC induction motor

Reducer

Differential Gearbox

Electronic assisted

Four-wheel independent .
steering system

suspension system

Figure 2. System configuration of the electric tractor.

Table 1. Vehicle parameters of the electric tractor.

Vehicle Parameters

Length Width Height

1720 mm 1100 mm 660 mm
Tire size Total vehicle weight

Front 26 x 8-14 Rear 26 x 10-14 650 kg

In addition, the tractors require a wide range of force changes, especially when work-
ing under heavy loads, which requires larger torque output. Therefore, the reducer must
be used to decelerate and increase the torque to respond to different conditions. The drive
motor can be adjusted and is equipped forward and reverse rotation to achieve reverse gear
requirements. When transporting in the field, it can be switched to a high gear to increase
the speed. In addition, when working in the field, the wheels may have insufficient grip
due to the road or terrain, so a four-wheel drive system is required. Based on the above
analysis, the power system configuration of the electric tractor in this study is shown in
Figure 3, which is equipped with a motor, a reducer, a differential, and a controller.
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Electronic signal
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Wheel

Wheel
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----- > Current

Wheel —>  Transmission mechanism Wheel

Figure 3. Power system configuration of the small electric tractor.

3. Body Design

The body of the small tractor is equipped with an on-board motor and a battery
system. The tractor must meet the requirements of rigidity, safety, strength, and fatigue
durability. The analysis process first established the prototype of the car body, then used
TOSCA topology optimization analysis for lightweight analysis and ABAQUS finite element
analysis for strength check, and finally used fe-safe fatigue life analysis to calculate the
fatigue life of the vehicle body on different road grades.

3.1. Lightweight Design and Analysis of Car Body

During the space planning, the load position of each system on the vehicle was consid-
ered, such as the vehicle power system, steering system, suspension system, transmission
system, electronic control system, battery, counterweight, rotary plow power system and
slewing plow, etc., as shown in Figure 4. The required bearing weight of the vehicle in-
cluded the vehicle power system, steering system, transmission system, electronic control
system, battery, counterweight, rotary plow power system, rotary plow, and other weights.
The target weight of the vehicle body was 120 kg. The total weight was estimated to be
650 kg. In order to reduce manufacturing costs, a commercially available transmission sys-
tem and suspension system with a wheelbase of 1297 mm were selected. The power system
was placed on the left side of the vehicle body for the power transmission. To balance the
center of gravity, two lithium batteries were placed on the right side of the vehicle body
to reduce the possibility of overturns. The power system was planned to be 350 mm in
length, 338 mm in width, and 285 mm in height, and the battery is 338 mm in width, and
660 mm in height, and 480 mm in length. During transportation, the rotary plow at the
rear of the vehicle body will be raised and the center of gravity will be moved backwards.
Therefore, a counterweight of about 100 kg was installed in the front of the vehicle body to
maintain balance. Based on the above-mentioned configuration, the preliminary frame size
was 1720 mm in length, 1100 mm in width, and 660 mm in height.

In order to complete the required setting under the existing conditions, the vehicle
types similar to this study were evaluated, space planning of the whole vehicle was carried
out, including transmission, suspension type, wheelbase, type and quantity of battery, etc.
The prototype of an electric tractor was established, and a topology optimization analysis of
this structure was conducted. According to the topological optimization analysis, an overall
structural material distribution was obtained for reference, and a preliminary conceptual
design of an electric tractor was proposed.
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Figure 4. Space planning of car body, (a) Side view; (b) Top view.

It was necessary to confirm whether the preliminary conceptual design met the design
goals. Once the design goals were met, manufacturing feasibility was considered for
welding deformation and component interferences. The body of the preliminary conceptual
design was modified to obtain the final conceptual design. The completed vehicle body
was imported into ABAQUS to create a finite element model and to conduct rigidity and
strength analysis to confirm whether the rigidity and strength of the vehicle body met the
design goals. If the design goals were not met, the structure was modified. Once the final
vehicle body was obtained, the body was imported into the fe-safe for fatigue analysis. The
fatigue life theory and rain flow cycle counting method were used to calculate the fatigue
life. Figure 5 shows the analysis process of the lightweight design of the small electric
tractor for this study.

First, the prototype of the vehicle body that was planned during the space layout was
imported into ABAQUS to build a finite element model, as shown in Figure 6. Then the area
to be made lightweight in the TOSCA topology optimization analysis software was defined
as the design zone, shown as the green area in Figure 7. Considering the compatibility of the
suspension system and the transmission system, the space and hardpoints were reserved
for the shock absorbers, upper and lower control arms, power system, steering system, and
transmission system, etc. The outer frame of the vehicle was defined as the non-design zone,
the red area shown in Figure 7. Next, the material parameters of the vehicle body in the
design area and the non-design area were defined. This study mainly used high-strength
steel SPFH 590 and STKM 11A for materials. The properties of the materials are shown in
Table 2. The topology optimization analysis, which were load condition analyses, including
bending, torsion, and full load braking, was mainly static. The load conditions of these
three types were all the same, and the weight of all the load-bearing objects was applied to
the vehicle body as shown in Figure 8. Then the boundary conditions were set separately
according to the bending strength analysis, torsion strength analysis, and load braking
strength analysis.
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Figure 5. Analysis process of the lightweight design of the small electric tractor.

Figure 6. The finite element model of the vehicle body prototype.
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I Non-designzone
I Design zone

Figure 7. The design area of the vehicle body prototype.

Table 2. Material properties.

Type Parameter SPFH 590 STKM 11A
Density (kg/m?) 7850 7850
Young’s Modulus (MPa) 210 210
Yielding Stress (MPa) 420 175
Ultimate Stress (MPa) 590 290
Poisson’s Ratio 0.3 0.3

@ Gearbox -30.2 kg
Front differential -21.1kg
Rear differential -15.5 kg
Power and controller -20 kg
Power of tractor -50 kg
Power of rotary plow  -50 kg
Battery 23.2 kg

Rotary plow  -160 kg
@ Counterweight -100 kg

Figure 8. Load conditions on the prototype of the vehicle body.

3.2. Fatigue Life Analysis

In order to confirm the fatigue life of the frame, the geometric model of the final
conceptual design of the vehicle body was imported into the ABAQUS to establish the finite
element model. In the fatigue life analysis of the vehicle body, the suspension system did
not undergo fatigue life analysis; the suspension model was described as simplified beam
elements. In Figure 9, K is the stiffness value of the front shock absorber spring, K; is the
stiffness value of the rear shock absorber spring, C¢ is the damping value of the front shock
absorber, and C; is the damping value of the rear shock absorber. The simplified suspension
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model was simulated by a three-dimensional two-node beam element and defined as a
rigid body. In the fatigue life analysis, a three-dimensional dynamic elastoplastic finite
element model was used, and the element type was eight-node hexahedral.

@ Ball joint @ Ball joint
I Hinge @ M Hinge ) K+ G
| 7 |
o SN
xHl
u ,

(a) (b)

Figure 9. Finite element model of the suspension system. (a) Front suspension; (b) Rear suspension.

A. Material parameters

When the vehicle is running, the structure of each part bears different stresses from
different load. Since the tractor often works in the field, and the working environment is
relatively harsh compared with ordinary vehicles, SPFH 590 high-strength steel was used
as the main material of the vehicle structure. Due to the small load between the upper and
lower layers of the vehicle, steel STKM 11A was used between the 2 layers. The suspension
hardpoints and the reinforced plate were used to meet the assembly requirements with
SPFH 590, which were cut by laser and formed by bending. Other parts of the vehicle body
used different materials, as shown in Figure 10.

B. Loading conditions

In the fatigue life analysis, different load conditions were applied on the vehicle body
based on the working conditions and operations. For example, the rotary plow was placed
on the ground and counted as unsprung mass. There was no load from the rotary plow
in the analysis. In addition, traction resistance will be generated during rotary tillage
operations, so resistance was applied to the rear of the vehicle body.

C. Boundary conditions

The boundary conditions of the fatigue life analysis are shown in Figure 11. In the
figure, K¢ and K, are the stiffness of the front and rear suspension springs, respectively,
which both equaled 27.5 N/mm. C; and C, are the damping values of the front and rear
suspension shock absorbers whose values were set as 0.96 N.s/mm and 2.16 N.s/mm,
respectively. During analysis, road signals of different levels in y direction were applied
to the wheel center. Table 3 lists the parameters of the spring stiffness and shock absorber
damping coefficient of the front and rear suspension systems during the fatigue life analysis.
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Figure 10. Material distribution of car body.
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Figure 11. Boundary conditions for fatigue life analysis.

Table 3. Spring stiffness and damping coefficient value of suspension system.

Front Suspension Rear Suspension
Spring Constant (N/mm) 27.5 (Kf) 27.5 (Kr)
Damping Coefficient (N.s/mm) 0.96 (Cf) 2.16 (Cr)

Fe-safe was used to predict fatigue life. It uses the rain flow method to count the
number of stress amplitude occurrences and the average stress. Here, the rotary tillage
with a larger load was selected for illustration. When the vehicle body is used for rotary
tillage, Figures 12a and 13a show the von-Mises stress distribution diagrams obtained
from the simulation of the vehicle body driving on the C- and D-level road surfaces at a
speed of 2 km/h. It is observed that both 0e,max 0ccurred at the hardpoint of the upper
control arm of the left front suspension. The stress histories of this location, as shown in
Figures 12b and 13b, were respectively imported into the fe-safe software for calculation.
The rain flow counting method was used to calculate the stress history of the C-and D-level

35



Agriculture 2022, 12,112

road surface. The stress amplitude o, and the number of occurrences of average stress om
are shown in Figures 12c and 13c. The fatigue life of the vehicle body obtained from the
fe-safe simulation was N = 2.4 x 10° and N = 6.7 x 10°, which also means the vehicle can
travel 40,724 and 11,190 km, respectively, as shown in Figures 12d and 13d.
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Figure 12. Analysis of driving on a C-level road at = 2 km/h during rotary tillage operation. (a) Von-
Mises stress distribution; (b) the von-Mises stress of the car body where o max occurs; (c) stress
amplitude and number of average stress; and (d) fe-safe life simulation.
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Figure 13. Analysis of driving on D-class road surface at = 2 km/h during rotary tillage operation.
(a) Von-Mises stress distribution; (b) the von-Mises stress of the car body where 0¢max occurs;
(c) stress amplitude and number of average stress; and (d) fe-safe life simulation.

4. Power and System Integration

Due to different operating conditions and load distributions of the tractor, there are
also different requirements for the performance of the tractor. The power system of the
electric tractor must be designed according to the load distribution in different operating
conditions. It was calculated according to the requirements of the vehicle under various
operating conditions, with a suitable drive motor and reducer.

4.1. Force Estimate and Power System Planning

The resistance of the tractor is related to the selection of the specifications of the power
system, so the total resistance of the tractor during transportation operations and rotary
tillage operations can be calculated. In addition, the electric tractor uses two drive motors
(induction motors) for rotary tillage operations, one for driving the tractor, and one for
driving the rotary plow operation, etc. When the tractor is transporting, the motor driving
the rotary plow will not work. At this time, the driving force of the whole vehicle is
relatively small.
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4.1.1. Force Estimate

In the transportation operation, the required driving force can be obtained [22]:
Fq1 =fG=0.12 x 6474.6 = 776.95 N (1)

where f = 0.12 is the rolling resistance coefficient, and G = 6474.6 N is the vehicle weight.
Before the driving force Fyp required for the rotary tillage operation can be calculated,
it is necessary to know the rotary tillage speed ratio A and the soil cutting pitch S. After
calculating these two values, the rotary tillage specific resistance K, and the soil resistance
FL can be obtained, and then the rotary tillage can be calculated. The driving force Fyp is
required for the operation. The rotary tillage speed ratio A can be obtained by formula (2):

_ 2mny 2mx 205 x 236
~60,000vy, 60,000 x 0.55 92 @

where r = 205 mm is the turning radius of the scimitar, n, = 236 r/min is the rotary knife
shaft speed, and vy, = 0.55 m/s is the tractor speed. After calculating the rotary tillage
speed ratio A, we obtain:

mr 7t X 205

5ZA  5x2x92

where Z = 2 is the number of scimitars in the same vertical plane.

Before calculating the soil resistance, it is necessary to find the standard rotary tillage
specific resistance Ky corresponding to the soil cutting pitch S and then find the correction
coefficient that meets the working conditions to obtain the rotary tillage specific resistance
K. The specific resistance K, of the rotary tillage is:

= =7cm 3

Ky = KgK1K;K3Ky = 15 x 0.8 x 0.95 x 0.8 x 0.66 = 6.019 N/cm? ()

where K = 15 N/cm? is the standard rotary tillage specific resistance, K; = 0.8 is the tillage
depth correction coefficient, K, = 0.95 is the soil moisture content correction coefficient,
K4 = 0.66 is the stubble vegetation correction coefficient, and K3 = 0.8 is the operation mode
correction coefficient. Knowing the specific resistance of rotary tillage, we can obtain the
soil resistance Fy:

Fp =100 K BH =100 x 6.019 x 1 x 12 =7222.8 N (5)

where B = 1 m is the width of the rotary tillage, and H = 12 cm is the depth of the rotary
tillage. After calculating Formulas (2)-(5), we know the rotary tillage speed ratio A, soil
cutting pitch S, rotary tillage specific resistance K, and soil resistance Fy, and then the
rotary tillage operation time can be calculated by Formula (6) The required driving force
qu is:
qu = k]FL +f % (G + kzFL)
=0.68 x 7222.8 + 0.12 x (6474.6 + 0.74 x 7222.8) (6)
=6329.8 N

where k; = 0.68 is the horizontal component coefficient, and k, = 0.74 is the vertical
component coefficient.

4.1.2. Power System Planning

The specifications of the electric vehicle power system are critical to the performance
of the vehicle. The motor and the reduction ratio of the reducer of the vehicle power system
are calculated by the rotary tillage operation that requires more power.
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(1) Transportation operations

1 1
3600 < n) X FG X Vimax = (3550081

where 1 = 0.81 is the efficiency of the power transmission of the whole vehicle, and Vipyax =
18 km/h is the highest vehicle speed during transportation.

Py = ( x 0.12 x 6474.6 x 18 = 4.8 kW @)

(2) Rotary tillage operations

P = 3605711) X [kFL +f X (G+koFr)] X V2max
= m) x [0.68 x 7222.8+0.12 x (6474.6+0.74 x 7222.8)] x2  (8)
=43kW

where the highest vehicle speed during rotary tillage operation is Vomax = 2 km/h. Gen-
erally, the tractor used in the greenhouse requires 20 PS (15 kW) of horsepower, so two
motors with a rated power of 7.5 kW were finally selected as the driving motors in this
study, one for driving the tractor and the other for driving the rotary plow. Table 4 presents
the specifications of the selected motor.

Table 4. Selected motor specifications.

Rated Voltage DC72V
Rated power 7.5 kW
Instantaneous peak 17.8 kW
Maximum speed 5800 rpm
Maximum torque 23.2 N-m

4.1.3. Reducer Selection

In order to confirm whether there is sufficient torque, the upper and lower limits of
the reduction ratio of the reducer can be calculated.

(1) Transportation operations

fGR <i< 0.377n R
MTmin = 1= Vigadn

0.12x6474.6x0.3125 _ : — 0.377x5800x0.3125
08Ix2B32x105 - <1< 18x125 ©

1.03 <i<3.04

where R = 0.3125 m is the wheel radius, Tr, = 23.2 N-m is the motor output maximum
torque, iy = 12.5 is the high gear reduction ratio, ny, = 5800 rpm is the motor maximum
speed, and Vimax = 18 km/h is the maximum vehicle speed.

(2) Rotary tillage operations

fx(G+kyxF)R <i< 0.377nmR

NTmiL = VamaxiL
0.12x (6474.6+0.74x7222.8) x0.3125 <i< 0.377 x5800 % 0.3125 (10)
0.81x23.2%x23.3 - = 2x23.3
1.01 <i<147

where if, = 23.3 is the low gear reduction ratio, and Vymax = 2 km/h is the maximum
vehicle speed.
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4.2. Unmanned/Intelligent Control System Integration

There is a lot of research on autonomous driving [12,13], but there are very few
developments on intelligent electric vehicles for unmanned driving in agriculture. The
unmanned driving system uses cameras, optical radars, ultrasonic sensors, and other
equipment on the vehicle to enable autonomous driving on the field to reach fixed points
or to follow planned routes for farming and other tasks.

The unmanned driving system can be divided into three parts, information collection,
electronic control unit (ECU), and execution unit. The information collection part refers
to the sensing components. Different sensors collect information for different systems.
The information collected by the sensors will be transmitted to the ECU for analysis and
processing, and commands are given based on the results calculated by the ECU for the
Execution unit. Figure 14 is a diagram of the unmanned driving system.

[Unmanned driving system]
I

Electronic control unit
ECU

Embedded System
X2

Figure 14. Unmanned driving system.

Data collection

GPS-RTK
Optical radar
Photographiclens

Microprocessor
Relay module

Push rod motor
Rotary plough

The positioning system used two GPS-RTK. The two were aligned in parallel, one was
set at the center of gravity of the vehicle and the other was set at the back of the car. The
two GPS-RTK collect the difference between the current heading angle and the heading
angle toward the target point. A PID controller receives the angle error from the GPS-RTK,
determines whether the vehicle should drive, spin, or stop, and tracks the target point with
a GPS-RTK located at the center of gravity to achieve autonomous driving. The tractor uses
LiDAR for obstacle avoidance and navigation assistance. The rotary plow carried by the
tractor is dangerous. The LiDAR scans 360 degrees around the tractor to stop the tractor
when an object enters the hazard zone, which was redefined, and to prevent something
from getting caught in the rotary plow.

To assist the autonomous vehicle to touch the ground in excessive ups and downs,
three optical radars were added in addition to the existing GPS-RTK. Two of the three
optical radars were placed on the front left and right sides of the vehicle to detect both sides
of the vehicle and to calibrate the lateral accuracy of the vehicle. The remaining optical radar
was mounted in the front of the vehicle to detect obstacles. When an obstacle is detected
within a defined distance in front of the vehicle, the operation of the vehicle will be stopped.
The vehicle was also equipped with an image processing unit to keep the vehicle stable, as
shown in Figure 15. After the camera captures the image, the desired targets in the region of
interest (ROI) are processed. The image is then converted to grayscale and binarized. Then
the Canny tracks the edges of the objects and performs dilate processing. Then, Hough
transfers the edges to calculate the centerline of the road as the driving trajectory.
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Figure 15. Image processing and control flowchart.

The vehicle control uses a NVIDIA TX2 to collect all the information from sensors,
calculate the vehicle offset, the current position, and actuation function, and to send signals
to the corresponding MCUs through the CAN bus to the control motors. The control system
flow chart is shown in Figure 16.

Initialization

nitializatiol
complete

| Main Thread |

Thread No.2 | Thread No. 3 | | ThreadNo.4 |

\4

l l

| Photographiclens I Optical radar

N

| Magnetic track offset |

System Finished

l Calculate of angle error I

N N
System Finished System Finished
Y Y

Output demand

Software off

Note: Y: Yes, N: No

Figure 16. Control system flowchart.

4.3. Vehicle System Integration and Function Testing

The Smart Farm of Pingtung University of Science and Technology was selected for
the functional test of the tractor, as shown in Figure 17. The field is a 10 hectares smart
agricultural production demonstration base. The crops in the field can be planted and
cultivated according to research needs. In this study, both dry and wet arable land was used
for field testing. The greenhouse was also one of the indispensable test areas. Figure 18
is the configuration diagram of the vehicle control system. The software architecture was
divided into manual mode and automatic mode. In the manual mode, the operator gave
the accelerator signal to the motor controller to achieve the driving requirement, and the
steering signal was transmitted to the electronic assisted steering system to steer the whole
vehicle. The automatic driving mode processed and captured the current position data at
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the first second, calculated the driving route with the current position and the set driving
route, and then informed the controller and the electronic assisted steering system to make
the tractor follow the route. Figure 19 is the completed diagram of the small electric tractor

of the study.

Figure 17. Smart Farm of Pingtung University of Science and Technology.

Accelerator

: Electronic assisted DCDC power
: steering system convertor
. e _j |
Mlcroc?ntroller === ;Ir ______ 1
: : | 1 Battery 72V
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I : 11
1
Four-wheel drive/ ;| | Embedded System
two-wheel drive switch | | : X2
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Switch signal

------ Accelerator signal

Figure 18. Configuration of vehicle control system.
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Figure 19. The small electric tractor.

5. Conclusions

This study focused on the development of a small electric tractor with complete

design and fabrication of the whole vehicle system. The conceptual design of a lightweight
vehicle body was obtained through topological optimization analysis and the finite element
model analysis, which was used to obtain the rigidity, strength, and fatigue life analysis of
the vehicle body. Finally, the vehicle body structure, chassis, and electrical system were
completed with the integration of the vehicle control system. Based on the results of the
above analysis, the following conclusions can be summarized:

1.

According to the lightweight analysis process, the weight of the proposed vehicle
body was 101 kg, and the bending and torsional rigidity were 11,579 N/mm and
4923 N-m/deg, respectively.

In the analysis of the bending, torsion, and full load braking strength of the vehicle
body, the maximum von-Mises stress was lower than the material yield strength by
2/3, which met the design requirements.

The fatigue life analysis showed that the fatigue life of the designed vehicle body
reached 6.5 x 108 km when driven on a general asphalt road at a speed of 18 km/h.
When rotating or plowing at a speed of 2 km/h, the fatigue life reached 11,190 km
and 23,166 km, respectively.

This research completed the development and fabrication of a small electric tractor,
which met the requirements of manual driving and automatic driving. In addition, the
tractor was equipped with two 7.5 kW induction motors, driven by lithium batteries,
which can achieve at least 3.5 h of working time, and the rotary tillage operations can
reach a depth of about 15 cm. The result of field tests on the prototype electric tractor
are shown in Tables 5-7.
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Table 5. Field tests on different kinds of road.

Field Test
Velocity (km/h) Road Type Current (A) Power (W)

Asphalt 2.38 185.64

Hard 7.3 569.4
3.05 Soft 3.83 298.74

Grass 2.5 195

Asphalt 14.16 1104.48

102 Hard 26.0 2028

: Soft 10.85 846.3
Grass 16.7 1302.6

The current of the drive motor test on the soft soil in the field was the largest, with a low speed of 7.3 A and a high
speed of 26 A.

Table 6. Influence of driving speed and tillage on motor power.

Velocity (km/h) Depth (cm) Driving Current Tillage Current
Current (A)  Power (W)  Current (A) Power (W)
5 10.9 850.2 28.1 2191.8
1.02 10 7.9 616.2 32.8 2558.4
15 12.9 1006.2 374 2917.2
5 25.7 2004.6 443 3455.4
3.05 10 282 2199.6 49.1 3829.8
15 37.2 2901.6 52.2 4071.6

Table 7. Influence of motor power consumption on battery discharge time.

Drive Current and Tillage Current (A)

Low speed 1.02 (km/h) 50.3 A
High speed 3.05 (km/h) 126.6 A

Ploughing field 15 cm, for low-speed, the current was 50.3 A, for high-speed, the current was 126.6 A.
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Abstract: Agricultural fields are usually subjected to high amounts of traffic from field operations.
The influence of traffic on sandy loam soil in three tillage systems were investigated in a field
experiment. The field was located in a Canadian prairie region. In the experiment, the treatments
were three tillage systems: no-tillage, disc tillage, and spring-tine tillage. Following tillage operations,
field plots were trafficked with one pass of a sub-compact tractor. Soil properties were measured
before and after the traffic to examine the effects of tillage systems and wheel traffic. For the effects of
the tillage systems on the soil bulk density, soil shear strength, soil surface resistance, and soil cone
index, the no-tillage system had higher values for all the soil properties when compared with the disc
and spring-tine tillage systems. The plant (canola) population density ranged from 18.2 plants/ m? to
34.9 plants/m?, with the no-tillage having the lowest plant densities. For the effects of wheel traffic,
one pass of the tractor in the disc and spring-tine tillage plots resulted in a 2.7% and 17.4% reduction
in soil moisture content, respectively. After wheel traffic, the average soil shear strength for the disc
and spring-tine systems were still significantly lower than the no-tilled system. Sinkages of 40 and
50 mm were observed for the spring-tine and disc tillage systems, respectively. The results of this
study highlight the importance of preventing the demerits of soil compaction induced by wheel
traffic after tillage operations.

Keywords: no-tillage; disc; spring-tine; soil; property; traffic

1. Introduction

Tillage operations such as harrowing, ploughing and pulverization of soil crust [1] are
usually performed under conventional tillage practises. One of the main purposes of tillage
is to loosen the soil for good seedbed conditions. However, a subsequent field operation
such as seeding or chemical spraying can compact the loosened soil, erasing the benefit of
the tillage. The wheel traffic will alternate the structure of the topsoil layer [2]. Existing
studies have been focusing on soil property changes caused solely by different trafficking
scenarios, such as by large or small tractors, or different numbers of passes of tractors, in
the same field condition. There is a lack of documentation on the soil property changes by
trafficking on differently tilled soil conditions, especially in Canadian prairie regions. This
study aimed to fill this gap by investigating the effects of trafficking under three different
tillage systems.

To avoid soil compaction problems, agricultural producers use different tillage systems
such as conventional and conservation tillage systems [3]. No-tillage and minimum tillage
systems fall under conservation tillage systems due to reduced reliance on farm machinery
for soil tiling purposes. On the other hand, conventional tillage systems rely heavily on
farm machinery for seedbed preparations. A conventional tillage system would require
more than 20% of the total traffic experienced before seeding operations, as this tillage
system often consists of both primary and secondary tillage activities [4]. Disc and spring-
tine tillage systems are generally associated with secondary tillage practices. These systems
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are generally used due to their quick work rates and low draft [5]. There are some demerits
associated with both disc and spring-tine tillage systems, such as the ineffective burial
of crop residue or weeds and soil smearing [5]. However, tillage involving one pass of
such implements (disc or spring-tine harrows) can be classified as a reduced tillage system
and, in turn, is beneficial for soil conservation. In addition, the low draft associated with
these implements allow agricultural producers to use smaller tractors for tillage operations.
Thus, disc and spring-tine tillage systems, together with the no-tillage system were selected
in this study. Wheeling or traffic from seeding operations after tillage can affect the soil
properties. For example, the increased intensity of tractor movements (traffic) on a field
can decrease soil porosity which can lead to improper aeration and drainage, increased soil
strength, and impedance of root growth [6,7]. All these may have adverse effects on plant
growth and crop yield.

Understanding the influence of traffic or wheeling events under different tillage
systems are very important in reducing severe soil compaction. Alaoui and Helbling [8]
studied the soil compaction effects on the soil structure, and the results showed that traffic
caused severe soil compaction from the soil surface to the 0.10 m depth resulting in the
collapse of the soil structure. This stopped or reduced water flow movement from the
topsoil layer to the subsoil layer. Moreover, Villanueva et al. [9] observed a 23% decrease
in the soil moisture content in the conventional tillage system when compared to the zero
tillage and minimum tillage systems. The conventional tillage systems experienced more
tractor passes than the other tillage systems investigated.

In terms of the effect of soil compaction on the soil properties, Botta et al. [10] studied
the effect of the number of tractor passes on the soil cone index in two tillage systems. That
study inferred that irrespective of the mass and size of the tractor used, the cone index was
observed to be higher in the conventional tillage system as compared to the direct sowing
system (zero tillage). Zhang et al. [11] observed an increase in the soil bulk density and soil
penetration resistance with an increase in tractor movement intensity and axle loads when
studying the influence of small tractor traffic on soil compaction in northeast China. Lastly,
Samuel and Ajav [1] also observed an increase in soil bulk density and soil strength when
the number of tractor passes increased. Consequently, the soil compaction from the traffic
intensity decreased soil porosity and soil moisture content.

In a nutshell, the aforementioned research studies did not focus on sandy loam soil
found in the Canadian prairie regions. Additionally, other research studies made con-
clusions based on only crop yield and root growth [4,12,13]. However, the studies also
involved clayey and Stagnic Luvisol soils and mostly focused on how different tire char-
acteristics and configurations affected soil properties without considering the effect of
the different tillage systems. The aim of the research study was to investigate the influ-
ence of traffic or wheeling events on sandy loam soil in a Canadian prairie region. The
specific objectives of this study were to conduct a field experiment to study (1) the effect
of no-tillage, disc tillage, and spring-tine tillage systems on the soil properties and plant
population density, and (2) the effect of soil compaction across different tillage systems on
soil properties.

2. Materials and Methods
2.1. Description of Test Equipment and Experimental Field

A John Deere 1023e sub-compact tractor was used for the experiment. The total mass
of the tractor was 656 Kg. The tires (Carlisle® multi-trac C/S) were generally elastic and
composed of polyurethane rubber material. The front and rear tires had a four-ply and
six-ply rating, respectively, and the corresponding recommended inflation pressures were
151.7 and 206.8 KPa. The front tire had a diameter, width, and rim width of 0.47, 0.21, and
0.15 m, respectively. The diameter, width, and rim width of the rear tire were 0.65, 0.29,
and 0.22 m, respectively. The tillage equipment included a double-action disc harrow and a
spring-tine cultivator. The double-action disc harrow was a type of disc harrow with four
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gangs arranged in tandem (Figure 1a). It consisted of eight notched front discs and eight
smooth rear discs (Figure 1b). Each disc had a diameter of 0.46 m. The implement had a
cutting width of 1.52 m. The spring-tine cultivator consisted of nine individual spring-tines
(Figure 2a). The tines were arranged in a staggered manner to prevent stepping. The tine
consisted of an S-shank and a “spoon” point (Figure 2b). The implement had a working
width of 1.5 m. The experiment was performed on a field located in the municipality of
Piney, Manitoba, Canada. The soil contained 73.5% sand, 23.6% silt, and 2.9% clay, which
was classified as a sandy loam by the USDA soil texture triangle [14]. The previous crop
was wheat, and straw was spread in the field at the harvest.

Figure 1. (a) Double-action disc harrow; (b) notched and smooth discs on disc harrow.

(b)

Figure 2. (a) Spring-tine cultivator; (b) individual spring-tine on the spring-tine cultivator.

2.2. Experimental Design and Field Layout

The experimental design was a completely randomized design, which consisted of
a factorial treatment layout. The three tillage systems were no-tillage, disc tillage, and
spring-tine tillage systems. These tillage systems served as the factors for the experiment.
Each treatment was replicated five times in the experimental design, giving a total of
15 field plots.

Each plot was 1.5 m wide to accommodate one pass of the tillage implement and
seeder. The plot length was 45.7 m long. The three tillage systems were applied to the plots
which had the wheat residue condition, as shown in Figure 3a. After tillage, the soil surface
conditions are shown in Figure 3b. A tillage depth of 12.5 mm was used for the disc and
spring-tine tillage systems.
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(a)

Spring-tine
tillage

(b) ()

Figure 3. (a) Initial soil surface condition of field with wheat residue; (b) experimental field after
tillage; (c) presence of a wheel track after passage of the tractor for seeding; (d) emerged canola plants
in the no-tillage plot.

2.3. Experimental Procedure and Measurements

The experiment involved taking measurements under three phases. For the first phase,
measurements were taken to characterize the initial soil surface condition of the field before
tillage application (Figure 3a). These measurements included soil properties, residue cover,
and dry residue mass. In the second phase, the various tillage systems were performed on
the field (Figure 3b). Again, soil properties were measured immediately after the tillage
operation. Then, the third phase involved tractor passage of the seeding operation on the
tilled plots (Figure 3c). Soil properties and compaction variables were measured in the
tractor wheel tracks. Finally, the plant population density was measured after canola plants
emerged (Figure 3d).

2.3.1. Initial Field Conditions before Field Operations

Soil properties (dry bulk density, soil cone index, soil shear strength, soil moisture
content, and soil surface resistance) and residue condition (residue cover and dry residue
mass) were measured to determine the initial soil surface conditions of the field. Seven
samples were taken for each soil property measured. Soil moisture content and soil dry
bulk density of the experimental field were measured using the soil core method. Soil
samples were taken with a core sampler at random locations of the field. The core sampler
had a diameter and height of 50 and 100 mm, respectively. The soil samples were weighed
and oven-dried at 105 °C for 24 h. Soil shear strength was measured using a Geotechnics
vane shear meter (Figure 4a). The vane shear meter consisted of four rectangular bladed
vanes with a vane height of 29 mm. The vane diameter and area of a single blade were
19 mm and 275.5 mm?, respectively [15]. The soil cone index was measured with a Rimik
CP20 cone penetrometer device (Figure 4b). It consisted of a standard cylindrical rod with
a cone tip angle of 30°, a load cell, and a chipset. Measurements were taken from the soil
surface to a maximum depth of 105 mm at 15 mm intervals. The measurements were taken
at a constant penetration velocity of 0.02 m/s [16]. The soil surface resistance was measured
with a Humboldt dial pocket penetrometer (Figure 4c). The pocket penetrometer consisted
of a 25 mm diameter plunger or foot and a dial with inner and outer scales. The dial had
an accuracy of 1% full scale at 20 °C. Measurements were taken by pushing the plunger
into the soil until its foot flushed with the soil surface, then the value on the dial was read.
The residue mass on the soil surface was determined by collecting residue within a 1 m?
quadrant placed at seven random locations on the field (Figure 4d). The seven collected
samples were oven-dried at 60 °C for 72 h [17] and weighed to determine the dry mass
(Kg/ha). The residue cover was measured using the rope method. This method involved
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counting the number of times marked lines on a rope, spaced at 0.3 m intervals, intersected
with a piece of residue on the field (Figure 4e).

Figure 4. (a) Vane shear meter; (b) Standard penetrometer; (c) Pocket penetrometer; (d) Quadrant for
residue mass measurement; (e) Rope method for residue cover measurement.

2.3.2. Tillage Operation

The tillage operation was performed based on the plot layout of the experimental
design. A tillage depth of 12.5 mm was used for the disc and spring-tine tillage systems.
The tractor was driven at a velocity of 1.1 m/s [8]. After the tillage operation, soil dry
bulk density, soil cone index, soil shear strength, soil moisture content, and soil surface
resistance were measured in each plot. Within each plot, three samples or measurements
were taken for each aforementioned soil property.

2.3.3. Traffic and Seeding Operations

Afterwards, the tilled plots were trafficked with one pass of the tractor for seeding
operations (Figure 3c). Seeding was also performed with a four-row seeder (Plotter Choice,
Kasco Manufacturing, 170 W 600 N, Shelbyville, IN 46176, USA). Canola was seeded at a
row spacing of 300 mm. The canola seeds (variety: InVigor L340) were certified seeds from
a Manitoban seed supplier (Friesen Seeds Ltd, Rosenort, MB, Canada.). The seeds were
treated with Prosper Evergol 4.25 M. The travel speed of the tractor for the operation was
1.1 m/s (4 Km/h). The target seeding depth was 12.5 mm, recommended by the canola
council of Canada [18].

In the centreline of the wheel track, soil dry bulk density, soil cone index, soil shear
strength, soil moisture content, soil surface resistance, imprinted tire width, and soil
sinkage were measured in individual plots. Within each individual plot, three samples or
measurements were taken for each soil property, imprinted tire width, and soil sinkage.
The imprinted tire width and soil deformation (sinkage) were measured using a measuring
rule and tape on the wheel track. The plant population density was counted 10 days after
seeding. The number of emerged canola seedlings within the central two crop rows were
counted at three random locations per plot. At each location, the length of the crop rows
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used for counting was 2 m. Unfortunately, flea beetles attacked and destroyed the plants.
As a result, plant counting was performed only two times, and crop yields could not be
obtained.

Field operations were managed based on normal farm practices [19]. A summary of
the crop production management information is presented in Table 1.

Table 1. Crop production management information.

Field Activity Type Date
Soil fertility sampling Soil core May 3
Herbicide application Glyphosate Ammonium sulphate (20-0-0-24) May 3
Fertilizer application Monoammonium phosphate (11-52-0) and Nitrogen May 28

Tillage application No till, Disc, and Spring-tine May 28
Seeding Four-row seeder May 28

1st Plant count June 7
2nd Plant count June 8

2.4. Statistical and Data Analysis

Analysis of variance (ANOVA) was used to determine if the three tillage systems had a
significant effect on the measured variables. ANOVA was also used to determine if the soil
compaction across the three tillage systems had an effect on the variables. SAS University
edition, 2021 statistical software was used to perform the ANOVA and Duncan’s multiple
range test (a pairwise comparison) at p < 0.05.

3. Results and Discussion
3.1. Initial Field Conditions

Residue cover measured using the rope method was 76.4%, which was close to the
percentage residue cover range stated by Burgess et al. [20] for classifying no-till plots with
high amounts of corn stover residue. The dry residue mass was 1847 Kg/ha, which was
lower than that reported in Burgess et al. [20]. The low residue mass was possibly due to
the residue decomposition over time. The soil moisture content for the field at the time of
the experiment was 18.5% (dry basis). This amount of moisture content level in the topsoil
layer was suitable for field operations on sandy loam soil. The values of dry soil bulk
density, soil surface resistance, soil shear strength, and soil cone index were typical for the
given soil type before tillage. A summary of the initial soil condition and measurements is
presented in Table 2.

Table 2. Summary of initial soil conditions.

Measurement Unit Value
Soil moisture content % 185+ 54
Soil dry bulk density Kg/m? 1524.3 £ 0.2
Soil surface resistance Kg/ m3 1.8+04

Soil shear strength Nm 29+1.1

Soil cone index KPa 26114 £511.2

Crop residue mass Kg/ha 1847 + 477
Crop residue cover % 764 +12.1

3.2. Effect of Tillage Systems on Soil Properties
3.2.1. Dry Soil Bulk Density

The dry soil bulk density was significantly different between the no-tillage system
and the other two tillage systems (Figure 5a). The no-tillage system recorded a dry soil
bulk density of 1520 Kg/m? while the disc and spring-tine tillage systems recorded 23%
(1170 Kg/m?) and 27.6% (1100 Kg/m?) reduction, respectively, in dry soil bulk density.
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Both conventional tillage systems (disc and spring-tine) aid in reducing the dry soil bulk
density by breaking and loosening the soil in the topsoil layer. The difference in dry soil
bulk density between the disc and spring-tine tillage systems was not significant. This was
due to the similar tilling depth (12.5 mm) used for both tillage systems. In a nutshell, this
indicated that both double-action disc and spring-tine harrow implements were suitable
for reducing the dry soil bulk density in firm soil.
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Figure 5. Soil properties across the three tillage systems: no-tillage, disc tillage, and spring-tine
tillage; (a) Dry soil bulk density; (b) Soil shear strength; (c) Soil surface resistance. Values labelled
with different letters are significantly different based on Duncan’s multiple-range test at a significance
level of 0.05 (p < 0.05).

3.2.2. Soil Shear Strength

The soil shear strength for the no-tillage system was 2.81 Nm (Figure 5b). This reflected
the state of the soil at the no-tillage plots. The soil was typically firm and unresponsive
to deformation (compression). The disc and spring-tine tillage systems recorded an 80%
(0.56 Nm) and 84% (0.43 Nm) reduction in soil shear strength as compared to the no-tillage
systems. Shearing, rotation, and compression are the three forms of soil deformation in soil
dynamics [21]. Soil deformation due to shearing was evident when the double-action disc
and spring-tine harrow implements were developed to till the soil. When tilling the soil,
the internal structure and interlocking soil particles in the topsoil layer experienced friction.
This led to the disassociation of bonds between soil particles resulting in shear. This resulted
in the observed decrease of the soil shear strength in the conventional tillage systems. The
soil shear strength was not significantly different between the disc and spring-tine tillage
systems.

3.2.3. Soil Surface Resistance

In terms of the surface resistance of the soil surface, the no-tillage system was signifi-
cantly different from the conventional (disc and spring-tine) tillage systems (Figure 5c). The
highest surface resistance (1.75 Kg/cm?) was observed for the no-tillage system, reflecting
the firm state of the soil surface in those plots. The disc and spring-tine tillage systems
recorded lower surface resistance due to the ability of the double-action disc and spring-tine
harrow implements to break up firm soils. However, the surface resistance between the
disc and spring-tine tillage systems were not significantly different. This could be due
to the primary objective of both harrow implements to achieve soil pulverization in the
topsoil layer irrespective of the degree of intensity provided.

3.2.4. Soil Cone Index

The relationship between the soil cone index and depth was investigated to understand
the effect of both harrow implements on the soil (Figure 6a). As the depth increased, the
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soil cone index increased, regardless of the tillage system. The soil cone index values for
the spring-tine tillage system ranged from 265.5 KPa to 1760 KPa within a specified depth
range of 15 mm to 90 mm. In contrast, the soil cone index values for the disc tillage and
no-tillage systems varied in a much narrower range within the same depth range. Other
researchers observed similar linearly increasing trends for the relationship between soil
cone index and the specified depth range of 15 mm to 105 mm in their research studies
involving the effect of traffic on different tillage regimes [11,22,23].
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Figure 6. Soil cone index across the three tillage systems: no-tillage, disc tillage, and spring-tine
tillage; (a) index-depth curves; (b) average indices over the depth range. Values labelled with different
letters are significantly different based on Duncan’s multiple-range test at a significance level of 0.05
(p <0.05).

To further demonstrate the effects of the tillage system on the soil cone index, data
points over an index curve were averaged over the depth of 105 mm (Figure 6b). The
average soil cone index was not significantly different between the no-tillage and disc
tillage systems. However, the average soil cone index for the spring-tine tillage system
was significantly different when compared to the no-tillage and disc tillage systems. There
was an observed reduction in the average soil sone index for the disc and spring-tine
tillage systems. However, the spring-tine tillage system recorded a greater reduction in
the average soil cone index when compared to the no-tillage and disc tillage systems. This
could suggest the efficacy of the spring-tine harrow implement in reducing soil cone index
at similar depths in sandy loam soils.

3.3. Plant Population Density

The first emergence of the canola seedlings began on 4 June. This was seven days after
seeding. The spring-tine tillage system was marked with a significantly higher population
density of canola plants as compared with the disc tillage and no-tillage systems on both
dates when plants were counted (Figure 7). The plant population density for the disc tillage
and no-tillage systems were not significantly different. On average, over two dates, the
population density per unit area of canola plants for the spring-tine tillage, disc tillage, and
no-tillage systems were 33.9, 25.2, and 18.5 plants/m?, respectively.
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Figure 7. Plant population density per unit area in three tillage systems: no-tillage, disc tillage, and
spring-tine tillage. Values labelled with different letters are significantly different based on Duncan’s
multiple-range test at a significance level of 0.05 (p < 0.05).

As mentioned in the previous sections, the soil within the no-tillage system was firm
and highly resistant to shear and penetration. This clearly affected the seed germination
and resulted in the smallest population of canola plants within that tillage system. The
population density of canola plants for the disc tillage and no-tillage systems were not
significantly different. The observed values of the soil properties in the disc tillage system
were similar to the values recorded in the no-tillage system (Figures 8a and 9a—c). In
contrast, the spring-tine tillage system observed a significantly higher population density
of canola plants as compared to the no-tillage system. This was due to the lower readings
for the soil properties (Figures 5a—c and 6a,b). This reduction in the soil properties gave
credence to the ability of the spring-tine cultivator to alleviate the heightened effects of soil
degradation in order to promote plant growth.
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Figure 8. Soil properties taken in the wheel tracks under the no-tillage, disc tillage, and spring-tine
tillage systems; (a) dry soil bulk density, (b) soil sinkage and (c) soil moisture content. Values labelled
with different letters are significantly different based on Duncan’s multiple-range test at a significance
level of 0.05 (p < 0.05).
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Figure 9. Soil properties taken in the wheel tracks under the no-tillage, disc tillage, and spring-tine
tillage systems; (a) soil shear strength, (b) soil surface resistance and (c) average indices over the
depth range. Values labelled with different letters are significantly different based on Duncan’s
multiple-range test at a significance level of 0.05 (p < 0.05).

3.4. Effect of Wheel Track across Tillage Systems on Soil Properties
3.4.1. Dry Soil Bulk Density

The dry soil bulk density taken on the wheel tracks was not significantly different
between the disc tillage, spring-tine tillage and no-tillage systems (Figure 8a). Considering
the before and after effects of traffic, the dry soil bulk density significantly increased after
the passage of the tractor in both disc and spring-tine tillage systems. However, the change
in dry soil bulk density after tractor passage was not significantly different between the disc
tillage, spring-tine tillage, and no-tillage systems. The effect of the passage of the tractor
increased the dry soil bulk density towards the initial dry soil bulk density value of the
experimental field for the disc and spring-tine tillage systems. The dry soil bulk density
value recorded for the no-tillage system remained the same even after the passage of the
tractor. Overall, the aim of drastically reducing soil bulk density before seeding would be
considered not achievable. Increasing the field traffic by a higher number of tractor passes
would lead to higher dry soil bulk density. This would, in turn, affect seed germination
and plant growth resulting in lower crop yields.

3.4.2. Soil Sinkage

Due to the firmness of the soil in the no-tillage plots, there was no presence of defor-
mation (compression) on the soil surface after the passage of the tractor. Therefore, the
sinkage was recorded as zero. The soil sinkage was significantly different between the disc
and spring-tine tillage systems (Figure 8b). Generally, when a load such as a tractor tire is
in contact with the soil surface, regional soil shear failure occurs, which results in the defor-
mation of the soil structure beneath the tire [24]. This phenomenon was evident during the
passage of the tractor. Additionally, the pore spaces in the soil are greatly reduced for every
tractor passage. If pore spaces are greatly reduced or non-existent, further soil compression
or deformation cannot occur [25]. The disc tillage system observed higher sinkage than
the spring-tine tillage system due to the reduction of the pore spaces after the passage of
the tractor. These pore spaces were created during the breaking and loosening of the soil
structure by both implements. However, this indicated that the double-action disc harrow
increased the porosity in the topsoil layer during tillage.

3.4.3. Soil Moisture Content

The soil moisture content for the no-tillage, disc tillage, and spring-tine tillage systems
was not significantly different from each other directly after tillage. After the passage
of the tractor (after compaction), the disc and spring-tine tillage systems observed lower
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soil moisture content readings when compared to its initial readings directly after tillage
(Figure 8c). However, the soil moisture content for the disc and spring-tine tillage systems
were not significantly different after compaction. The soil moisture content for the disc and
spring-tine tillage systems were 14.4% and 15.7%, respectively. The effect of soil compaction
was evident on the soil moisture content for the disc and spring-tine tillage systems. The
disc tillage system observed a 2.7% (14.4% dry basis) reduction in soil moisture content
directly after the passage of the tractor. When comparing the initial (after tillage) and
final (after compaction) effects, the soil moisture content was not significantly different.
In contrast, the spring-tine tillage system observed a 17.4% (15.7% dry basis) reduction in
soil moisture content directly after the passage of the tractor. When comparing the initial
(after tillage) and final (after compaction) effects, the soil moisture content was significantly
different. Overall, soil compaction as a result of traffic had an observable effect on the soil
moisture content. The passage of the tractor influenced the disruption of the soil structure
in the topsoil layer resulting in the reduction of macropores (porosity) for water flow [8].
This led to a decrease in soil moisture content after compaction. Samuel and Ajav [1] and
Villanueva et al. [9] observed similar findings where soil moisture content decreased after
several passes of the tractor in conventional tillage plots.

3.4.4. Soil Shear Strength and Soil Surface Resistance

Shear strength and surface resistance were not significantly different between the
wheel tracks under the disc and spring-tine tillage systems (Figure 9a,b). Similar to what
was observed with the dry soil bulk density, the shear strength and surface resistance
significantly increased after the passage of the tractor in the disc and spring-tine tillage
systems. Again, the shear strength and surface resistance values recorded for the no-tillage
system remained the same even after the passage of the tractor. The change in shear
strength and surface resistance was not significantly different between the disc and spring-
tine tillage systems. In the wheel tracks, the shear strength and surface resistance also
increased towards the initial shear strength and surface resistance recorded. The influence
of the tractor passage on the soil surface led to the collapse of the loosened soil structure.
This form of soil compaction combined the soil particles together, thereby creating a dense
soil structure in the topsoil layer. As a result, the soil shear strength and surface resistance
increased for the topsoil layer as well.

3.4.5. Average Soil Cone Index

The average soil cone index was not significantly different between the wheel tacks
under three tillage systems (Figure 9¢c). There was a significant increase in the average
cone index after the passage of the tractor in the disc and spring-tine tillage systems. The
change in average cone index was significantly different between the disc and spring-tine
tillage systems. In the disc and spring-tine tillage systems, the average cone index increased
towards the initial soil cone index value. However, the spring-tine tillage system observed
a 28.6% (2507 KPa) increase in the average soil cone index, while the disc tillage system
observed a 6.5% (2485 KPa) increase. The average soil cone index for the no-tillage system
did not increase or decrease due to its firm nature. As previously mentioned, the spring-
tine harrow implement was effective in reducing the soil cone index in the 105 mm depth.
However, the spring-tine tillage system was greatly influenced by the passage of the tractor
on the soil surface. The resulting soil compaction compressed the topsoil layer, which led
to an increase in the soil cone index at the specified depth. The relationship between the
depth and soil cone index after tractor passage (Figure 10) was variable as compared to the
relationship between the depth and soil cone index after tillage. The disc tillage system
observed a higher soil cone index ranging from 2002 KPa to 2217 KPa for the specified
depth of 15 mm to 60 mm. In the same specified depth, the spring-tine tillage system
observed a lower soil cone index ranging from 1914 KPa to 2069 KPa. Thereafter, the soil
cone index in both tillage systems became similar, and the trend increased linearly.
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4. Conclusions

A field experiment was performed to study the influence of tillage and traffic on sandy
loam soil in the Canadian prairie region. In terms of the effect of tillage systems on the soil
properties, the no-tillage system observed significantly higher dry soil bulk density, soil
shear strength, and soil surface resistance when compared with the disc and spring-tine
tillage systems. The relationship between the soil cone index and depth was observed to be
an increasing trend for all three tillage systems. The spring-tine favoured a higher plant
population density when compared to the no-tillage system. After wheel trafficking on the
tilled soil, some soil properties on the wheel tracks were significantly different. The soil
sinkage was greater in the disc tillage plots than the spring-tine tillage plots. The wheel
tracks on the disc and spring-tine tillage plots reduced the soil moisture content compared
with the wheel tracks in the no-tillage plots. Overall, soil preparation using tillage was
highly advantageous to the establishment of the canola crop. The reduction of the dry
soil bulk density and soil strengths in the tilled plots led to the improvement of the plant
population density. Specifically, the spring-tine tillage system was the best method of soil
preparation for the canola crop considering both soil condition and plant establishment.
This study showed that soil properties varied not only with different tillage systems but
also with the field traffic from the subsequent field operation. Therefore, both the tillage
system and subsequent traffic should be taken into consideration for the management of
field operations in supporting crop production.
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Abstract: To address the problem whereby the size of the hole formed by the existing hole-forming
device of hole-punching transplanters is significantly inconsistent with the theoretical size as it
is impacted by the inserting and lifting methods, a scheme for eliminating the forward speed
of the whole machine by the horizontal linear velocity of reverse rotation of the hole-forming
mechanism is proposed to vertically insert and lift the hole-forming device in accordance with the
working characteristics of hole-punching transplanting and the agronomic requirements of rapeseed
transplanting. In addition, a novel type of reverse-rotating soil-taking-type hole-forming device
for the pot seedling transplanting machine for rapeseed was developed. A test bench for the hole-
forming device was set and its effectiveness was verified in the soil bin. It was found, from the
test results, that, when the forward speed of the hole-forming device was between 0.25 m/s and
0.45 m/s, the average qualified rates of hole forming of the device were 95.2%, 94.0% and 93.3%,
respectively; the average change rates of the hole size were 2.3%, 2.9% and 5.5%, respectively; and
the average error between the theoretical value of effective depth and the experimental value was
between 2.0% and 5.6%. The average angle between the hole-forming stage trajectory of the hole
opener and the horizontal direction at different forward speeds was higher than 88.0°; the coefficient
of variation was between 0.16% and 0.64%; the perpendicularity of the hole-forming operation was
high; the change rates of soil porosity of the hole wall were between 8.2% and 9.3%; and the average
soil heave degrees at the hole mouth after the completion of the hole-forming operation were 3.9%,
4.1% and 4.2%, respectively. The average soil stability rates of the hole wall were 91.9%, 91.2%
and 91.0%, respectively. The different performances of the hole-forming device were confirmed to
meet the requirements of rapeseed pot seedling transplanting. This study can provide a reference
for the structural improvement and optimization of the hole-punching transplanter for rapeseed
pot seedlings.

Keywords: rapeseed transplanting; hole-forming device; key components; experiment

1. Introduction

Rapeseed, a vital oil crop worldwide, has been found as the major source of plant
edible oil and forage protein; the rapeseed planting area and the rapeseed demand are
increasing on a year-to-year basis [1-3]. There have been two main modes of rapeseed
planting, including direct seeding and transplanting; conventional manual planting can
no longer satisfy the needs of large-scale rapeseed planting and the rational utilization of
mechanized production is critical to developing the rapeseed planting industry [4-6]. As
indicated by relevant studies, mechanized rapeseed transplanting is capable of alleviating
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crop stubble contradiction, as well as expanding the planting area, which acts as a vital
planting mode for developing the rapeseed industry [7-11].

In accordance with different planting principles, scholars worldwide have separated
the mechanized pot seedling transplanter into three categories, including seedling-ditching
channel-type transplanters, duckbill-type transplanters and hole-punching-type trans-
planters [12-15]. The damage rate of seedlings is high and the uprightness of seedlings can-
not be ensured when using the seedling-ditching channel-type transplanter. The duckbill-
type transplanter raises more rigorous requirements on seedling age and shape; the feeding
speed of seedlings should be appropriate and the transplanting speed is limited. Although
the hole-punching-type transplanter raises certain requirements on soil texture and mois-
ture content, its operation is less affected by the previous crop straw and weeds and low
requirements are raised on transplanting seedlings; the operation mode to form holes
first and subsequently release seedlings can ensure the uprightness of pot seedlings and
rapid transplanting operation can be achieved under this mode, so the hole-punching
transplanter has broad scientific research prospects [16-20].

At present, the essential part of a hole-punching transplanter is the hole-forming
device, which primarily falls into two types in accordance with the hole-forming method,
including the soil-extruding type and the soil-taking type [18,19,21-26]. The Rain-flo semi-
automatic hole-forming transplanter manufactured by Buckeye Tractor Co in the United
States uses a hole-forming shovel distributed on the outer edge of the water wheel to form
holes in the soil by forcing soil extrusion; then, the pot seedlings are directly put into the
planting holes manually. Both bare seedlings and pot seedlings can be transplanted. How-
ever, the hole-forming process brings a great disturbance to the soil and the transplanting
speed is easily affected by the artificial proficiency. The transplanting mechanisms of hand-
held, semi-automatic and automatic onion transplanters were previously summarized and
analyzed and the wheel-type, rotary-type and linkage-type planting mechanisms were com-
pared and analyzed. However, planting mechanisms adopt the rotary extrusion method to
complete soil inserting, which results in large hole size and reduced soil porosity of the
hole wall, thus having an effect on the perpendicularity of seedlings and air permeability in
the formed holes [26]. Chen simulated and tested the hole-forming device of a buckwheat
planter by applying discrete element software and multi-body dynamics software; the
relevant parameters of the vital components (including duckbill and duckbill spring) were
obtained and the bench test was performed to calculate the best spring wire diameter and
rotational speed of seeding wheel. However, the soil disturbance around the hole and
the soil porosity of the hole wall were significantly affected, since the rotary extrusion-
type soil-inserting method was applied in the hole-forming device [27]. Han designed a
rotary soil-taking hole-digging device for the semi-automatic watermelon pot seedling
transplanter and its accessories; the designed device could satisfy the requirements of
transplanting, whereas the size of the formed holes was overly large, since the hole-forming
device showed a certain inclination angle with the soil level when put into the soil and
excavated [28]. Quan conducted an optimization analysis on the vertical soil extruding-
type and vertical soil-taking-type hole-forming devices. Based on the comparison of the
porosity of the hole wall and the soil return coefficient of the section within the hole, the
soil-taking type was confirmed as a relatively optimal hole-forming method and the size of
the formed holes was found to be similar to the theoretical size. However, the device had
to be initiated and stopped by traction power to vertically take soil and form holes and it
had low operation efficiency [29]. In brief, some progress has been made in hole-punching
and transplantation technology and equipment [30-34], while the existing hole-forming
devices are primarily prone to a significant difference between the size of the formed hole
and the theoretical size; due to problems in the inserting and lifting operation modes, the
soil porosity of the hole wall decrease greatly, thus affecting the growth environment of pot
seedlings and subsequently affecting the yield of crops [29,35-37].

Accordingly, based on the agronomic requirements of rapeseed pot seedling trans-
planting and combined with the operating characteristics of the hole-punching transplanter,
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this study designed a type of continuous operation of the reverse-rotating soil-taking-type
hole-forming device. Based on the method to eliminate the forward speed of the whole
machine by endowing the hole-forming mechanism with the horizontal linear velocity of
reverse rotation, the hole-forming device could realize vertical inserting and lifting. Holes
meeting the design requirements could be generated by combining the actions of collecting
and discharging soil of the hole-forming device. The hole-forming method used in this
study slightly affected the soil porosity of the hole wall of the formed hole, while reducing
the disturbance to the soil. Moreover, the shape size of the formed hole was generally
consistent with the theoretical size, thus facilitating the growth of pot seedlings after trans-
planting. In this study, the effect of different advancing speeds on the hole-forming effect
was investigated and the changes in hole size, soil disturbance and soil porosity of the hole
wall before and after the formation of hole were studied. This study can present a novel
idea for the design of hole-forming devices for rapeseed pot seedling transplanters and
theoretically improve this design.

2. Materials and Methods
2.1. Agronomic and Technical Requirements

In general, the existing rapeseed seedling pots have a squared cone shape, with a
top-side length of 35 or 50 mm and a bottom-side length of 25 mm, as well as a height of 40
or 45 mm. The planting density of rape transplanting is approximately 110,000 plants/hm?
and the planting depth is 30-60 mm [29,38,39]. Based on the agronomic requirements of
dry land transplantation of rapeseed pot seedlings and the existing research results [29,40],
soil taking was selected as the method of hole forming in this study and the shape of the
hole-forming device was designed as a cylindrical table. The main technical parameters
of the hole-forming device of the pot seedling transplanting machine for rapeseed were
determined as shown in Table 1.

Table 1. Main technical parameters of the soil-taking-type hole-forming device.

Distance between

Overall Dimensions Hole-Forming Transplant Hole ForI‘nmg Adjacent Maximum
Mechanism . Transplant
(mm) Method Row Number Hole-Forming
Number . Depth (mm)
Mechanisms (mm)
Lo W< H: soil picking 1 5 300 80

2130 x 1130 x 1340

2.2. Overall Structure and Working Principle

The reverse-rotating soil-picking-type hole-forming device consisted of a hole-forming
mechanism and a transmission system, the structure of which is shown in Figure 1. The
main structure included a frame, a hole-forming mechanism (5 sets), a transmission system,
a side plate (transparent in the 3D picture), a hole-forming cam and a putter cam. To be
specific, the transmission system was largely composed of a chain and sprockets, a circular
guideway, a slider, a motor, a transmission shaft, etc. The side plate was welded on the
frame, the circular guideway was symmetrically fixed on the side plate and the slider was
installed on the circular guideway. In addition, the hole-forming mechanism was fixed
with the slider, capable of rotating around the circular guideway through the slider; the
hole-forming cam and the putter cam were fixed in the frame through the transmission
shaft. The retaining plate was installed inside the frame and in the same plane as the soil
opener to prevent the taken soil from being thrown back into the formed hole.
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Figure 1. Structure diagram of reverse rotary soil-picking-type hole-forming device: 1—frame;
2—hole-forming mechanism; 3—chain and sprockets; 4—side plate; 5—motor; 6—ground wheel;
7—retaining plate; 8—transmission shaft; 9—hole-forming cam; 10—putter cam; 11—circular guide-
way; 12—slider.

When working, the soil bin tank pulled the hole-forming device at a uniform speed
and the power of reverse rotation of the 5 sets of the hole-forming mechanism was inputted
by the motor via the transmission shaft, the chains and sprocket and transmitted to the
slider installed on the annular guide. Thus, the hole-forming mechanism fixed on the
slider was driven to rotate and the linear speed of rotation of the hole-forming mechanism
was equated with the forward speed of the hole-forming device. When the hole-forming
mechanism entered the hole-forming stage, its speed was opposed to the forward speed
of the whole machine and its size was equal. Thus, the hole-forming mechanism did not
exhibit a horizontal speed relative to the soil surface at this stage. Then, under the joint
action of the hole-forming cam and the putter cam, the soil opener in the hole-forming
mechanism carried out the following actions: vertical soil inserting (with an open state
of the soil opener); rotary soil taking (with a close state of the soil opener); vertical soil
lifting (with a close state of the soil opener); and soil discharge and reset (the soil opener
was first opened to the maximum angle to discharge soil and then reverted to the initial
state). These operations were conducted according to the sequence as required by design,
so as to form holes in the soil that met the design requirements. As shown in Figure 2, to
intuitively understand the interaction between the key components of the hole-forming
device, a three-dimensional schematic diagram of each working stage was drawn.

2.3. Design of the Hole-Forming Mechanism
2.3.1. Overall Structure

The hole-forming mechanism studied in this paper was an important part of the
reverse rotary soil-picking-type hole-forming device. It included a small side plate, a linear
guide rail, a putter of open and close, a putter of bearing, a putter of hole forming, a putter
spring, a support side plate, a return spring, a soil opener and a bracket of the soil opener.
The structure is shown in Figure 3.

The small side plate was fixed on the slider and the support side plate was fixed on
the small side plate by the support axis. The linear guide rail and the putter of hole forming
were installed on four linear bearings, respectively, which could achieve up-and-down
reciprocating motions. The upper end of the putter of hole forming was installed with a
putter bearing that always moved in the hole-forming chute; the linear bearing was fixed
on the small side plate and the support side plate, respectively, while the bottom end of the
linear guide rail was welded on the soil-opener bracket. The soil opener was installed on
the soil-opener bracket by the bracket axis, the putter of open and close, the return spring
and the putter spring, which could rotate around the bracket axis. Among them, the putter
of open and close was installed in the soil-opener bracket by linear bearing; its upper end
was always in contact with the outer contour of the putter cam under the action of the
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putter spring and the return spring; the lower end was always in contact with the inner
wall of the soil opener through the roller. The putter spring was set on the putter of open
and close in a compression state and the return spring was hung on the soil opener in a
stretching state. The up-and-down motions of the putter of open and close in the linear
bearing could make the soil opener close and open.

Installation relationship of key

Initial moment Soil-opening deepest moment
components

Soil-dumping completed mo-

Soil-picking completed moment Soil-leaving completed moment ment

Figure 2. Schematic diagram of the working process of the hole-forming mechanism.

Figure 3. Structure diagram of the hole-forming mechanism: 1—small side plate; 2—linear guide rail;
3—putter of hole forming; 4—putter of bearing; 5—putter of open and close; 6—putter spring;
7—support side plate; 8—slider; 9—return spring; 10—soil opener; 1l—bracket of axis;
12—support axis.
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2.3.2. Design of Soil Opener

The soil opener was a vital part of the hole-forming mechanism and the soil opener
formed the planting hole in the soil by inserting the soil, taking the soil and lifting the
soil. In addition, the shape of the hole would directly affect the quality of pot seedling
transplanting. Figure 4 presents the schematic diagram of the conical table soil-taking
soil opener designed in this study. The soil opener acted as the soil-touching part of the
hole-forming device, so the design of its parameters significantly affected the quality of
the shape of the formed holes; the cutting-edge section thickness was considered a main
parameter affecting the soil-cutting resistance. In general, the thinner the cutting-edge
section thickness, the smaller the soil cutting resistance was, whereas the soil opener was
prone to deform and even collapse. Thus, the cutting-edge section thickness b was selected
as 2 mm [28,41].

y
N

Figure 4. Schematic diagram of soil opener. Note: b is cutting edge section thickness (mm);  is bottom

size of soil opener (mm); Hy is height of conical-table-shaped soil opener (mm); Hj is soil-opening
depth (mm); 0 is penetration angle (°).

According to the previous research results [40], the bottom size I of the soil opener
was selected as 35 mm. In accordance with the requirements of planting depth and the
structural characteristics of the hole-forming mechanism, the height Hy of the soil opener
was selected as 150 mm. If the angle of entry 6 was overly large, the resistance of entry
increased and the porosity of the soil in the hole wall was reduced. If the angle of entry
0 was excessively small, it was not conducive to the stability of the soil in the hole wall.
Based on the existing research results, the angle of entry 8 was selected as 17° [29].

2.3.3. Movement Trajectory Analysis of Soil Opener

In this study, the movement trajectory of the soil opener comprised two parts, includ-
ing the vertical inserting, vertical lifting and rotation process of the soil opener relative
to the soil surface and the process of soil taking. Three-dimensional drawing software
was applied for 3D modeling of the soil-forming device; the motion parameters of the
respective component were defined in the mechanism of the application program and the
linear speed of rotary motion of the soil opener was equal to the forward speed of the
whole machine. The centers of the circle of the two adjacent shafts of the bracket of the soil
opener were selected to track the trajectory (Figure 5). The movement track of a complete
rotation consisting of bp—ag—bg—co—do—eo—fo relative to the soil surface of the soil opener was
determined and bj-a;—b;—c;—-d;—e;—f; was the movement track of the adjacent soil opener.
To be specific, the corresponding sections bpag and agby were found as the movement track
of the soil opener in the soil-inserting and soil-lifting stage; the bpcy section was found as
the movement track of the soil discharging stage. The codpey and epfy sections were the
track of the reset and return stage of the soil opener, respectively. The soil-opening depth

66



Agriculture 2022, 12, 319

H; was 65 mm and the plant spacing L; was 300 mm, thus meeting the requirements of
rapeseed pot seedling planting.

Hole-forming device forward direction
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Figure 5. Movement trajectory of soil opener. Note: T is movement trajectory of soil opener; L
represents the displacement of a soil opener in one cycle (mm); H; is soil-opening depth (mm); L;
denotes the center distance between two adjacent soil opener, namely, the plant distance between
formed holes (mm); S expresses the maximum vertical displacement of the soil opener (mm); r is the
radius of motion of the soil opener (mm); Point by is the initial position of the soil opener.

2.3.4. Hole Contour and Shape Parametric Equations

The hole was formed by the interaction between the contour of the soil opener and
the soil, thus confirming that the theoretical contour shape of the hole formed by the soil
opener in the soil was the envelope of the movement track of the soil opener. According
to Figure 6, the coordinate system of the soil-inserting and soil-taking process of the soil
opener was built; the soil opener selected the O point as the center of the circle. After the
maximum soil-inserting depth was reached, the soil opener rotated inward by a 6 — 0
angle for soil taking; the movement trajectories of points A, B, C and D constituted the
theoretical contour of the hole; and the hole was represented by an envelope composed
of D1-A1-O1-B1-Cy. D1A; and C1B; were the movement trajectories of endpoints A and B
and the movement trajectories of resistance surfaces DA and CB at the soil-inserting stage,
while A;O; and B;O; were the movement trajectories formed by endpoints A and B at the
soil-taking stage.

(1) The parameter equations of segment D1A; and segment C;B; of the hole side
formed by the external contour of the soil opener contacting the soil at the vertical soil-
inserting stage are written as

NI~

YDA, :—ﬁ@xﬁ-l) —Hltane—égx< — o
YC1}31:ﬁ(2X71) %§X<H1tan6+%

(2) At the soil-taking stage, A and B rotated around point O as the center of the circle
till the soil opener was completely closed; the parameter equations of the bottom edges’
sections A1O; and B1O; of the hole are written as

YAlolzf\/RZ*X2+\/R2*% -F<x<o
/oy, ] 2 <
YB0; = RZ—X2+ Rz_% 0sx<

Since the formation of a hole is the result of the interaction between the external
contour of the soil opener and the soil, the theoretical shape of the hole acts as the en-
velope of the movement track of the soil opener in the soil [21,22]. Through two sets of
Equations (1) and (2), the contour of the hole can be expressed in two parts. In the process
of soil inserting and soil taking, the contour of the hole consists of segments DA and CB
and the movement track of special points A and B, thus forming the hole with a large upper
end and a small lower end, which contributes to the stability of the hole. The coordinates of

@

NI~
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the respective point on the curve could be directly calculated from the parameter equation
of hole contour, by calculating the coordinates of the respective point; the shape of the
hole was described and parameterized, helping understand the main factors of the size
of the hole. According to Figure 6, the intersection points between the straight line at an
arbitrary depth from the soil surface h; (hy < Hj) on contour lines D;A; and C;B; and the
hole contour line were assumed to be m and n, respectively. Since the beaks on the left-
and right-hand sides of the soil opener were symmetrical about axis-y and were vertically
inserted into soil, the hole top size at h; could be defined as

Imn = Xn — Xm = 2Xn = 2(Hj —hj) tan 6 +1 3)

vk

Move direction

Figure 6. Movement trajectory of soil opener in soil-inserting and soil-taking stage. Note: The solid
line represents the soil-inserting stage of the soil opener. The dotted line illustrates the soil-taking
stage of the soil opener. Point O denotes the center of rotation of the right and left beaks; R is the
radius of rotation of the soil opener (mm); 0 is the soil entry angle of soil opener (°); 8; denotes the
angle between the cross-section of the lateral wall and the vertical direction when the soil opener is
closed (°); Points D, C, A and B represent the projection points in the direction of the vertical view
of the soil opener in the highest position and the lowest position of the external contour surface
contacting the soil when the soil opener reaches the lowest position; h; is actual soil-opening depth
of the soil opener (mm); H; is theoretical soil-opening depth (mm);  is the bottom size of soil
opener (mm).

By analyzing the mentioned parameter (Equation (3)), it could be seen that the soil-
opening depth Hj, soil entry angle 6 and bottom size of the soil opener | were the vital
factors of the size of hole top and hole bottom.

2.4. Design of Putter Cam and Hole-Forming Cam

To keep the bottom size and middle size of soil opener unchanged during the soil-
inserting and soil-lifting stages and to ensure that the actions of soil inserting, soil taking,
soil lifting, soil discharge and reset of the soil opener were coordinated to the sequential
design requirements, the hole-forming cam, the putter cam and its affiliated components
were designed. As shown in Figure 7, the putter cam and hole-forming cam were fixed in
the side plate of the frame through the transmission shaft. Impacted by the putter spring,
the guide roller fixedly connected with the putter of open and close always kept in contact
with the outer contour surface of the putter cam (connecting the line of points A3, B3, Cs,
D3, E3, F3, G3, H3, O and I3); the putter bearing installed on the hole-forming putter always
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moved in the inner groove of the hole-forming cam (the movement trajectory of the putter
bearing center was the line connecting points Aj, By, Cy, Dy, Ep, Fp, Gy, Hp and Ip).

Figure 7. Structure diagram of putter cam and hole-forming cam: 1—frame; 2—putter cam; 3—
hole-forming cam; 4—putter spring; 5—putter of open and close; 6—guide roller; 7—putter bearing;
8—putter of hole forming. Note: A3, B3, C3, D3, E3, F3, G3, Hz, O and I3 represent the limit points of
outer contour of follower cam. (x2,y4), (X3,79), (X4,¥8), (X5,¥5), (X6,¥5), (x7,0), (X6,¥1), (X1,¥2), (0,0) and
(x1,y6) represent the coordinate values of points Az, Bs, C3, D3, E3, F3, G3, H3, O and I3. A, By, Cy,
D,, Ey, F, Gy, Hp and I, are the special points of the movement trajectory of the center of the putter
bearing in the putter of hole forming. (x,y4), (X3,¥6), (X4,¥5), (x5,53), (X6,¥3), (x7,0), (X6,¥3), (x1,¥3)
and (xq,y4) are the coordinate values of points Ay, By, Cy, Dy, Ey, F», Gy, Hy and I, respectively. In
order to keep the slider horizontal in the hole-forming stage, according to the overall size of the slider,
the line segments I3A3 and D3E3 were designed as the buffer segments of the guide slider.

Line segments A3B3C3D3 and A;B,C;yD; refer to the hole-forming stage of the soil
opener, where point Az represents the initial position of the hole-forming stage and segment
A;B; refers to the soil-inserting stage of the soil opener. At this stage, the hole-forming
putter moved down at a certain speed to drive the soil opener into the soil vertically. At the
same time, the putter of open and close moved down at the same speed in segment A3Bs
to ensure that the bottom end of the soil opener was always open in the process of soil
inserting and the size of the bottom end remained unchanged. The segment B,C; refers to
the soil-collecting stage of the soil opener; relative to the soil surface, the horizontal and
vertical velocities of the soil opener were zero at this stage (the soil opener had reached
the maximum soil-inserting depth), the putter of open and close moved upward along the
contour line of segment B3C3 and the soil opener rotated inward with the bracket axis as
the rotation center to complete soil taking under the joint action of the putter of open and
close, the return spring and the putter spring. The segment C,D; refers to the soil-lifting
stage of the soil opener and the segment C3Dj3 represents the movement track of the guide
roller on the putter of open and close. At this stage, the hole-forming putter and the putter
of open and close moved upward at the same speed to ensure that the soil opener always
conducted vertical soil lifting in a closed state. The segment E3Fj refers to the soil discharge
stage of the soil opener. At this stage, the soil opener did not produce soil inserting or soil
lifting under the action of the contour of the groove in segment E,F,. Under the action
of the external contour of segment E3F3, the putter of open and close moved along the
direction of soil inserting to the maximum displacement, so that the soil opener rotated
outward to the maximum angle with the bracket axis as the rotation center to complete
soil discharge. The discharged soil was thrown onto the retaining plate under the action of
the forward speed of the machine and the rotary speed of the soil opener, thus sliding to
the periphery of the formed hole. Segments F3G3H30I3A3 and FoGoHyIp A represent the
movement tracks of the guide roller and the putter of hole forming in the return stage of
the soil opener.
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2.4.1. Parametric Equations of Putter Cam

Three-dimensional drawing software was adopted to express the movement track
of the guide roller on the upper end of the putter of open and close of the soil opener;
given the movement of the respective stage of the soil opener, the hole-forming mechanism
was covered around the slewing guide, the center of the guide roller of the respective two
putters of open and close was connected with a curve and the curve Ii formed was the
central contour curve of the putter cam. Subsequently, the limit contour curve of the putter
cam was generated in accordance with the size of the guide roller. The coordinate system
was established (Figure 7). Axis-x coincides with the line between Point F3 and O and
axis-y passes through the far-left end of the putter cam, tangent to the arc H3OA3. The
abscissas of limit points Az, B3, C3, D3, E3 and G3 are expressed as x»~Xg, respectively; that
of F3 as xg; that of Hz and I3 as x;; and that of O as 0. The ordinates of limit points Gz and
Hj are expressed as y1~yy; those of Ds, E3, I3 and A3 as y5~ys; those of C3 and B3 as yg~yo;
and those of O and F3 as 0, respectively. The interpolation method was adopted to work
out the parameter equations of the respective step of the putter cam [19].

A3Bj step:
75 386
= x4+ <
y 107x+ 07 206 < x < 313 4)
B3C;3 step:
7 9773
= x— = <
Y= 315" 68 313 <x < 381 (5)
C3D3 step:
75 50938
= x—-— <
Y= 107%" 107 381 < x < 488 6)
D3E3F3 step:
y = —134 488 < x < 600 @)
(y —47)% + (x — 605)> = 1802 600 < x < 779

F3G3Hj step:
{ 2 + (x — 600)2 = 1792 600 < x < 779 ®

_ 31 62308
y = 2hx+ 620 148 < x < 600

H30I3A;3 step:
y2+ (x—148)> = 1482 0 < x < 148 o)
y = —148 148 < x < 206

2.4.2. Parametric Equations of the Hole-Forming Cam

According to the coordinate system shown (Figure 7), the abscissas of limit points A,,
By, Cy, Dy, Ep, Fp and G, are expressed as xp~X7; and those of Hy and I, as xy, respectively.
The ordinates of limit points G, and H; as y3; I, Ay, D; and E; are expressed as yy; those
of C; and B, as y7; and those of O and F; as 0, respectively. The interpolation method was
adopted to work out the parameter equations of the respective step of the putter cam [19].

Aoy step: 75 6783
= __= - <
y 107 + 107 206 < x < 313 (10)
ByC; step:
y = —156 313 < x < 381 (11)
2Dz step: 75 45267
= x-== <
Y= 107" 107 381 < x < 488 (12)
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D, EyFoGoHj step:

y = =81 488 < x < 600
y2+ (x —600)> = 812 600 < x < 681 (13)
y =81 148 < x < 600

Hol Ay step:
{ y2+ (x —148)> =812 67 < x < 148 19

y = —81 148 < x < 206

To ensure the rationality of the external contour curve of the putter cam and the inner
groove curve of the hole-forming cam, the pressure angle between the putter of open
and close and the putter cam at the hole-forming stage of the soil opener was examined.
According to Figure 7, the putter of open and close in section B3C3 moved upward as it
was impacted by the putter spring, so there was no self-locking phenomenon at this stage.
According to the obtained contour parameter equation of the putter cam, the included
angle between the section A3B3 of the contour curve of the putter cam and the horizontal
direction, and the included angle between the section C3Dj3 of the contour curve of the
putter cam and the horizontal direction were 35°. In other words, the pressure angle
between the inner groove curve of the hole-forming cam and the putter of hole forming
was 35° when the putter bearing moved in sections A;B, and C;D,, which was within a
reasonable range [42].

2.5. Number of the Hole-Forming Mechanism

In accordance with the requirements of rapeseed agronomy, the hole distance of pot
seedlings was determined as 300 mm; n hole-forming mechanisms had an even distribution
on the guide rail of the rotary system. In the hole-forming operation, there might be
interference between two adjacent hole-forming mechanisms; thus, when the soil-lifting
stage of the previous hole-forming mechanism was completed, the adjacent hole-forming
mechanism had just entered the soil-inserting stage. In this design, the sprocket model
was selected as 10A; based on the pitch of the corresponding chain, the number of the
hole-forming mechanism n should satisfy the following equation:

L] =n-p
nz'L] :Sl

S =mn-D+2L,
L, >L; +L3

(15)

where L; denotes the center distance between the respective hole-forming mechanisms,
which is the distance between the formed holes (mm); n; represents the number of chain
pitches between the symmetrical centers of two adjacent hole-forming mechanisms; p
expresses the chain pitch (mm); n, represents the number of hole-forming mechanisms
(number); S; denotes the chain length (mm); D expresses the diameter of the sprocket
graduation circle (mm); L, represents the center distance between the two sprockets (mm);
and L3 denotes the length of the slider (mm).

Since the slider should be in a horizontal position at the beginning of the hole-forming
stage, the size of the slider was known as L3 = 100 mm, the center distance between the
respective hole-forming mechanism was designed to be 300 mm and the diameter of the
circular arc section of the annular guide rail and the sprocket indexing circle D was 192 mm.
Since the hole-forming mechanism should have a uniform distribution on the annular
guide rail, given Formula (15), np was 5, sprocket center distance L, was 452.4 mm, chain
length S; was 1508 mm and n; was 19.

71



Agriculture 2022, 12, 319

2.6. Soil Bin Test Condition and Equipment
2.6.1. Test Condition and Equipment

To verify the accuracy of the mentioned design method and the reliability of the hole-
forming device, a test bench of the hole-forming device was set for soil bin test, which was
performed in the digital soil bin of the Agricultural Mechanization Engineering Training
Center of Hunan Agricultural University (Figure 8). In general, the soil was clay loam.
The testing equipment consisted of a soil trough tractor, a reverse rotary soil-picking-type
hole-forming device, a laser pen (it was installed on the hole opener), a stopwatch (used
to determine the frequency of hole forming), a firmness tester (used to determine soil
firmness), an electronic scale, an aluminum box (used to determine soil water content
and soil porosity), a steel ruler, a tape, a tool knife, a soil bulk density tester, a hole shape
mapper, coordinate paper, etc.

Z o~

Hocmed Lidle

\

rming device

S

@)

(b)
Figure 8. Hole-forming device and soil bin test: (a) soil bin test; (b) hole size measurement.

2.6.2. Test Method

Before the test, the soil in the soil tank was compacted by the pressing roller, watered by
the sprinkler system and tilled by the rotary cultivator. The soil water content at 0-150 mm
reached 19.2% on average and soil firmness was 195 kPa. The hole-forming device moved
forward at 0.25, 0.35 and 0.45 m/s under the traction of the soil bin car (the rotary linear
velocity of the hole-forming mechanism was regulated to be equal to the forward velocity,
so the frequency of hole forming was 50, 70 and 90 hole/min, satisfying the frequency
requirements of rapeseed pot seedling transplanting); since the speed of the soil trough
tractor was unstable during starting and stopping, the middle 15 m within 20 m of the
operation of the soil trough tractor was taken as the test area for each test. The test was
repeated for three times and data results were taken as the average values and parameters
(e.g., hole-opening diameter, effective depth, hole distance, qualified number of holes, soil
porosity of the hole wall and soil disturbance amount of the hole wall), determined for the
respective tests.

(1) The shape and size of holes
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As shown in Figure 9, the center distance of two adjacent holes was set as the hole
distance. During the test, the center distance of all adjacent holes within 15 m was deter-
mined (I4, I, I3) and the mean value was taken as the hole distance of this test. The size
of the maximum distance was measured between two points on the contour line of the
end face of the hole along the forward direction of the whole machine Xj; the size of the
maximum distance was measured between two points on the contour line of the hole face
perpendicular to the forward direction of the whole machine Yy; (X; + Y1)/2 expresses
the average value of the two, which was taken as the hole opening diameter of a single
hole. During the test, the opening diameter of all holes within 15 m was measured and
the average value was adopted as the diameter of formed holes. Its vertical height (h)
was measured as the effective depth along the upper-end face of the formed hole until the
minimum end-face size within the hole was equal to V2b,. During the test, the effective
depth of all holes within 15 m was measured and the average value was adopted as the
effective depth of the hole.

l) 12

Y.
1Y —_— Y
e X2 T X T
Top view of adjacent holes
2
Soil
The Profile of hole
3 2
Top view of upper end face
by
by
Lower end face Top view of Lower end face

Figure 9. Schematic diagram of the determination of hole dimensions.

Qualified holes: If the hole opening diameter exceeded V/2 a; and the effective depth
of the hole h was not less than the height of the pot seedling matrix c, the hole qualified.
Based on the analysis and calculation of different parameters measured in the field, the
performance parameters of the hole-forming device were obtained as follows: qualified
rate of hole forming Q, change rate of hole size k [19].

Qualified rate of hole forming Q (%):

Nhg 0,
Q= x 100% (16)

In the equation, Nj,g and N represent the number of qualifying holes and the actual
number of formed holes within the measured distance, respectively.
Change rate of hole size k (%):
Do — do|
0

k= x 100% (17)
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In the equation, Dy represents the hole-opening diameter of actual holes (mm) and dg
represents the hole opening diameter of theoretical holes (mm).

(2) Perpendicularity of hole-forming operation

The glass plate was vertically inserted into the soil bin in accordance with the forward
direction of the machine and the coordinate paper was evenly attached to the glass plate, as
shown in Figure 10. These two processes had the aim to ensure that the laser pen installed
on the respective soil opener frame could be irradiated to the coordinate paper and leave
a laser point when the corresponding hole-forming mechanism entered the hole-forming
stage. The laser spot followed the inserting and lifting action of the soil opener to leave a
movement track on the coordinate paper; after photographing the laser point’s movement
track using the continuous capture function of SLR camera, we extracted the laser point’s
contour from the shooting images using Photoshop software and processed its gray scale.
Then, the coordinate values of the laser points in each shooting image were read using the
coordinate paper and the obtained coordinate values were input into Excel software. The
linear regression of each coordinate point was carried out and the fitting straight line of the
movement track of the laser points was obtained, corresponding to the movement tracks
of the inserting and lifting process of the soil opener; the angle between the two fitting
straight lines and the horizontal coordinate axis could reflect the perpendicularity of the
soil opener during the hole-forming process. The five sets of soil openers carried out the
hole-forming operation at different forward speeds and the hole-forming operation was
repeated three times. The perpendicularity of the hole-forming operation of each set of soil
openers was measured and the average value was taken.

(b)

Figure 10. Physical experiment on movement trajectory of soil opener: (a) the original image of laser
point; (b) the grayscale image of laser point.

(3) The soil porosity of the hole wall and soil disturbance amount

The soil porosity of the hole wall of the formed hole was measured using a self-made
soil bulk density tester [29]. The bulk density tester consisted of a pressing handle and a
self-made rectangular ring knife; the length, width and height of the inner cavity of the
rectangular ring knife were 60 x 40 x 20 mm, as shown in Figure 11a. After the completion
of the hole-forming operation, the surveyor pressed the soil bulk density tester down into
the soil (the soil within 20 mm perpendicular to the direction of the hole wall) along the hole
wall of the formed hole until the soil overflowed on the upper-end face of the rectangular
ring knife; then, the excess soil on the upper and lower ends of the rectangular ring knife
was cut with a tool knife and the soil in the ring knife was put into an aluminum box. The
soil bulk density was calculated according to pp, = m/v, where m is the mass of dried soil in
the aluminum box (g) and v is the volume of soil in the rectangular ring knife, that is, the
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volume of the rectangular ring knife inside the cavity (cm?). Then, the soil porosity of the
hole wall was calculated by the soil porosity calculation formula.

e=(1—pp/ps) x 100% (18)

|

Soil bulk density tester

Paper rod

@ (b)

Figure 11. Soil porosity and hole contour test: (a) soil bulk density tester; (b) hole shape mapper.

In the equation, ¢ is the soil porosity of the hole wall (%); py, is the soil bulk density
(g/ cm®); and ps is the soil density (g/ cmd).

According to the soil disturbance contour measurement method [43,44], the mapping
process is shown in Figure 11b. The hole shape mapper was composed of a base, a paper
rod and a coordinate paper and its length, width and height were 400 x 100 x 300 mm.
The diameter of the paper rod was 4 mm, the length was 250 mm, the paper bars were
arranged adjacent to each other and a coordinate paper with a square-edge length of 1 mm
was fixed on the hole shape mapper to map the soil disturbance contour after the hole was
formed. After the completion of the hole-forming operation, the hole shape mapper was
placed right above the hole; the plane of the coordinate paper coincided with the center
section of the hole and the paper rod slid downward under the action of gravity until its
bottom contacted the soil. At this time, the top end of the paper rod formed the contour
curve of the hole section and the soil surface on the coordinate paper and the position of the
top end of the paper rod on the coordinate paper was marked by a marker. The coordinates
of each marker point were read and the synthetic curve was fitted, which was the contour
section curve of the inner wall of the hole.

The soil heave degree of the hole mouth and soil stability rate of the hole wall were
taken as the evaluation indexes of the soil disturbance amount and their calculation formu-
las can be written as follows:

P= AL;A x 100% (19)
_ An 0
5= x 100% (20)

where P denotes the soil heave degree of the hole mouth (the smaller the p-value, the lower
the soil heave degree of the hole mouth) (%); A and Ay, are the cross-sectional areas from
the soil surface to the theoretical hole bottom before and after the hole forming, respectively
(mm?); § is the soil stability rate of the hole wall (the greater §, the closer the cross-section
area of the actual hole to the theoretical hole, the less the soil returned in the hole) (%); and
Ay, is the cross-sectional area from the soil surface to the actual hole bottom after the hole
forming (mm?). A was determined by the relevant parameters of the soil opener and A
and Ay, could be calculated by MATLAB software.
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3. Results and Discussion
3.1. Analysis of Hole Size and Hole-Forming Quality

Table 2 shows the hole size and hole performance test results of the reverse-rotating
soil-taking-type hole-forming device.

Table 2. Test results of hole size and hole-forming performance.

Forward Hole Hole-Opening Effective Qualified Qualified Change Rate
Test Number Speed Distance Diameter Depth (mm) Number of  Rate of Hole of Hole Size
(m/s) (mm) (mm) P Holes (%) (%)
1 0.25 299.8 76.3 48.5 47.0 94.0 3.1
2 0.25 302.2 75.2 49.7 47.0 94.0 1.6
3 0.25 298.7 75.7 489 49.0 98.0 2.3
Average 0.25 300.2 75.7 49.0 47.6 95.2 23
value
4 0.35 296.5 75.8 49.5 47.0 94.0 24
5 0.35 302.1 77.5 47.8 46.0 92.0 4.7
6 0.35 298.7 75.2 489 48.0 96.0 1.6
Average 0.35 299.1 76.2 487 47.0 94.0 29
value
7 0.45 299.2 77.5 474 48.0 96.0 4.7
8 0.45 297.9 78.7 46.9 46.0 92.0 6.4
9 0.45 297.8 78.1 47.3 46.0 92.0 55
Average 045 298.3 78.1 472 467 93.3 55
value

According to Table 2, when the forward velocities were 0.25, 0.35 and 0.45 m/s, the
average values of the hole spacing of the adjacent two holes were 300.2, 299.1 and 298.3 mm,
respectively, which met the design requirements. The change range of hole spacing at
different forward speeds was small; the hole spacing was less affected by the forward speed
and the slip rate had a slight effect on the hole-forming effect during the whole machine
operation. When the forward speed increased from 0.25 m/s to 0.45 m/s, the average hole
diameter was 75.7 mm, 76.2 mm and 78.1 mm, respectively, and the average change rates
of hole size were 2.3%, 2.9% and 5.5%, respectively, thus indicating that the hole size at
different speeds was not significantly different from the theoretical hole size. There was
little clay in the closed soil-taking and vertical soil-lifting period of the soil opener and
there was no soil scraping phenomenon in the rotation movement. However, with the
increase in the forward speed, the change rate of the hole size tended to increase, thus
indicating that the faster the speed of the machine (the faster the speed of the soil opener to
insert in the soil, take the soil and lift the soil), the more obvious the extrusion and scraping
of the soil during the hole-forming operation, which resulted in the collapse of a small
part of the soil in the hole wall and the increase in the hole size. The average effective
depths of each hole measured in the experiment at different forward speeds were 49.0 mm,
48.7 mm and 47.2 mm, respectively. The average error between the theoretical value of
the effective depth and the experimental value was 2.0%, 2.6% and 5.6%, respectively. The
above results were achieved because a small part of soil returned to the formed hole during
the hole-forming process; the faster the forward speed was, the greater the error between
the theoretical value and the experimental value of the effective depth and the more the soil
reflux in the hole. Through the measurement and calculation of each test, it was concluded
that when the forward speed was between 0.25 m/s and 0.45 m/s, the average qualified
rate of forming holes was between 93.3% and 95.2%, indicating that the working stability
of the whole machine was high and met the design requirements.
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3.2. Results and Analysis of Perpendicularity of Hole-Forming Operation

In the process of the hole-forming experiment, the laser point images of one set of
soil opener taken by the SLR camera are shown in Figure 10. After the hole-forming
operation was completed, all the images were extracted and the gray scale was processed;
the coordinate values of the laser points on the coordinate paper in each group of images
were read and the linear regression of each point was conducted. The results are shown in
Figure 12.
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Figure 12. The penetration and unearthed movement trajectory of soil opener: (a) penetration
movement trajectory of soil opener; (b) unearthed movement trajectory of soil opener.

Figure 12 shows that the soil-inserting trajectory and the soil-lifting trajectory under
different velocity conditions were basically vertical. It can be seen from Figure 12a,b
that the angle between the soil-inserting trajectory of the soil opener and the x-axis was
slightly less than 90° and the angle between the soil-lifting trajectory of the soil opener
and the x-axis was slightly larger than 90°. When the hole-forming operation was carried
out, the soil-inserting trajectory and the soil-lifting trajectory showed a “V”-type trend,
indicating that, in the operation stage, the actual forward speed of the whole machine was
slightly smaller than the rotary linear speed of the hole-forming mechanism. It can be seen
from Table 3 that, when the forward speed of the machine was 0.25 m/s, 0.35 m/s and
0.45 m/s, respectively, the average angle between the trajectory of the soil opener during
the soil-inserting stage and the horizontal direction was 88.4°, 88.0°and 88.1°, respectively,
and the variation coefficients were 0.53, 0.16 and 0.40, respectively. The average angle
between the trajectory of the soil opener during the soil-lifting stage and the horizontal
direction was 88.7°, 88.5° and 88.1°, respectively, and the variation coefficients were 0.64,
0.54 and 0.47, respectively. The minimum value of the angle between the motion trajectory
of the soil opener and the horizontal direction was higher than 88°, indicating that the
perpendicularity of the soil opener during soil inserting and soil lifting was high under
the actual working conditions [23]. The forward speed of the machine did not affect
the perpendicularity of the hole-forming operation and the soil opener met the design
requirements of the vertical soil inserting and lifting.

3.3. Analysis of the Soil Porosity of the Hole Wall and Soil Disturbance Effect

The contour of the soil disturbance hole shape section after the hole-forming operation
at three forward speeds is shown in Figure 13. According to Formula (18), the soil porosity
of the hole wall before and after hole-forming operation was calculated. According to the
soil disturbance contour (Figure 13) and Equations (19) and (20), the soil heave degree of
the hole mouth and the soil disturbance amount were calculated; the results are shown in
Table 4.
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Table 3. Angle between the horizontal direction and the penetration and unearthed movement
trajectory of soil opener.

Forward Speed Test Index Mean Value Standard Coefficient of Variation

(m/s) ©) Deviation (%)
Angle of penetration trajectory 88.4 0.47 0.53

0.25 Angle of unearthed trajectory 88.7 0.56 0.64
Angle of penetration trajectory 88.0 0.14 0.16

0.35 Angle of unearthed trajectory 88.5 0.48 0.54

0.45 Angle of penetration trajectory 88.1 0.34 0.40

: Angle of unearthed trajectory 88.1 0.41 0.47

#— Theoretical hole section
—#— Test hole section 0.25 m/s
—4— Test hole section 0.35 m/s
&% TNy, _ —— Testhole section 0.45 m/s
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Figure 13. The figure of hole section comparison at different speeds.

Table 4. Soil porosity of the hole wall comparison results.

Soil Porosity Soil Heave . -
Test Number Forward Speed Soil Porosity of the Hole ThliaCt:e;rflge Degree of the Soil Ii;::lhty
(m/s) before Test (%)  Wall after Test . Hole Mouth
o Porosity (%) o (%)
(%) (%)

1 0.25 51.8 47.8 7.7 3.9 92.5
2 0.25 53.5 489 8.6 3.7 91.5
3 0.25 529 48.6 8.5 4.0 91.6
Average value 0.25 52.7 48.4 8.2 3.9 91.9
4 0.35 52.7 479 9.1 43 91.6
5 0.35 53.2 48.7 8.4 3.8 90.8
6 0.35 53.9 483 10.4 4.1 91.3
Average value 0.35 533 483 9.3 4.1 91.2
7 0.45 529 475 10.2 43 91.3
8 0.45 51.8 483 6.8 43 90.7
9 0.45 52.7 47.6 9.7 41 91.1
Average value 0.45 52.5 47.8 8.9 42 91.0

Table 4 shows that, when the forward speeds were 0.25m/s, 0.35m/s and 0.45m/s, the
average soil porosity of the hole wall after the completion of the hole-forming operation was
48.4%, 48.3% and 47.8%, respectively; compared with before the hole-forming operation,
the average change rates of soil porosity were 8.2%, 9.3% and 8.9%, respectively. With the
increase in the forward speed, the soil porosity of the hole wall showed a downward trend.
Although the soil porosity decreased, the change rate was not large and the soil porosity
of the hole wall was within the range of agronomic requirements, which would not affect
the growth of crops [45]. After the hole-forming operation, the mean soil heave degree of
the hole mouth was 3.9%, 4.1% and 4.2% and the average soil stability rate of the hole wall
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was 91.9%, 91.2% and 91.0%, respectively. At different forward speeds, the soil around the
formed hole was of low heave degree under the extrusion effect of the soil opener and the
contour section of the actual formed hole was slightly different from the theoretical one.
At the same time, it was also found that there was an insignificant difference in the soil
porosity of the hole wall of the hole formed by the hole-forming device designed in this
paper before and after the hole-forming operation and the hole-forming device had slight
disturbance to the soil during the hole-forming operation.

4. Conclusions

1. A type of reverse-rotating soil-taking-type hole-forming device of pot seedling
transplanting machine for rapeseed was designed based on the working characteristics of
the hole-punching transplanter and the agronomy requirements of rapeseed transplanting.
In this study, the design scheme of a reverse-rotating hole-forming mechanism is proposed.
At the hole-forming stage, the vertical soil-inserting and -lifting actions of the soil opener
were achieved by providing the speed equal to the forward speed of the whole machine
and in the opposite direction; then, a series of holes were formed in the soil by combining
the soil-taking and soil-discharging actions of the soil opener.

2. A hole-forming device test bench was built for the soil bin tests at different forward
speeds. It was found from the test results that, when the hole-forming device advanced at
the speeds of 0.25 m/s, 0.35 m/s and 0.45 m/s, the average qualified rates of hole forming
of the device were 95.2%, 94.0% and 93.3% and the average change rates of the hole size
were 2.3%, 2.9% and 5.5%, respectively. The average error between the theoretical value
of effective depth and the experimental value was 2.0%, 2.6% and 5.6%. The average
value of the angle between the trajectory of the soil opener at the hole-forming stage and
the horizontal direction was between 88.0° and 88.7° and the variation coefficient was
between 0.16% and 0.64%; the perpendicularity of the hole-forming operation was high. At
different forward speeds, the average soil porosity of the hole wall after the completion
of the hole-forming operation was 48.4%, 48.3% and 47.8%, respectively, while the change
rates of soil porosity were 8.2%, 9.3% and 8.9%, respectively, compared with those before
the hole-forming operation. The average soil heave degree at the hole mouth after the
completion of the hole-forming operation was 3.9%, 4.1% and 4.2%, respectively, and the
average soil stability rate of the hole wall was 91.9%, 91.2% and 91.0%, respectively.

3. In this paper, rapeseed seedlings could still have better verticality after being
transplanted, so the soil porosity around the pot seedling was still high after operation,
thus leading to high air permeability and water permeability for the growth of the pot
seedlings. In subsequent research, the power transmission mode should be changed, the
power of the rotary movement of the hole-forming mechanism should be inputted by the
power output shaft of the tractor via the gearbox. In the future, a supporting mechanical
seedling feeding device should be introduced to solve the problem whereby the machine
can only achieve mechanical hole forming and then seedlings need to be fed manually.
During the operation of hole forming, the change in the working parameters of the soil
opener (e.g., the bottom size, soil entry angle, soil entry depth and soil entry speed of
the soil opener) have effects on soil disturbance. At a subsequent stage, the above factors
resulting in soil disturbance will be investigated in depth. Furthermore, the working
parameters of the soil opener will be optimized to improve the qualified rate and quality of
the hole.

5. Patents

Three patents have been applied for in China for Hole-Forming Device of Pot Seedling
Transplanting Machine for Rapeseed in this manuscript (Patent No. Z1.201910984983.X and
Application Nos. CN202110794519.1, CN202110794523.8).
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Nomenclature

b—Cutting-edge section thickness (mm). [—Bottom size of soil opener (mm).

Hp—Height of soil opener (mm).
H;—Soil-opening depth (mm).

6—Angle of entry (°).
L;—Center distance between two adjacent soil opener (mm).

h;—Arbitrary depth from the soil surface (mm). Imn—Hole top size at hy (mm).

n;—Number of chain pitches between the symmetrical centers of
two adjacent hole-forming mechanisms.

p—Chain pitch (mm).

ny—Number of hole-forming mechanisms. S1—Chain length (mm).
D—Diameter of sprocket graduation circle (mm). L,—Center distance between the two sprockets (mm).

Ls—Length of slider (mm).

ap—Side length of upper end face (mm).

11 /13 /I3—Center distance between adjacent holes (mm). b,—Side length of lower end face (mm).

X;—Points on the contour line of the end face of the hole along
the forward direction of the whole machine (mm).

Y1—Two points on the contour line of the hole face perpendicular
to the forward direction of the whole machine (mm).

c—Height of the pot seedling matrix (mm).

h—Effective depth of hole (mm).

Q—~Qualified rate of hole forming (%). Npg—Number of qualified holes.

N—Actual number of formed ho

les. k—Change rate of hole size (%).

Dy—Hole opening diameter of actual holes (mm); dp—Hole opening diameter of theoretical holes (mm);

e—Soil porosity of hole wall (%).
ps—Soil density (g/cm?).

pp—Soil bulk density (g/cm3).
P—Soil heave degree of hole mouth.

A—Cross-sectional area from the soil surface to the theoretical Ap—Cross-sectional area from the soil surface to the theoretical

hole bottom before hole forming

5—Soil stability rate of hole wall
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Abstract: To build a more accurate motor efficiency model with a strong generalization ability in
order to evaluate and improve the efficiency characteristics of electric vehicles, this paper researches
motor efficiency modeling based on the bench tests of two motor efficiencies with differently rated
powers. This paper compares and analyzes three motor efficiency modeling methods and finds
that, when the measured values in motor efficiency tests are insufficient, the bilinear interpolation
method and radial basis kernel function neural networks have poor generalization abilities in full
working conditions, and the precision of polynomial regression is limited. On this basis, this paper
proposes a new modeling method combining correlation analysis, polynomial regression, and an
improved simulated annealing (I-SA) algorithm. Using the mean and the standard deviation of
the mean absolute percentage error of the 5-fold Cross Validation (CV) of 100 random tests as the
evaluation indices of the precision of the motor efficiency model, and based on the motor efficiency
models with verified precision, this paper makes a comparative analysis on the full vehicle efficiency
of electric tractors of three types of drive in five working conditions. Research results show that the
proposed novel method has a high modeling precision of motor efficiency; tractors with a dual motor
coupling drive system have optimal economic performance.

Keywords: electric tractor; motor efficiency; dual motor coupling drive; I-SA algorithm; generalization
ability; parameter identification

1. Introduction

Electric vehicles use a motor as the core power source [1,2] and electric energy as
the driving energy [3]. This is not only convenient for recycling energy, but it can also
achieve low emissions or even zero emissions [4-6]. In addition, electric energy can be
obtained widely and conveniently. Compared with internal combustion engine vehicles,
electric vehicles also have the advantages of low noise and low maintenance costs [7].
These characteristics provide great help for the sustainability of the environment and its
ecology. A purely electric vehicle can realize zero release, and its energy is widely and
easily available. Currently, for all types of vehicles, researchers are continuously studying
and developing drive systems with the motor as the power supply unit, including those in
vehicles such as the electric truck [8], the refuse collection truck [9], the electric urban deliv-
ery truck [10], the electric car [11-14], electric agricultural machinery [15], etc. Especially
in the research field of agricultural machinery, agricultural machinery faces complicated
working conditions. Agricultural machinery such as tractors generally needs to meet the
requirements of operation, including ploughing, rotary tillage, transportation, and normal
road driving [16,17]. Therefore, the research and application of electric tractors can help to
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overcome the problems of the traditional tractor, such as complicated variable transmission
structures, frequent operation of the driver, limited energy utilization efficiency, etc. [18-20].

At the current stage, the multi-power-source purely electric vehicle has certain advan-
tages in price, energy consumption, power transmission, system efficiency, etc., compared
with the single-motor drive vehicle and the hybrid-power vehicle [21]. The two main types
of purely electric vehicles are as follows: distributed independent drive and centralized
coupling drive. In addition, there are few studies on electrical agricultural machinery.
Zhou et al. [22] proposed a wheel-rim motor independent drive scheme, aiming to give the
four-wheel drive electric tractor better tractive performance in the working condition of
traction operation. Han et al. [23] made a simulated analysis on the steering characteristics
of wheel-rim drive electric tractors in heavy-load low-speed working conditions and in
light-load high-speed working conditions. Xie et al. [24] proposed an overall structure
scheme of dual-wheel drive electric tractors (the two rear driving wheels are driven by
the motor independently) and tested the tractive performance, loaded starting and trans-
portation working con-dition through the bench test. Li et al. [25] designed, compared and
analyzed many dual-motor power coupling structure schemes based on the planetary gear
train. The research built a dual-motor power coupling unit transmission simulation model
using the software Simulation X.

Besides the type of energy used, energy consumption and emission control are also
affected by system transmission efficiency. Using the electric tractor as an example, the
efficiency characteristics of a power transmission system with the core of a motor plays
a decisive role in the full vehicle’s economic performance and in its energy utilization
performance. Therefore, the correct description and modeling of efficiency characteristics
of motors have great significance and necessity. However, currently there are few studies
on the modeling of motor efficiency characteristics. Most researchers used polynomial
regression, the bilinear interpolation method, and the table look-up method to build
efficiency models, and they made subsequent research and applications based on the
models. Additionally, most studies on electric vehicles” kinetic analysis, control, and
performance improvements require considering motor efficiency. Ma et al. [26] proposed
a planetary gear coupling mechanism based on the dual motor structure and used the
particle swarm optimization method to optimize the parameters of the transmission system.
Their research was made according to the efficiency characteristics of motors. Hu et al. [27]
proposed a new dual motor coupling power drive system and combined the efficiency
characteristics of motors to analyze and make power distribution strategies for different
drive modes. Li et al. [28] used a motor efficiency model for parameter matching, power
management strategy development, and power distribution control research of a dual
motor coupling drive system. Their research measured and recorded the data of torque,
speed, and efficiency through a bench test and then obtained the motor efficiency in any
state using the interpolation method. Li et al. [29] designed a dual motor multi-mode
power coupling drive system for the purely electric tractor (the system can realize four
drive modes) and made a simulation test on the ploughing and transportation working
conditions of tractors. Their research used the quasi-static maps of output speed and torque
to build the dual motor efficiency model and to obtain the motor efficiency in any working
state though the table look-up method. Chen et al. [30] pointed out that the current studies
on power system parameter design focused mainly on electric cars but less on electrical
agricultural machinery. Their research used a quantified motor efficiency to optimize the
system in order to improve the performance of electric tractors.

Therefore, for electric vehicles, the evaluation, analysis, and improvement on their
power performances and economic performances should be made according to the effi-
ciency characteristics of motors. In addition, the design of reasonable and effective power
transmission systems and parameter matches also depend on the efficiency characteristics
of motors. Therefore, building an accurate model of motor efficiency characteristics is
an important premise of the design, control, and improvement of electric vehicles. How-
ever, different motors have different efficiency characteristics and change laws. Therefore,
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only the modeling of motor efficiency characteristics with specific test data and scientific
verification methods is effective. In addition, building a motor efficiency model with a
specific mathematical expression form can further help the kinetic analysis and control
of the system. In addition, current studies on electric vehicles such as the electric tractor
focus mainly on the comparison of an electrically driven car and a railway motor car and
on the comparison of a single motor and multiple motors, but there are few comparative
studies on the working efficiency of dual motor coupling drives, of dual motor rear wheel
independent drives, and of four-wheel independent drives based on the wheel hub motor.

Based on the above literature, there are some deficiencies in the research of electric
vehicles at the present stage: (1) There is more research on electric vehicles but less research
on electric agricultural machinery. (2) Comparative studies on distributed independent
drives and on centralized coupling drives of tractors with multiple power sources are
relatively less abundant. This makes it difficult to develop a drive system with relatively
better performance in the conceptual design stage, although the actual characteristics of the
motor have been obtained. (3) There are many research papers on the application of motor
efficiency but few studies on the establishment of the motor efficiency characteristics model.
(4) Polynomial regression, bilinear interpolation, and the table look-up method are often
used to establish the motor efficiency characteristics model, which lacks the application
and comparison of advanced modeling methods, resulting in limited precision of model
estimation. (5) The interpolation method and the table look-up method are difficult to
use to form specific mathematical expressions, so the effect of extrapolation prediction is
limited. (6) When polynomial regression is applied, only the power function form of speed
and torque and the interaction term of each order are considered, and the influence of other
data transformation forms on the efficiency characteristics of the motor is not explored.

In order to solve the above problems, combined with the bench test data of tractor
motors, this paper aims to put forward a model to correctly describe the efficiency charac-
teristics of motors by comparing four different modeling methods and by exploring the
influence of other data transformation forms of physical quantities (speed and torque) on
the efficiency characteristics of motors. In addition, the efficiency of tractors” different
driving systems is compared and analyzed through the measured data and the new model
(based on the typical multiple working conditions of tractors). This provides a direct
basis for the further research and development of electric tractor drive systems and for
the establishment of a high precision motor model. Specifically, this paper proposes a
10-parameter motor efficiency modeling method combining the correlation coefficient and
the improved simulated annealing (I-SA) algorithm. The method mainly adopts the idea of
polynomial regression and error compensation. According to the measured data of motor
efficiency through the bench test, an initial fitting model made through polynomial regres-
sion analysis is built. In the case of the lack of polynomial regression precision, the variable
with the maximum correlation is determined according to the calculation of the correlation
coefficient, and it is introduced into the initial fitting model as a compensation variable to
obtain a new motor efficiency model. Additionally, the proposed method identifies the
parameters of a new model of motor efficiency using the I-SA algorithm according to the
bench test data. Then, the new model of motor efficiency is built. To improve and verify
the effectiveness and precision of the new efficiency model, this paper uses the mean of the
5-fold Cross Validation (CV) accuracy of multiple tests as the evaluation index and compar-
atively analyzes the novel modeling method with those using polynomial regression (PR),
the bilinear interpolation method (BI), and the radial basis kernel function neural network
(RBE-NN). This paper uses two motors with different powers of tractors in the research.
Finally, this paper researches and comparatively analyzes the differences among three
drive types (the dual motor coupling drive, the dual motor rear wheel independent drive,
and the four-wheel independent drive based on wheel hub motor) of multi-power-source
purely electric vehicles in working efficiency with their motor efficiency models built. This
paper uses different reserve power states of electric tractors, including the running speed
working condition, the normal running working condition, the transportation working
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condition, the ploughing working condition, and the rotary tillage working condition, as
examples for the comparison of the efficiency characteristics of full vehicles.

2. Materials and Methods
2.1. Characteristic Analysis of the Distributed Independent Drive System

Figure 1 gives a structural diagram of a dual motor dual-wheel distributed indepen-
dent drive system [31]. (The drive system is mainly composed of two independent motors
and two independent reducers. The left rear wheel or right rear wheel is driven by a
separate “wheel side motor-reducer” system.) Figure 2 gives a structural diagram of a
four-motor four-wheel distributed independent drive system [22,32]. (Approximate to the
dual motor dual-wheel distributed drive system, four wheels of the vehicle are driven by
four separate “wheel motor-reducer” systems.) Different from the traditional “combustion-
motor-variable-transmission-unit” and the single-motor-variable-transmission-unit struc-
tural forms, the distributed independent drive system removes most mechanical connection
mechanisms (mainly referring to complicated mechanical transmission mechanisms such
as the gearbox, the differential mechanism, etc.). Using a tractor as an example, the drive
system increases the flexibility of the spatial structure arrangement greatly and helps realize
the light weight of a full vehicle.

Driven wheel Driving wheel

|
Motor controller system |> ———— 1:
=
____________ Chassissupport
Driven wheel Driving wheel

Figure 1. Structural diagram of dual motor dual-wheel distributed independent drive system.
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Driving wheel Driving wheel

|
———

Driving wheel Driving wheel

Figure 2. Structural diagram of four-motor four-wheel distributed independent drive system.

According to Figures 1 and 2, the calculation formula of speed-regulating characteris-
tics of a distributed independent drive system is as follows:

g = 3.6 x 271(nrq) / (60ig) 0

where 1, is the running speed of the electric vehicle (km/h), r; is the rolling radius of the
driving wheel (m), i is the transmission ratio of the reducer, and 7y, is the output speed of
the motor (r/min).
The following is the calculation formula of the torque of the distributed independent
drive system:
nTmig/rd =F ()]

where 7 is the number of the motor of the distributed independent drive system, T, is
the output torque of a single motor (Nm), and F; is the carrying capacity of the electric
vehicle (N).
The following is the calculation formula of efficiency characteristics of the distributed
independent drive system:
Msys1 = Mm (i, T )10 (3)

where 7551 is the efficiency value of the distributed independent drive system, 77, is the
efficiency of the motor (a function with motor speed #,, and torque T, as independent
variables), and 7 is the overall working efficiency of other systems (mainly composed of
the efficiency of the storage battery, the efficiency of the reducer, etc.) and is also a fixed
value in this paper.

2.2. Characteristic Analysis of a Dual Motor Centralized Coupling Drive System

Figure 3 gives a structural diagram of a dual motor centralized coupling drive system
used in this paper [33]. The system is a speed coupling drive system. The power output
from motor 1 and motor 2 is transmitted into the planetary gear train’s gear ring and sun
gear. The two parts of power converge through the planetary gear structure and then are
output through the planetary carrier. The power output passes through the reducer and
the differential mechanism and then forms the power of the driving wheels.

87



Agriculture 2022, 12, 362

Driven wheel Driving wheel
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Driven wheel Driving wheel

Figure 3. Structural diagram of dual motor centralized coupling drive system.

The following is the calculation formula of the speed-regulating characteristics of the
dual motor centralized coupling drive system:

kp”ml + M2

=0.377
o =03 (1+kp)ig &

)

where k), is the characteristic parameter of the planetary row and n,,; and 1,2 (r/min) are
the output speeds of motor 1 and motor 2, respectively.

The following is the calculation formula of the torque of the dual motor centralized
coupling drive system:

% =T =
4 Ig

where T,;; and T,,;» (Nm) are the output torques of motor 1 and motor 2, respectively.

This paper analyzes the loss of power flow in motor 1, motor 2, and the planetary
gear train to deduce the overall efficiency characteristics of the system. By dividing the
whole system into a series subsystem (mainly motor 1 to the gear ring; motor 2 to the
sun wheel; planetary carrier to the other transmission systems) and a parallel subsystem
(mainly confluence mechanisms), the efficiency characteristics model is then obtained by
combining the series and parallel subsystems [16,34].

The calculation formula of the efficiency characteristics of the dual motor centralized
coupling drive system is as follows:

Fer

©)

Msys2 = kp ('7rc’7m1”m1 + 7’Isc77m2”m2/kp) / (kpnml + an)WO (6)

where 77557 is the efficiency of the dual motor centralized coupling drive system, 7y is the
transmission efficiency of the power flow from the gear ring to the planetary carrier, and
7]sc is the transmission efficiency of power flow from the sun gear to the planetary carrier.

This paper uses the transmission ratio method [16,35] to calculate the transmission
efficiency 77, of power flow from the gear ring to the planetary carrier and the transmission
efficiency #sc of the power flow from the sun gear to the planetary carrier. The calculation
formula is as follows:

o kp a(l+kp)
sign| e akp) ]
ke )
Hsc 1 +kp
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where 7 is the friction transmission efficiency of the 2K-H planetary gear train.

2.3. Obtaining the Measured Data of the Bench Test of Motor Efficiency

This paper uses two motors of electric tractors as examples to obtain related data of
the motors through the bench test. The two motors are both brushless direct current motors.
Table 1 shows the specific parameters.

Table 1. Related parameters of the motor.

Type Rated Power/kW Rated Speed/r/min Rated Torque/Nm
Brushless DC motor 5 750 63
Brushless DC motor 8 850 90

The test bench uses a lithium battery pack with a total voltage of 211.2 V to offer power
(see Table 2 for the main parameters of the power battery) and a magnetic powder brake as
the simulation loading unit (Table 3 shows the parameters of the magnetic powder brake).
The information of the overall layout of the test bench, the design of the observation and
control plan, the equipment installation and debugging, and the calibration of the sensors
(mainly including the current sensor, the voltage sensor and the speed torque sensor) can
be found in previous studies [22,36].

Table 2. Related parameters of power battery.

Nominal Voltage Number of Nominal Capacity

Type of Monomer/V Monomers of Monomer/(A-h) Total Voltage/V
Lithium battery 3.3 64 100 211.2
Table 3. Related parameters of magnetic powder brake.
Magnetizing Allowable Slip .
Model Rated Torque/Nm Current/A Power/kW Cooling Mode
CZ-20 200 2 10 Water cooling
Figure 4 shows the test bench of the motor.
Lithium |
battery »  Motor :
|
A ]
Speed torque sensor controller
y |
|
|
Magnetic powder brake f — — — — — — !
(b)

Figure 4. Structural composition of motor test bench. Note: (@) Motor used in the research;
(@ magnetic powder brake; (3) speed torque sensor; (@) lithium battery; (5) motor controller; () power
management system. (a) The picture of test site; (b) Schematic diagram.
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The detailed steps of the motor efficiency test can be found in previous studies [22,36].
For the test, load the motor through the magnetic powder brake. Each loading should be
performed after the motor’s working speed remains stable. The efficiency test results of the
8 kW motor came from a reference document [36]. The following is the calculation formula

of the motor efficiency:

Pout Tt
— sout _ 9
T =P T 955Ul ©

where P, is the mechanical power output of the motor (W), P, is the input power of the
motor (W), U is the input voltage of the motor (V), and I is the current input of the motor (A).
Figure 5 shows the measured results of efficiency of two motors used in the analysis.
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Figure 5. Measured results of efficiency of two motors.

2.4. Three Modeling Methods of Motor Efficiency

Current studies generally use PR [37] and BI as the modeling methods of motor effi-
ciency. Therefore, to comparatively analyze the differences among the modeling methods of
motor efficiency comprehensively, this paper also uses PR and BI as the modeling methods
for the comparative analysis. Additionally, this paper chooses the neural network as one of
modeling methods for comparative analysis. This paper uses the RBF-NN.

The PR model considers the 1-order term, the 2-order term, and the interaction term
of the motor speed 7, and the motor torque Ty, and its expression is as follows:

Nm_PR = 40 +ainm + uZTm + a3anm + ll41’l%n + ﬂST;%: (10)

where 77, pr is the motor efficiency model built using PR and ag~as are the coefficients of
the order terms of the polynomial.

The BI method [38] requires the information of four data points and makes the linear
interpolation in two directions of coordinate axes to finally determine the data value of the
points to be interposed.

The RBE-NN was proposed by J. Moody and C. Darken in 1989, and it is a forward
local neural network that can approach any nonlinear function with any arbitrary small
error [39-41]. Currently, the RBF-NN has a wide range of applications, and many scholars
have found in studies that the RBF-NN is superior to the conventional BP neutral network
in every respect. Figure 6 shows the topological structure of the RBF-NN.
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Figure 6. Technical route of establishing dynamic load characteristics prediction model. Note:
x = [x1,X2,...,X,] represents the input vector; h = [hy,hy,..., h] represents the middle layer;
Y = [Y1,Y2, ..., Ym] represents output vector.

InFigure 6, x = [x1, Xy, ..., x| represents the input vector. The middle layer uses a Gauss
function for the nonlinear transformation of the input vector to obtain i = [hy, hy, ..., I and
then a linear weighting combination to obtain y = [y1,¥2, ..., ym| and considers it as the
output. The calculation formula is as follows:

: : (x-6)"(x =)
yi= Y wihy = ) [wjexp{——"5—"}] (11)
j=1 = j
wherei=1,...... ,m, of which m is the dimension of the output, / is the number of neurons

in the hidden layer, and wj; is the connection weight of the i output and the j neuron in the
hidden layer.

To build an efficiency model based on the RBF-NN more comprehensively, this paper
uses PR’s idea of 1-order terms and 2-order terms using the motor speed 1,, and the motor
torque T}, and it also uses interaction term modeling, which considers the 1-order term,
the 2-order term, and the interaction term of the motor speed 7, and the motor torque T},
as the characteristic variables of neural network learning and training.

Additionally, to further compare the modeling methods of motor efficiency comprehen-
sively, this paper uses the 5-fold CV method [42]. This paper uses the mean and standard
deviation of the MAPE (mean absolute percentage error) of the 5-fold CV of 100 random
tests as the indices to evaluate the precision of the motor efficiency model.

The following is the calculation formula of the MAPE:

MAPE — %i Nm_estimated — Nm_measured % 100% (12)

i=1 Nm_measured

where 17, estimated is the evaluated value based on the motor efficiency model, 7, yeasured 15
the measured value of motor efficiency, and 7 is the total number of data of the training set
or the test set.

2.5. A Novel 10-Parameter Modeling Method of Motor Efficiency Using the I-SA for
Parameter Identification

Although BI and the RBF-NN can build the motor efficiency model effectively (see
Section 3.1), the models built with the two methods (have passed the 5-fold CV, see
Section 3.1) have ideal and high precision for both the learning and training samples
and the test samples. However, according to research results in this paper (Section 3.1), the
precision of the motor efficiency models built with BI and RBE-NN depends on the value
range of the learning and training sample data (i.e., the value range of motor speed 7, and
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motor torque T}, in the learning and training samples). If the set of test data is in the value
range of motor speed 1, and motor torque Tj, in the learning and training samples, the
two methods can offer the estimated value of motor efficiency with high precision. If the
set of test data is out of the value range of the motor speed 7, and the motor torque T},
in the learning and training samples, BI cannot be implemented due to the limitations of
required conditions. Additionally, the RBF-NN's extrapolation prediction result is poor.

In addition, BI and the RBF-NN have no directly simple relational expression, so they
are rather complicated and tedious in practical applications.

To sum it up, the two methods are limited in their generalization abilities and are
applicable to the case with a mass of bench test data. Therefore, the two methods are
inapplicable to the technical research and development of real-time adjustment full vehicle
control strategies according to the current efficiency of intelligent vehicle systems.

However, PR has limited precision (see Section 3.1). According to the problems above,
this paper proposes a modeling method of motor efficiency, combining the correlation
coefficient and PR. Using the idea of error compensation for reference and considering
the limited precision of PR, the method uses the enumeration method and correlation
coefficient analysis to determine the variable with the maximum correlation, it introduces
the variable into the PR model as a compensation term, and it finally forms a new model. In
addition, the motor torque T;,’s correlation with efficiency is bigger than that of the motor
speed.. with efficiency, so the 3-order term of the motor torque T}, is introduced into the
new model. The new model’s expression is as follows:

Mm_novel = A0 + A11y + a Ty + azny, Ty + a4”;2n + aSTr%I + QGT% + a7f(a8x + ”9) (13)

where 17, nopel is the novel 10-parameter model of motor efficiency, ag~ag are the coefficients
of the order terms of the polynomial, f(x) is the mapping function with x as the independent
variable, and x is the motor speed 1,, or the motor torque T},.

The novel model has high nonlinearity. This paper uses the I-SA algorithm and
combines the bench test data for the parameter identification of the novel model of motor
efficiency and then completes the building of the novel model of motor efficiency.

As a result of the sample data involved in this case being large, the optimization
process is nonlinear in the pursuit of high modeling precision. The heuristic intelligent
optimization algorithm [43-45] is suitable for solving a series of complex engineering
problems accurately. This paper adopts the SA algorithm as the method of parameter
identification. The SA algorithm used in this paper refers to the flow of the I-SA algorithm
that has been proposed and that verified the engineering application effect in previous
studies [46,47]. The applied I-SA algorithm is mainly improved in the following aspects:
(1) termination conditions of algorithm iteration; (2) disturbance function; and (3) the
updating method of decision variables. The specific algorithm flow is shown in Figure 7.
This paper considers the mean of the MAPE of the 5-fold CV as the objective function of
the I-SA algorithm.
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Figure 7. Flow diagram of the I-SA algorithm. Note: L is number of disturbances; X is the set of
decision variables; i is number of Iterations; Liyax is maximum number of disturbances.

In this paper, the I-SA algorithm is used to complete the parameter identification of
the new model with ten parameters to finally complete the establishment of the motor
efficiency characteristics model. Figure 8 shows the building process of the novel model of
motor efficiency.

2.6. Comparative Analysis Method of the Full Vehicle Efficiency Characteristics of Electric Tractors
in Five Working Conditions

This paper applies the motor efficiency model to the comparative analysis of the
work efficiency of multi-power-source electric vehicles of three drive types (i.e., the dual
motor coupling drive, the dual motor rear wheel independent drive, and the four-wheel
independent drive based on hub motor). This paper uses the electric tractor as an example.
See Table 4 for the related parameters of the full vehicle.
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Figure 8. Flow diagram of building method of motor efficiency. Note: PR is Polynomial Regression;
CV is Cross Validation; I-SA algorithm is Improved-Simulated Annealing algorithm.

Table 4. Related parameters of electric tractor.

Total Weight/k Radius of Driving  Coefficient of Air Windward Maximum Trailer
ghiiks Wheel/m Resistance Area/m? Weight/kg
1535 0.64 09 3.135 1000

As for the running speed working condition of the electric tractor, this paper uses
scholar Wang's analysis on the research results of Resch and Renius for reference [48]. The
results show that, in the overall life cycle, the tractor spends 61-68% of its time working in
the speed range of 4-12 km/h.

This paper considers the average full vehicle efficiency of full working ranges in five
working conditions of electric tractors as the evaluation index, and it uses it to compare the
working efficiency of three drive types. The five working conditions are as follows:

(1) The electric tractors have different reserve power (the residual power eliminating
the basic running resistance) and running speeds. The working condition is a general
working condition for analysis, used to analyze the full vehicle working efficiency of
electric tractors with different loads and running speeds.

The calculation formula of the reserve power is as follows:

. . Tgut CDAug
Frp === = Fy—Fo = 2= —mgf - 5135

(14)

where Fgr is the reserve power (N), T, is the torque of the system power output to the
driving wheel (Nm), Fy is the rolling resistance (N), Fy is the air resistance (N), my is
the overall weight of the electric tractor (kg), f is the rolling resistance coefficient, g is
the acceleration of gravity, Cp is the coefficient of air resistance, and A is the windward
area (m?).
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(2) The electric tractor is in the normal road running condition with a constant speed.
In this working condition, the drive system composed of the motor only needs to overcome
the basic running resistance.

(3) The electric tractor is in the transportation working condition with a running speed
of 12 km/h. The calculation formula of the loading force in the current working condition

is as follows:
CpA u%

21.15
where Frc is the loading force in the transportation working condition (N) and m, is the
mass of the trailer of the electric tractor (kg).

(4) The electric tractor is in the ploughing working condition with a running speed of
10 km/h. The calculation formula of the loading force in the current working condition is
as follows:

(15)

Frc = (m14+m)gf +

Fpc = Ff + Fy + knibH (16)

where Fpc is the loading force in the ploughing working condition (N), k is the soil-specific
resistance, b is the width of a single plough, 1, is the number of the plough share, and H is
the tillage depth.

(5) The electric tractor is in the rotary tillage working condition with a running speed
of 5 km/h. The calculation formula of the loading force in the current working condition is
as follows:

Frrc = Ff + Fo + kakyBuh 17)

where Fryc is the loading force in the rotary tillage working condition (N), k; is the rotary
tillage resistance calculation coefficient, k, is the soil-specific resistance of the rotary tillage,
By, is the tillage width, and / is the tillage depth.

Specifically, the multi-power-source purely electric tractors of three drive types include
the 4 wheel independent drive electric tractor composed of four 5 kW motors, the rear
wheel independent drive electric tractor composed of two 8 kW motors, and the coupling
drive electric tractor composed of two 8 kW motors.

3. Results and Discussion
3.1. Modeling Results of Motor Efficiency Based on PR, BI, and the RBF-NN and Analysis

This paper uses the 5 kW motor of the electric tractor in Section 2.3 as an example, and
there are a total of 510 measured data samples of the bench.

This paper uses the 5-fold CV method of 100 random tests. Figures 9 and 10, and
Table 5 show the modeling results of the motor efficiency based on PR, BI, and the RBF-NN.

& B
805 2
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& =
- s
0
0 100
800 =
100 0 \
50 800 600 400 o 50 100 Speeq 8 400 2 e OO
OToﬂ\\\e (Nm\ Speed (r/min) g Torque (Nm) Peed (F/mm) 0 Tot‘\"L
(b) (o)

Figure 9. The comparison of precision of motor efficiency models in full working conditions. (a) Polyno-
mial Regression; (b) Bilinear Interpolation method; (c) Radial Basis Kernel Function Neural Network.
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Figure 10. Comparison of results of 100 5-fold CV tests. (a) Polynomial Regression; (b) Bilinear
Interpolation method; (c) Radial Basis Kernel Function Neural Network.

Table 5. Results of 5-fold CV of 100 random tests of four methods.

PR BI RBF-NN Novel Method Proposed
Mean (%) 14.51 1.29 2.84 2.45
Standard Deviation (%) 0.11 0.08 0.14 0.12

According to Figures 9 and 10 and Table 5, BI has the highest modeling precision
followed by the RBE-NN, whereas PR has a certain difference compared with the other
two methods. The results of the 5-fold CV of 100 random tests (of which the standard
deviation is generally small) show that the three modeling methods of motor efficiency all
have high reliability.

However, according to the research process in this paper, when using BI, there are
invalid data points of motor efficiency generated in the test data set as a result of BI, which is
limited by required calculation conditions, not being able to predict the working conditions
out of the range of the learning and training set. This paper adds together the number of
invalid data points in the 100 5-fold CV tests, and the results are shown in Figure 11.
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Figure 11. Statistical results of the number of invalid data points.

According to Figure 11, when using BI, if the number of measured data samples
of motor efficiency is insufficient, there is an interpolation invalidation phenomenon.
According to the results of the 100 5-fold CV tests, each model can generate about 24 invalid
data points on average. Additionally, if the number of measured data samples of motor
efficiency is insufficient, the estimation precision of BI for the nonlinear change section can
decrease significantly.

According to Figures 9 and 10, and Table 5, although using the RBF-NN can estimate
motor efficiency with high precision, the estimation precision for the change sections of
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the motor speed 1, and the motor torque T}, out of the change range of the learning and
training set decreases significantly.

To sum it up, Bl and the RBF-NN depend on learning and training samples greatly.
When the change ranges of the motor speed 7,, and the motor torque T}, in the learning
and training samples cover the whole domain of definition, BI and the RBF-NN have high
motor efficiency estimation and modeling precision. Therefore, for the modeling of motor
efficiency, BI and the RBF-NN have weak generalization abilities. In addition, neither BI
nor the RBF-NN has a directly easy relational expression, causing complicated and tedious
applications in practice (compared with PR). In addition, the requirement of many learning
and training data for effective modeling also causes the two methods to be inapplicable
to the research and development of adaptively adjusting motor efficiency MAP charts for
real-time correcting control strategies of intelligent vehicle systems.

The advantages and disadvantages of the three modeling methods are summarized in
Table 6.

Table 6. Comparison of advantages and disadvantages of three modeling methods.

Methods Advantages Disadvantages

Small standard deviation, high
reliability of the model; fewer model
parameters and less dependence on
the number of data; clear and simple

mathematical expression;
convenient application

Relatively low precision; limited

Polynomial regression estimation ability

A certain number of invalid data

Small standard deviation, high
reliability of the model; high precision
(highest precision among
three methods)

Bilinear interpolation

points can be generated; highly
dependent on the learning and
training samples; no direct and simple
mathematical model; inconvenient
practical application

Small standard deviation, high
reliability of the model; relatively
high precision

Radial Basis Kernel
Function Neural Network

Error larger than bilinear
interpolation; highly dependent on
the learning and training samples; no
direct and simple mathematical model;

inconvenient practical application

3.2. Modeling Results of Motor Efficiency Based on the Novel Method Proposed and Analysis

According to Section 3.1, the results of modeling purely using PR have certain defi-
ciencies with limited precision. Considering the process of the novel method proposed
in Section 2.5, this paper chooses some new variables formed through the mapping trans-
formation of the motor speed n,, and the motor torque T, and then selects the variable
with the maximum correlation coefficient through a correlation analysis. Table 7 shows the
research results.

Table 7. Correlation coefficients of measured motor efficiency with multiple variables.

Variable

In(ny,) In(T,,) sin(ny) sin(Ty,) cos(ny) cos(Tw) tan(ny) tan(Ty,) eln

Correlation Coefficient

—0.184 0.836 0.027 —0.096 —0.049 0.087 0.028 0.008 0.019

Therefore, the research chooses In(T,), the variable with the maximum correlation,
and introduces it into formula (13) and then forms the 10-parameter model for the efficiency
of the motor used. The following is the model’s expression:

Hm_novel = A0 + A11m + a2 T + a3ty T + 11477%1 + QST;%z + “()Tysn +ay 11‘1(118 Ty + ’19) (18)

Use the I-SA algorithm for parameter identification of the 10-parameter motor effi-
ciency model. Figure 12 and Table 5 show the results of the 5-fold CV of 100 random tests.
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Figure 12. Results of 100 5-fold CV tests of novel method proposed. Note: MAPE is mean absolute

percentage error.

According to Figure 12 and Table 5, the novel method proposed has high precision
in motor efficiency modeling. The modeling result of the novel method improves greatly
on the basis of PR. Additionally, the 5-fold CV results of 100 random tests (with a small
standard deviation) show that the novel method has high reliability.

This paper uses the I-SA algorithm for the parameter identification of the novel model
of a 5 kW motor and a 8 kW motor. Figure 13 shows iterative evolution curves.

150 . , i 60
3 100 g 40
§ 50 = 20
0 . ; ; 0 ! .
0 50 100 150 200 0 20 40 60
Iterations Iterations
(a) (b)

Figure 13. Iterative evolution curves of parameter identification of two motor efficiency models.
(a) 8 kW motor; (b) 5 kW motor.

Figure 13 shows that the I-SA algorithm has a good application result for the param-
eter identification of the motor efficiency mode. The algorithm has a smaller number of
iterations (declining to the ideal precision after about 60 iterations). In the implementing
process of the algorithm, the value of an objective function is always declining, indicating
that the I-SA avoids the problem of prematurity effectively.

Figure 14 shows the motor efficiency models in full working conditions.

Figure 14 shows that the motor efficiency models built with the novel method have
ideal estimation results in the full working conditions of the motor speed #,, and the motor
torque T;,;. The MAPE of the 8 kW motor efficiency model’s estimated value and all the test
data is 4.768%, and the MAPE of the 5 kW motor efficiency model’s estimated value and all
the test data is 2.539%.
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Figure 14. Efficiency models of two motors in full working conditions. (a) 8 kW motor; (b) 5 kW motor.

0

3.3. Comparison Results of Full Vehicle Efficiency Characteristics of Electric Tractors in Five
Working Conditions and Analysis

Figure 15 shows the full vehicle working efficiency results of electric tractors of three
different drive systems with different loads (showed as different reserve power) and
running speeds (shown in the form of statistical histogram for the convenience of evaluation
and analysis).
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Figure 15. Estimation results of the full vehicle working efficiency of electric tractors with different
drive systems. (a) 4 wheel independent drive system; (b) Rear wheel independent drive system;
(c) Dual motor coupling drive system.

From Figure 15 we can see that the 4 wheel independent drive electric tractor’s
full vehicle efficiency shows the skewed distribution of which an efficiency lower than
70% accounts for 26.14%. The rear wheel independent drive electric tractor’s efficiency
distribution is nearly symmetric around the axis of 72%. The dual motor coupling drive
electric tractor shows the slightly skewed distribution, but its distribution characteristic is
opposite to that of the 4 wheel independent drive electric tractor, of which an efficiency
higher than 75% accounts for 32.97%. Considering the range of the full working conditions
selected, the dual motor coupling drive tractor shows better work efficiency as a whole.

Figure 16 shows the results of the normal road constant-speed running, transportation,
ploughing, and rotary tillage working conditions. Table 8 gives the mean of the full vehicle
efficiency of the electric tractors of three drive systems.

According to Figure 16 and Table 8, the dual motor coupling drive mode shows a
relatively good full vehicle efficiency in most working conditions and has the highest
average working efficiency with different loads and speeds. However, for the ploughing
condition and the rotary tillage condition, the dual motor coupling drive electric tractor
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shows better efficiency characteristics. In the ploughing and rotary tillage conditions, the
performance of the efficiency characteristics of the three types of drives are not invariable,
and each has its optimal working range.

80 75
70 //
S S
> B 05T
2 ——4 wheel independent drive ]
2 ——Rear wheel independent drive R4
3] S 60+
E 60} Dual motor coupling drive E
H H ——4 wheel independent drive
55 /—Rear wheel independent drive
Dual motor coupling drive
50 . . . 50 . . i i
4 6 8 10 12 0 200 400 600 800 1000
Speed of electric vehicle (km/h) Quality of trailer (kg)
(@) (b)
85 : : : : - : : :
——4 wheel independent drive 80+ ——4 wheel independent drive
30 ——Rear wheel independent drive ——Rear wheel independent drive
—~ " [|-—Dual motor coupling drive 1 —_ Dual motor coupling drive
S X
> 75} / > 751
g g
2 /f_ R}
(3} (3}
g 70 £
53] 53]
70+ E
65}
0 500 1000 1500 2000 2500 3000 2 3 4 5
Plowing resistance (N) Output power (kW)
(©) (d)
Figure 16. Estimation results of full vehicle efficiency of tractor in four working conditions.
(a) Working condition of constant-speed running; (b) Working condition of transportation; (c) Work-
ing condition of ploughing; (d) Working condition of rotary tillage.
Table 8. Estimation results of mean of full vehicle efficiency of three drive systems for electric tractors.
. Mean of Electric Tractor Efficiency/%
Type of Drive
Different Loads and Speeds Constant-Speed Running  Transportation Ploughing Rotary Tillage
4 wheel independent 71.90 57.41 59.05 69.82 72.06
Rear wheel independent 73.26 71.86 69.65 72.96 72.86
Dual motor coupling 74.43 68.83 65.05 74.62 73.37

4. Conclusions

Compared with the three modeling methods (PR, BI, and RBF-NN), the proposed
method in this paper not only has high model estimation precision (the mean of the MAPE
of the 5-fold-CV of 100 random tests is 2.45 %, and the MAPE of all 853 measured data is
3.65 %) but also has high modeling reliability (the standard deviation of the MAPE of the
5-fold-CV of 100 random tests is 0.12 %). The structure of the new model proposed in this
paper is relatively simple. Combined with a heuristic intelligent optimization algorithm,
the model can be established only by identifying 10 unknown parameters. This is less
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dependent on the number of the test data. For the two motors used in this paper, the
efficiency characteristics are highly correlated with the variables In(T,).

According to the various working conditions used in this study, this type of elec-
tric tractor equipped with a dual motor coupling drive system has the overall optimal
economic performance (the highest full vehicle efficiency). From the analysis results of
ploughing and rotary tillage conditions, the design of the electric tractor drive system
should have the ability to switch between multiple driving modes (four wheel drive, rear
wheel drive and coupling drive) to maximize the efficiency of the tractor under different
working conditions.
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Abstract: Due to the complex environment in the field, using machine vision technology to enable
the robot to travel autonomously was a challenging task. This study investigates a method based
on mathematical morphology and Hough transformation for drip tape following by a two-wheeled
robot trailer. First, an image processing technique was utilized to extract the drip tape in the image,
including the selection of the region of interest (ROI), Red-Green-Blue (RGB) to Hue-Saturation-
Value (HSV) color space conversion, color channel selection, Otsu’s binarization, and morphological
operations. The line segments were obtained from the extracted drip tapes image by a Hough line
transform operation. Next, the deviation angle between the line segment and the vertical line in the
center of the image was estimated through the two-dimensional law of cosines. The steering control
system could adjust the rotation speed of the left and right wheels of the robot to reduce the deviation
angle, so that the robot could stably travel along the drip tape, including turning. The guiding
performance was evaluated on the test path formed by a drip tape in the field. The experimental
results show that the proposed method could achieve an average line detection rate of 97.3% and
an average lateral error of 2.6 + 1.1 cm, which was superior to other drip-tape-following methods
combined with edge detection, such as Canny and Laplacian.

Keywords: machine vision; image processing; two-wheeled robot trailer; steering control; strip
farming

1. Introduction

Monitoring the growth response of crops in the field could allow farmers to make
production decisions in advance, avoid agricultural losses caused by extreme weather
and pest invasion, while ensuring crop quality and yield, which is of great significance to
sustainable development and food security. Crop management was generally performed
manually, including spraying, fertilizing, watering, and weeding. With the advancement
of semiconductor microfabrication technology, the development concepts of miniaturiza-
tion and electrification have been gradually introduced into the design of novel farming
tools [1-6]. These smart machines often have to be attached to the end of a tractor to
perform farming tasks, such as weeding, spraying, or soil preparation. However, tractors
are usually large in size and less convenient to use in small-scale farmland. Meanwhile,
the use of large tractors also causes the soil to be too compact during the farming process,
which is not conducive to the growth and water absorption of crop roots.

In the past 10 years, many small- and medium-sized autonomous mobile robots have
been used to assist farming operations [7-12]. In principle, these mobile robots were
equipped with global satellite navigation and positioning system (GNSS) receivers and
a path planner, allowing the robots to move autonomously in the field [13,14]. Installing
magnetic markers on the ground [15,16] was another localization method, which could
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serve as a reference point for the robot while traveling. It requires path planning in advance
and needs to consider issues such as farmland plowing, land preparation, and crop rotation.

Machine vision technology has been widely used for automatic inspection and sorting
of object defects [17,18], and its procedural flow includes image preprocessing, feature
extraction, and image postprocessing. This technology could be used to identify the distri-
bution of objects or features in images [19-21]. The purpose of image preprocessing was to
remove irrelevant information in the image through color space transformation, filtering,
denoising, affine transformation, or morphological operations. Meanwhile, it enhances the
detectability of key information and simplifies the data to be processed, thereby improving
the reliability of the feature extraction process. Image segmentation, matching, and recogni-
tion were procedures for feature extraction, the core concept of which was to divide the
input image into several classes with the same properties. This method could be utilized to
extract the region of interest (ROI) in the image, including region growing [22], gray-level
histogram segmentation [23,24], edge-based segmentation [25-31], and clustering [32-35].
In addition, neural networks, support vector machines, or deep learning, etc., [36-39] are
also common image segmentation methods. Other specialized machine vision methods
include the use of a variable field of view [40], adaptive thresholds [41], and spectral filters
for automatic vehicle guidance and obstacle detection [42]. The image segmentation meth-
ods based on the Otsu method [23] are very favorable for use when there is a large variance
in the foreground and background of the image, and many rapid image segmentation meth-
ods with high real-time performance have also been proposed [29-31]. The edge-based
segmentation method has been used to detect the pixel positions of discontinuous grayscale
or color regions in a digital image. Canny’s algorithm [26] is one of the common methods
that could extract useful structural information from images and reduce the amount of data
to be processed. Another edge detection method is called the Laplacian method, which is a
second derivative operator that produces a steep zero crossing [43] at the edges of objects
within the image.

Machine vision has been applied to detect crops or weeds in the field and allow
robots to track specific objects for autonomous navigation [44-47]. With the development
of high-speed computing, some high-complexity image processing algorithms could be
implemented in embedded systems to detect crop rows in real time [48,49]. However,
the instability of light intensity and the unevenness of the ground would still cause color
distortion in the image, degrading the detection performance. It has been demonstrated
that deep learning could overcome the impact of light and shadow on image recognition
performance [50,51]; however, the detection model is still slightly affected in low light
conditions [6].

In recent years, some automated drip irrigation systems have been used for precise
crop irrigation in the field to save water. This system generally lays a long water line or
pipeline on the field. Based on this premise, this study proposes a drip-tape-following
approach based on machine vision. A digital red (R)-green (G)-blue (B) (RGB) image was
converted to the hue (H)-saturation (S)-value (V) (HSV) color space and then binarized
using a V-channel image. The mathematical morphology and Hough line transformation
were utilized to extract the drip tape line in the binarized image, and the deviation angle
between the drip tape line and the vertical line in the center of the image was estimated.
The steering control system could adjust the rotation speed of the left and right wheels of
the robot so that the robot could follow the drip tape line and perform U-turns to move to
the next vegetable strip.

The organization of this study was as follows: The second section presents the mech-
anism design, system architecture, and hardware and software specifications of the two-
wheeled robot trailer; the kinematic model, drip tape line detection, and following methods
are also described in this section. The third section describes the test results of the proposed
robot following the drip tape in the vegetable strips, including moving straight forward
and U-turning. The evaluation results and comparative analysis of different drip tape
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line detection methods are also illustrated and discussed in this section. The last section
summarizes the highlights of this paper and presents future work.

2. Materials and Methods
2.1. Description of the Two-Wheeled Robot Trailer

The appearance of a two-wheeled robot trailer (which had a length (L) x width (W)
x height (H) of 132 cm x 92 cm x 87.5 cm) is shown in Figure 1. Table 1 represents
the specifications of the hardware and mechanism components of the robot trailer. The
auxiliary wheel was 6 inches (15 cm) in diameter and was attached to the bottom of the
support frame (50 cm in length). The left and right sides of a piece of aluminum alloy
plate, whose length could be adjusted, were connected to the left and right brackets of
the robot, respectively. A brushless DC motor (Model: 9B200P-DM, TROY Enterprise Co.,
Ltd., New Taipei City, Taiwan) was selected as the power source for the two-wheeled robot
trailer. The rated speed, torque, and maximum torque of the motor were 3000 rpm, 0.8 N-m,
and 1.0 N-m, respectively. The gear ratio of the reducer was 36, and the transmission
efficiency was 80%. The bearing of the reducer was connected to the wheel through a ball
bearing seat.

GNSS module
Telescopic slide mounting plate

Electrical modules

° GNSS module

Motor driver

Motor driver
Brushless
Support stands DC motor
and wheels

Figure 1. Appearance of the two-wheeled robot trailer.

Table 1. Component specifications for the robot trailer.

Description

Value or Feature

Mechanism body
Size: L [em] x W [em] x H [em]
Front wheel: D [ecm] x W [em]
Rear wheel: D [ecm] x W [em]

132 x 92 x 87.5
65 x 8
15 x 4

Electronics
Data processing board (speed; memory)
Image processing board (speed; memory)
Guidance control board (speed; memory)
Motor (voltage;velocity; gear ratio; power; torque)
Driver (voltage; power; communication)
Camera (connection; resolution; focus)

GNSS board (interface; type; voltage; precision)

DC-DC module (input voltage; output voltage)

1 GHz single-core ARMv6 CPU (BCM2835); 512 MB RAM
6-core NVIDIA Carmel ARM; 8 GB LPDDR4x
ARM Cortex-M processor; 256 KB single-cycle Flash memory
24 V; 3000 rpm; 1:36; 200 W; 0.8 N-m
24 V; 200 W; RS-232/RS-485
USB 2.0/3.0; 4096 x 2160 (30 frame per second (fps)); Auto
USB/UART; Multi constellation; 5 V; <4 cm with state space
representation (SSR) corrections (precise point positioning (PPP) in
Real-Time Kinematic (RTK)).
28V;5V
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Table 1. Cont.

Description Value or Feature
Others
Battery (voltage, capacity) 24 V; 30 Ah
Antennas (type; voltage) Passive; 3.3V

GNSS modules and motor drivers were installed in the left and right frames of the
robot, and electrical modules, including the image-processing board and guidance control
board, were mounted on the aluminum alloy plate. The rack under the aluminum alloy
plate was used to place the battery. A tube was clamped to the rack. The end of the tube
was connected to a camera module (Model: Logitech BRIO, Logitech International S.A.,
Lausanne, Switzerland). The driver could output 0~24 VDC, the power was 200 W, and it
supports the communication specifications of RS-232 and RS-485. The size of the battery
pack was 22 (L) cm x 16 (W) cm x 11 (H) cm, which could output 24 V/30 Ah. The direct
current (DC)-to-DC module could step down the output voltage of the battery pack from
24V to 5V, thereby supplying power to electrical modules and others.

The architecture of the guidance and control system is shown in Figure 2. A GNSS
module (Model: FOP, u-blox Company, Thalwil, Switzerland) with antennas was utilized
to determine the location of the robot. The location data were transmitted from the GNSS
module via a universal asynchronous receiver/transmitter (UART) interface to the micro-
controller, which also received the sensing data obtained by the optical quantum meter
and the environmental sensor. The location and sensing data were transmitted to the data
processing unit through UART, and the data processing unit transmitted these data to the
local server for storage through WiFi.

GNSS antennas

Das UART

processing Micro-
unit controller

Image
processing
unit

Environmental

r Webcam sensors

Figure 2. The guidance and control system architecture for a two-wheeled robot trailer.

The images captured by the camera module were sent to the image-processing unit
(Model: Xarier NX, NVIDIA Company, Santa Clara, CA, USA), which performed a drip
tape detection algorithm to estimate the deviation angle. After that, this deviation angle
value was transmitted to the steering control unit (Model: EK-TM4C123GXL, TI Company,
Dallas, TX, USA) via UART, and then the built-in steering control program of the unit was
executed to estimate the drive voltages of left and right wheel motor. Finally, the voltage
value was converted into a pulse width modulated (PWM) signal and sent to a motor driver
(Model: BLD-350-A, Zi-Sheng Company, Taichung City, Taiwan) to drive the two motors.

2.2. Drip Tape Following Approach

This section presents the kinematic model of a two-wheeled robot trailer in a Cartesian
coordinate frame under nonholonomic constraints, and the drip-tape-following methods
are also illustrated in this section.
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2.2.1. Kinematic Model

The two wheels of the robot were actuated on a plane by two independent motors,
which provide torque to the two wheels. The radius of the two wheels was assumed to
be 7, and the distance between the two wheels was . The pose of the robot in the inertial
Cartesian frame {O-X-Y} could be described by the position P, (xo, o) and the orientation
angle ¢ measured relative to the X-axis, which is represented in Figure 3. The symbol P.
represented the center of mass of the two-wheeled robot, and its distance from point P,
was d. Assuming that the velocities in the X-axis and Y-axis directions of P, were x, and
Y, respectively; the angular velocity was ¢; and the sideslip was ignored, the kinematics
model of the robot under constraint conditions could be defined as follows [52,53]:

Xo rcos@/2 rcosg@/2
yp = sin ¢ sin ¢ { zlzx } 1)
¢ i T

where v} and v represented the volocities of the left and right wheels of the robot, respectively.

YA Vi

Yo

(6] X

Figure 3. The representation of the position and orientation of the two-wheeled robot in the Cartesian
coordinate system. Dark gray, light gray, and black color represent the mechanism body, wheels, and
support stands, respectively.

2.2.2. Drip Tape Detection

This section presented the detection methods of drip irrigation tapes, including two
edge detection methods (Canny and Laplacian) and the proposed approach. Simple
examples were also presented.

e Canny

The premise of implementing this method was to first convert the red (R)-green (G)-
blue (B) (RGB) color space of the original digital image (Figure 4a) into grayscale (Figure 4b)
and then perform a Gaussian blur on the image (Figure 4c). Its main purpose was to reduce
the effect of noise components on edge detection. Next, assume the first-order derivatives
in the horizontal and vertical directions within the image, which were denoted as G, and
G,, respectively, as in Equations (2) and (3):

G = Su*Fipg (2)
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G, =Sy * Fimg 3

where Sobel operators S, and S, were designed to maximize the response to edges running
vertically and horizontally with respect to the pixel grid. The operator consists of a pair of
3 x 3 convolution masks. The masks could be employed individually to the input image,
which produce separate measurements of the gradient components in each direction. Fj,g
indicated the measured pixel grids in the image. The symbol “*“ depicted the convolution
operator.

(d)

Figure 4. Process flow of edge detection: (a) original image; (b) grayscale; (¢) Gaussian blur; (d) Canny

edge detection; (e) Laplacian edge detection.

These two gradient components could then be combined together to learn the ab-
solute magnitude M, of the gradient at each point and the direction of its gradient (see
Equation (4)). The angle of the directional gradients could also be measured by Equation (5):

M, = /G2 +G3 @)

M, = arctan (G, /G,,) ®)

Nonmaximum suppression was used to remove the blurred gradient values of edge
detection pixel grids. The main concept of this method was to compare the gradient
intensity of the current pixel with the intensity values of two pixels along the positive and
negative gradient directions of the point. If the gradient value of the current pixel was
greater than the gradient values of the other two pixels, the current pixel was reserved as
an edge point; otherwise, the value of the pixel point was discarded.

Next, a double threshold was used to find some potential edge pixels caused by noise
and color changes. True weak edge points could be preserved by suppressing weak edge
pixels extracted from noise/color variations. The result of edge detection is shown in
Figure 4d.

e Laplacian

The Laplacian-based edge detector used only one kernel to compute the second
derivative of the image. It was also necessary to convert the RGB color space of the digital
image into grayscale. Before performing Laplacian edge detection, the Gaussian blur
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operation was employed to reduce the influence of non-dominant features on detected
objects, such as noise. Then, Equation (6) was utilized to find the edge points in the image:

G= Lp * Fimg (6)

where L, represented the Laplacian operator. After the Laplacian operation, the median
filter was also used to filter out spot noise in the image, so that the edges could be repre-
sented very clearly. The edge detection results obtained in Figure 4c using the Laplacian
method with a median filter was shown in Figure 4e.

e  Proposed-HLT

It was difficult to observe the brightness, saturation, and hue of the object pixels in the
digital image based on the RGB model. Therefore, the HSV model was used to replace the
original RGB model. Assume an 8-bit digital image was captured by a camera. The image
was cropped into an ROI of L x width (Q), which could be regarded as a two-dimensional
matrix, and the R, G, and B channels presented in each pixel U,gb(p, Q,p=1273,...,L,
andg =1, 2, 3, ..., Qin the matrix were divided. Each of the color channels represented
U (p,q), Ug(p,q), and Uy(p, q), and these values were between 0 and 255:

uy () —Up (ps
Uy (p,q) = (( (p.9)—Us (p.)) +(Ur(p.g)~Us(p1)))
2/(ur (p4))

)=Us (p)) (U (p.a) ~ Uy (p.)) (Ug (p.a) ~ Uy

Ur(paq
_ max(Uy (pg) Ug (p. )Ub( q)) —min (U (p,g), Uz (p.9) Us (pg)) (7)
Us(p.q) = ax(Ur(p,a) Ug (p,0) Un(pa))

q
max (U, U, U,
Up(p,q) = ( (vq)zg( pa)Us(p4))

where Uy, € [0, 360), Us(p, q), Uu(p, q) € [0, 1]. Operators max(-) andmin(-) represented
the selection of the maximum and minimum values, respectively. For example, Figure 5a,b
are the original RGB image and the RO, respectively. The ROI image was converted from
the RGB model to the HSV model via Equation (7) (see Figure 5c).

Original ROI RGB to Select
image ‘[selection ‘ HSV ‘ V-channel

Thinning A Otsu’s
[ operation ]« [ Median ﬂner]ﬁ [ method ]

Figure 5. Drip tape extraction process: (a) Original image; (b) ROI image; (c) HSV image;
(d) V-channel; (e) Otsu’s binarization method; (f) median filter; (g) thinning operation.

For an image with a uniform gray distribution, the larger the variance value was, the
larger the difference was between the two parts in the image. Otsu’s method utilized the
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maximum interclass variance that was relatively common as a measure of classification
criteria. This method was used to separate the background and objects in the V-channel
of the HSV image (see Figure 5d). Using threshold segmentation to maximize the inter-
class variance means that the probability of misclassification was minimized. Assume N
represents the total number of pixels in an ROI of the image depicted in Equation (8):

I-1
N=Ygi=g+8+ ... +8-1 ®)
i=0

where g; (i = 0, 1, ..., I — 1) illustrated the number of pixels whose gray values were
i, and I denoted the maximum gray level of the ROI in the image. The probability of
gray level i of pixel occurrence was depicted by h; = g;/N. The threshold m could be
employed to divide the gray level of the image into two groups: Go = {0, 1,..., j} and
G = {j+1,j+2,..., I}. The grayscale numbers of Gy and G; were j+1and I —j,
respectively. Then, ag = Pg, = Zfzo hi and &y = Pg, = Zf;jIH h; were the probabilities
of the two groups. The means of Gy and G; were depicted as 1, = (2{:0 ih;) /o and
Uy, = (Ef;jl 1 ih;) /a1, respectively. The mean value of gray level over the whole image
was u = 2{;& ih;. For any value of j, equations s, + 11y, = u and &g + a1 = 1 could

be easily verified. The variances of Gy and G; were 07, = (Z{::o (i— ]/t,xo)zhi) /g and

oz = (Zf:_jlﬂ (i— yal)zhi) /wy, respectively. The intraclass and interclass variance are
shown in Equations (9) and (10), respectively:
Uizntm = “0‘730 + D‘lguzc] (C)]
2 _ 2 2
Tinter = 0(0(1/1% + u) + 02‘1(11011 + u) (10)
= "‘0"‘1(“&(1 - ”ao)
The sum of the variance of the intraclass and interclass was ¢ = 02, + 02, . There-

inter intra®
fore, maximizing the interclass variation was equivalent to minimizing the intraclass

variation so that the optimal critical threshold T could be obtained as follows:

T= arg max(aéter/vz) (11)
0<j<I-1

Each pixel Py(p, q) of the V-channel in the HSV image after execution by Otsu’s
method was shown in Figure 5e, and the image was then denoised (Figure 5f) and thinned
(Figure 5g).

2.2.3. Hough Transformation

The Hough line transform (HLT) was used to detect the line in the image, which
could be presented in the form of p = bg + ¢ in the Hough space (Hough, 1962). b and
¢ denoted the slope and constant, respectively. There would be an infinite number of
lines passing through the edge points (p, ) on the edge image, except the vertical line,
because b was an undefined value (Leavers, 1992). Therefore, the alternative equation
pcos @ +gsin ¢ = p in the polar coordinate frame was used to replace the original equation.
The symbol p € R represented the shortest length from the origin to the line, and ¢ € [0, 7|
expressed the angle between the line and horizontal axis. For all values of p, each pixel
in the image was mapped to Hough space. Assuming there were two pixels on the same
line, their corresponding cosine curves would intersect on a particular (p, ¢) pair. Each
pair represented each line that passes by (p, q). This detection process was carried out
in parameter steps or accumulators, which was a voting process. By finding the highest
bin in the parameter space, the most likely line and its geometric definition could be
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extracted. The results (red lines) of Figure 4d,e,g processed by HLT, respectively, are shown
in Figure 6a—c.

Figure 6. Results of different drip tape detection methods combined with HLT (red color): (a) Canny
with HLT; (b) Laplacian with HLT; (c) proposed HLT.

The white solid and dashed frames represented the field of view captured by the
camera when the robot turned (Figure 7a). The upper and lower graphs in Figure 7b—f
represented the image-processing results within the solid frame and the dashed frame,
respectively. A line (Figure 7g) could be obtained by applying the HLT in Figure 7f.

ny

Figure 7. Line detection result when the robot turned: (a) Two frames within the snapshot that
require image processing (solid frame and dashed frame); (b) The result of HSV transformation of
the ROl in the solid frame (top) and the dashed frame (bottom) in the image (a); (¢) The V channel of
the HSV image; (d) Binarization; (e) Median filtering; (f) Thinning; (g) Hough line transformation
(red line) and the central vertical line (blue) of the image.
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2.3. Determination of the Deviation Angle

Once the drip tape was detected (as shown in the red line in Figure 8), two points
Pa(x4, ya) and Py(xp, yp,) were selected on the red line. At the same time, a vertical line (blue
color) was drawn in the center of the image. The blue line intersected the red line at point
Pc(x¢, yc). Next, taking a point Py, (X, Ym) on the line segment P.P,, the point horizontally
extended a line segment, and the vertical blue line intersected at point Py, (xy, yn), where
Yn = Ym. After obtaining the length of P, P, the deviation angle 6 = tan~! (Pm P,/ PnPc)
between the drip tape and the centerline of the image could be obtained. When 6 = 0, the
robot heading was parallel to the drip tape.

Figure 8. The deviation of heading angle estimation (red line: desired line; blue line: vertical line in
the center of the image; white dotted line: horizontal line in the center of the image).

2.4. Heading Angle Control

The field navigation mode of the robot was divided into straight forward and turning.
A flow chart of the path following control was demonstrated in Figure 8. First, the digital
RGB image was captured by the camera module, the lines in the image were extracted
by drip tape detection algorithms (Section 2.2), and a deviation angle estimation method
(described in Section 2.3) was used to estimate the heading angle. Then, set the PWM
value x, the motor speed control gain kj, the minimum threshold e, and the maximum
threshold émax of the heading angle, etc. When [0 < emay, that is, in the area of “@®” or
“@” or “®” (see the top right of Figure 9), the speed difference control was executed. If
|6] < €max, thatis, in the “®” area, then the left and right motor speed control parameters,
denoted as PWM|, and PWM, respectively, were equal. Finally, the robot stopped when it
moved to the target position. Conversely, when |0 > emin and 6 > enin (the area of “@”),
then PWML, = kpx + x and PWMpR = «; in contrast, when 6 < e, (the area of “®”), then
PWML = x and PWMR = kpx + k. When |6] > €max, it means that 6 was in the “®” area,
and the steering control program would be executed. When 6 < —&max, set PWMp, = x(—)
and PWMR = «(+). Conversely, set PWMy, = x(+) and PWMg = x(—). Among them,
the symbols “+” and “—* depict the forward rotation and the reverse rotation of the motor,
respectively. It was worth noting that the robot stopped (PWM|, = PWMg = 0) once the
drip tape was not extracted or an abnormal deviation angle was acquired.
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Figure 9. Line of drip tape detection and steering control process. The numbers “®”, “®”, “®” and
“@®" respectively demonstrated the areas corresponding to the heading of the robot; the letters A, B, C,
D inside the circle represented flowchart connectors.

3. Experimental Results

This section illustrates different drip tape detection methods for testing and verification
of two-wheeled robot trailers in the field. The performance comparison, analysis, and
discussion of different drip tape following methods are also presented in this section.

The experimental site was located in front of the experimental factory of the De-
partment of Biomechatronics Engineering of Pingtung University of Science and Tech-
nology (Longitude: 120.60659 Latitude: 22.64606). The field had a size of L x W x H
of 10 x 0.25 x 0.2 m (see Figure 10a). The experiment was carried out during the spring,
and the weather conditions were mostly cloudy and sunny in the morning and cloudy
in the afternoon. According to the climate conditions, butter lettuce (LS-047, Known-You
Seed Co., Ltd., Kaohsiung, Taiwan) and red lettuce (HV-067, Known-You Seed Co., Ltd.,
Kaohsiung, Taiwan) were selected for planting in the field. A black drip tape was laid on
the field. The robot would continuously follow the drip tape and move to another tape
area (see Figure 10b,c). The control parameters of the motors were set to x = 1500 and
kp = 200. The image processing speed was 5 fps. emin and emax were set to 1" and 6°
degrees, respectively.

The drip tape was configured as a polygon in the turning area. As shown in Figure 11,
there were four corner points, which were represented as “@”, “@”, “®”, and “@”. This
figure also showed the drip tape detection results for each segment (red line within a
black box).
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Figure 10. The appearance of experimental field and the two-wheeled robot: (a) the appearance of the
field; (b) the snapshot of the two-wheeled trailer traveling autonomously; (c) the U-turning process
of the robot trailer.

Figure 11. The configuration of the drip tape in the turning area and its detection result (red line).

The blue line represented the vertical line in the center of the image. The numbers “@”, “@", ,
and “@” represented the corner points, which can divide the drip tape into five line segments.

Then, the guiding performance of the robot was tested. The test duration was from
6:00 in the morning to 10:00 in the evening, which was divided into eight time intervals, and
the robot followed the drip tape to rewind the field twice in each time interval. During the
experiment, the line detection rate, LDR; = Né / Ntiotal' was estimated. Among them, NZDM
and N represented the total number of processed images and the number of images that
successfully detected the drip tape in the i — th test duration of each interval, respectively.
Finally, the average detection rate LDRypq = Y. ; LDR;/T of the line could be obtained,
and T denoted the total number of test durations. The processing rate of the image was
20 fps.

Figure 12a presents the movement trajectory of the robot obtained by the GNSS-RTK
positioning module at 06:00 in the morning using the proposed-HLT; the heading angle
of the robot (the first loop: black-dot color; the second loop: brown hollow-dot color) was
also shown in Figure 12b. The gray area represents the variation in heading angle when the
robot turns. The movement trajectory of the robot during the turning process was shown
in the blue box in Figure 12a, which was enlarged in Figure 12c (green color).
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Figure 12. The movement trajectory and deviation angle of the robot (test time interval:
06:00-08:00 a.m.): (a) Movement trajectory of the robot, initial location: 22.64657° N, 120.6060° E
(the area of grid: 1 (length) x 1 (width) m); (b) The variation in heading angle when the robot
travels (black-dot color: the first loop; brown hollow-dot color: the second loop); (c) The position
point (green-dot color) distribution of the moving trajectories of the two loop (the area of grid:
20 (L) x 20 (W) cm).

Similarly, two drip tape detection methods based on Canny and Laplacian combined
with HLT (called Canny-HLT and Laplacian-HLT) were used to conduct the above ex-
periments and evaluate the performance of different drip tape detection methods. The
performance test was repeated for three days (I' = 6), and the results are shown in
Figure 13. The average line detection rates obtained by the Canny-HLT, Laplacian-HLT,
and proposed-HLT methods in different time intervals were 65~84%, 91~93%, and 93~97%,
respectively.

During the experiment, the guiding performance for following straight and polyline
trajectories was evaluated with a total length of 44 m. Table 2 presents the evaluation results
of the robot’s guidance performance, including the mean maximum error (MAE), maximum
lateral error (ME), and root mean square error (RMSE). The MAE of the proposed-HLT
was 2.6 £ 1.1 cm, which was lower than that of the Canny-HLT method (3.2 & 1.2 cm) and
the Laplacian-HLT (2.9 &= 1.6 cm). When using the Canny-HLT method, the robot has the
largest ME when moving in a straight line, which reaches 12.3 cm. Using the proposed-HLT
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results in the smallest RMSE of 2.9 cm in total traveling length. A video of experimental
results is demonstrated in Supplementary material.
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Figure 13. Comparison of the drip tape detection performance of the three methods at different time
intervals within three days.

Table 2. The performance evaluation results of different line detection methods in the guidance
system of the robot.

Travel Distance (m) MAE + SD (cm) ME (cm) RMSE (cm)

32 (Straight) 42+17 12.3 5.8

Canny-HLT 12 (Polyline) 23+14 10.7 2.7
44 (Total) 32+12 11.2 3.6

32 (Straight) 39+14 114 5.1

Laplacian-HLT 12 (Polyline) 21+£19 7.6 22
44 (Total) 29+1.6 7.8 3.3

32 (Straight) 3.6£15 8.6 49

Proposed-HLT 12 (Polyline) 19+14 6.4 1.7
44 (Total) 26+1.1 6.9 29

4. Discussion

The proposed-HLT has been verified to obtain an average LDR of 96.6% under the
condition of unstable light intensity outdoors. Select the V-channel of the HSV image for
drip tape detection, which could reduce the brightness and contrast of the image to enhance
the differences between objects and backgrounds in the image. The experimental results
demonstrated that the LDR during the daytime was at least 93.8%. It was worth noting
that the LED lighting device installed on the robot could be used at night (20:00-22:00), and
the results depicted that the LDR during this time interval could reach 97.5%. In sunny
and cloudless summer conditions, the image would be overexposed due to excessive light
and cause a failed recognition result. Therefore, once the drip tape was not detected or an
abnormal deviation angle was estimated, the robot would stop. The robot did not start
moving until the deviation angle was confirmed and the drip tape line has been extracted.
Therefore, once the planting season comes to summer, the safety of the robot during the
movement could still be guaranteed under uncertain climatic factors.

The drip tape detection performance using the Canny-HLT was the worst among the
three methods. Since the Canny algorithm has its own execution flow, it was difficult to
use it with other image-processing algorithms, which also limits its flexibility in use. For
images with uniform grayscale variation, it was hard to detect boundaries by only using the
first derivative (such as the Canny operation). At this time, the use of a second derivative
operation could provide critical information, such as the Laplacian operation. This method
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was often used to determine whether the edge pixels in the image were bright or dark
areas. By smoothing the image to reduce noise, the Laplacian method could also achieve a
detection rate of up to 93.4% after combining with Hough line transformation. Compared
with the Canny-HLT method, the detection performance of the Laplacian-HLT method was
more stable.

When the Canny-HLT or Laplacian-HLT program was executed in the high-speed
embedded system, lines on the left or right side of the drip tape were detected (Figure 7a,b)
under the condition of an image processing speed of 7 fps. The line segment of drip tape
detected first would be used for heading angle estimation.

The configuration of the drip tape as a polygon allowed the robot to perform the
U-turning operation smoothly, and a larger ROI could prevent the intersection of the line
segment and the vertical line from falling outside the ROL At this time, it would also cause
three line segments to appear at the same time in the ROI of the image (as shown in the
black frame in Figure 11), which indirectly increased the probability of misjudgment of the
heading angle. Therefore, the estimated angle was checked by monitoring the variation
in the heading angle to ensure the stability of the robot’s traveling. This configuration of
the drip tape could enable the robot trailer to move autonomously and turn to another
narrow strip. This study only investigated a drip tape line detection operation based
on mathematical morphology and Hough transformation, which was used in complex
environments and unstable light intensity conditions. Once the detected target or object
characteristics change, the parameters of the proposed approach need to be adjusted
specifically. In principle, the color of the drip tape was different from that of most soils
(except for black soils). Generally speaking, the material was very suitable for two-wheeled
robots to be used as object tracking. Although green crops could also be selected as objects,
different types of crops have different characteristics and sizes, and the planting interval of
each crop would also be adjusted according to the size of the crop. Due to the many factors
or parameters to be considered, the object detection process would be more complicated.

On the other hand, although the color of the soil was similar to that of the drip tape,
fortunately, the surface of the drip tape and the soil were still different in brightness under
uniform lighting. Therefore, using Otsu’s binarization method could still distinguish the
foreground object from the background. Using a drip tape that was similar in color to the
soil was undesirable when working in the field. Secondly, the recognition performance of
the proposed solution was limited by the existence of shadows in the objects in the image.
Therefore, it was more suitable to use the proposed approach when there were no shelters
(such as trees) around the field.

When using deep learning for object detection, its detection performance was limited
by the diversity of images and the number of labeled samples used in model training [54].
Once the experimental site was changed or the climate changes (such as solar radiation),
the images to be identified have to be collected again and the detection model has to be
rebuilt. In addition, the operation of labeling target objects was also time-consuming.

The advantage of using image processing was that it could only extract the features
of the target object in the image, especially the objects with obvious features. However,
this detection method is limited by the image quality and the high complexity of the
feature extraction would indirectly increase the computational load. These problems
have been solved due to the gradual improvement in camera hardware level, the gradual
popularization of high-speed computing processors, and reduction in costs.

The proposed robot trailer adopted differential speed steering control, which has a
small turning radius and was suitable for fields with narrow planting spacing and turning
areas. In addition, deep tread tires could repel mud, which could be used on sticky soils or
upland fields. The narrow tire could reduce the friction between the tire and the ground,
making the steering control more flexible.

During the experiment, although the drip tape in some areas was blocked by mud or
weeds, the proposed approach could successfully detect the line of drip tape. In addition,
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during drip irrigation, the drip tape would be filled with water, and the appearance would
expand slightly, but it has no effect on the line detection for the robot trailer.

5. Conclusions

The proposed machine-vision-based approach could provide the two-wheeled robot
trailer to move along the drip tape in the field. Three line detection methods were used to
evaluate the autonomous guiding performance of the robot. Among them, the proposed
image recognition strategy could effectively detect the drip tape on the strip-planting
area and estimate the angle of heading deviation to make the robot travel stably between
planting areas, especially in the case of unstable light conditions.

The robot trailer was small in size, and it was suitable for autonomous guiding
operations in 1 hectare fields, especially for strip, till, or no-till farming applications. In
the future, the proposed approach would be integrated with deep learning for guideline
detection and heading angle control. In addition, the robot would be equipped with a
shock absorption device and a steering device, so that the robot has more applications.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agriculture12030428 /s1. Video: Autonomous Two Wheel Robot
Trailer.
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Abstract: Aiming at the problems of the poor passing capacity of machines and low cleaning rate

of seed strip during wheat no-tillage sowing in annual double cropping areas of North China, a

spiral discharge anti-blocking and row-sorting device (SDARD) was designed and is reported in

this paper. After the straw was cut and chopped by the high-velocity rotating no-till anti-blocking

knife group (NAKG), the straw was thrown into the spiral discharging mechanism (SDM) behind

the NAKG. The chopped straw was discharged to the non-sowing area to reach the effect of seed
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strip cleaning through the interaction between the SDM and the row-sorting of straw mechanism
(RSM). Based on a theoretical analysis for determining the parameters of crucial components, the
quadratic rotation orthogonal combination test method was adopted, and the operating velocity of
machines (OVM), the rotary velocity of the spiral shaft (RVSS), and the height of the holding hopper

Anti-Blocking and Row-Sorting from the ground (HHHG) were selected as the test factors. The straw cleaning rate (SCR) was taken

Device of Wheat No-Till Planter.
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as the test index. The discrete element simulation test was carried out, the regression model of the
SCR was established, and parameters optimization and field test were carried out. The results show
that the significant order of the three influencing factors on the SCR was HHHG > OVM > RVSS. The
optimal combination of operating parameters was that OVM was 5 km/h, RVSS was 80 r/min, and

Academic Editors: Mustafa Ucgul HHHG was 10 mm. Under the optimal parameter combination, the average SCR was 84.49%, which
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was 15.5% higher than the no-till planter without the device, and the passing capacity of machines
was great, which met the agronomic requirements of no-tillage sowing of wheat in annual double
cropping areas. This study could provide a reference for the design of no-tillage machines.
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1. Introduction

Conservation tillage is an advanced agricultural tillage technology that implements
no/minimum tillage on farmland covered with crop straw. It can effectively reduce soil
wind and water erosion, improve soil fertility level and drought resistance, avoid straw
burning, and alleviate ecological pressure. It is an important measure for achieving sus-
tainable agricultural development [1-4]. When winter wheat is no-tillage sown in annual
double cropping areas of North China, the straw is chopped and returned to the field, and
a large amount of the straw on the soil surface is covered, which causes the no-till planter
to be easily blocked during operation. The problems of the poor passing capacity of the
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machine and poor furrowing effect are severe [5-9], and if the straw or stubble falls on
the seeding row during operation, it will affect the contact degree between the seed and
the soil and reduce the seed implantation quality [10-15]. Therefore, timely and effective
separation of the straw from the planter and its working parts and discharge of the straw
residue to the non-sowing area are crucial problems for solving the blockage of the wheat
no-till planter and improving the sowing quality [16,17].

Existing research mainly focuses on the anti-blocking performance of no-till planters—
that is, the passing capacity of the machines. Wang et al. [18] studied the telescopic lever
furrowing and anti-blocking unit, which used the telescopic lever to collect the straw in
front of the furrowing opener and release it to the row, which greatly affected anti-blocking
ability when furrowing. Lin et al. [19,20] designed and studied an Archimedes spiral type
notched disc knife based on the Archimedean spiral, which improved the stubble-breaking
performance of the disc knife. Lu et al. [21-24] studied a rotary cutting anti-blocking device
with a slide plate pressing straw and the friction characteristics of straw during operation.
Compared with a zonal rotary and strip chopping no-till planter, this device had better
passing capacity, even emergence, and lower rotary velocity.

Although the currently developed anti-blocking device can meet the requirements
of the passing capacity of machines, a part of the straw remains in the sowing strip after
the operation, and the cleaning effect of the sowing strip is still difficult to guarantee.
Straw falling on the seed row will affect the seed implantation quality, then affect the seed
emergence, and even reduce the grain yield. Improving the cleaning effect of seed strips
is becoming another research hotspot of no-tillage anti-blocking devices. For example,
Yuan et al. [25] studied a straw cleaning device for wide-narrow maize no-tillage sowing
strip in the drip irrigation area. They put forward the seed strip cleaning method to meet the
agronomic requirements of no-tillage sowing of wide-narrow maize in the drip irrigation
area. Yu et al. [26] studied and designed a spiral-split sowing strip cleaning device to
solve the problems of straw blockage during no-tillage sowing in Northeast China. These
studies mainly focus on the no-tillage sowing of maize in annual once cropping areas in
the northeast and northwest, while few studies exist on the seed strip cleaning of wheat
no-tillage sowing in annual double cropping areas in the Huang-Huai-Hai. Mainly because
the row spacing of wheat no-tillage sowing in annual double cropping areas in the Huang-
Huai-Hai is narrow, there is no leisure period between the harvest of the last crop and the
sowing of the next crop. The straw has strong deformation resistance during the sowing
period, and it is difficult to row-sort the straw and carry out seed strip cleaning.

This paper proposes an SDARD of wheat no-till planter for solving these above
problems. It can efficiently discharge the straw to the non-sowing area on both sides of the
machine and between the seed strips, while ensuring passing capacity, playing the role of
straw cleaning, effectively reducing the furrowing opener’s blockage, and concentrating the
straw in the non-sowing area. Through theoretical analysis, the parameters of the critical
components of the SDARD are determined. The quadratic rotation orthogonal combination
test determines the optimal structure and working parameters through a discrete element
simulation test. Finally, a field test on the optimized SDARD was conducted to verify the
above theoretical analysis and discrete element simulation experiments.

2. Materials and Methods
2.1. Machine Structure and Working Principle of the SDARD
2.1.1. Structure of the SDARD

As shown in Figure 1a, the SDARD was installed between the NAKG (1) and the
furrowing opener (4) of the wheat no-till planter. Moreover, it was composed of the SDM
(2) and the RSM (3). Its overall structure is shown in Figure 1b.
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Figure 1. SDARD with its specific position. (a) Installation position of SDARD of wheat no-till
planter; (b) the structure of SDARD. Note: 1, NAKG; 2, SDM; 3, RSM,; 4, furrowing opener; 5, frame;
6, seed strip baffle; 7, side baffle; 8, support-connecting; 9, holding hopper; 10, spiral blade; 11, rolling
bearing; 12, inclined anti-winding plate; 13, spiral shaft; 14, soil. 1 is the height of the hopper above
the ground, mm. / also indicates a gap between the hopper (9) and the soil (14). Moreover, there is
no contact. 11> 0.

The SDM (2) comprised spiral shaft (13), spiral blade (10), holding hopper (9), support-
connecting frame (8), rolling bearing (11), and inclined anti-winding plate (12). Wherein
the spiral blade (10) was integrally formed with the spiral shaft (13), combined with the
helix direction of the spiral blade (10), the two spiral shafts (13) were reversely installed
in the rolling bearing (11), fixed on the support-connecting frame (8) through the inclined
anti-winding plate (12), and the support-connecting frame (8) was welded on the frame (5).
Holding hopper (9) was located directly below the spiral blade (10), and there was a gap
between the bottom of the holding hopper (9) and the soil surface (14) (essential position
parameter 1), which was not in contact with the soil.

The RSM (3) comprised seed strip baffle (6) and side baffle (7). Seed strip baffle (6) was in-
stalled in front of the furrowing opener (4), and the top was connected with frame (5) through
bolts. Both sides of the seed strip baffle (6) were equipped with a side baffle (7) that was
integrally formed. Furthermore, the top of the holding hopper (9) was fixed at the bottom
of the seed strip baffle (6) by bolts.

2.1.2. Working Principle

The power of the SDARD was provided by the rear output shaft of the tractor.
When working, the high-velocity rotating NAKG was achieved by cutting and chopping
the soil and straw, reaching the power-driven anti-blocking effect and guaranteeing the
passing capacity.

Under the action of high-velocity rotation of the NAKG, most of the straw was thrown
directly into the holding hopper, alternatively, to the front side of the seed strip baffle, and
fell on the hopper through free-fall motion. The SDM accumulated and transported the
straw falling into the hopper to both sides of the planter, playing roles of collection and
diversion. When the spiral blade transported the straw in the hopper to the gap between
adjacent seed strip baffles, the position corresponded to the no-sowing areas, the straw
tended to move backward, and it would fall from the gap to the non-sowing area between
the seed strips, achieving the effect of straw-cleaning in the seed strips.

A small part of the straw was directly thrown into the gap between the adjacent seed
strip baffles by the NAKG and directly fell, or was rebounded by the side baffle, to the
non-sowing area, playing the role of row-sorting the straw.
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2.2. Parameter Design of the SDM

The relationship between the material bearing limit of the SDM and the straw feeding
amounts (SFA) was an important index for evaluating the device’s conveying performance
stability and straw discharge effect. When designing, in order to ensure that the actual
SFA was within the limit of the material bearing capacity of the mechanism, the minimum
material bearing capacity of a device should be greater than the maximum SFA to ensure the
stable and reliable conveying performance of the device and good straw conveying effect.

Therefore, this research calculated the maximum SFA Qs according to the actual
operating environment of the annual double cropping areas in North China, and then
designed and calculated the critical structural dimensions (spiral blade outer diameter
D, pitch S, and HHHG h) and operating parameters (RVSS n) according to the SFA Qs
(Figures 1 and 2).

Figure 2. Critical parameters of SDM. 1, Spiral blade; 2, support-connecting frame; 3, rolling bearing;
4, inclined anti-winding plate; 6, spiral shaft; 5, holding hopper. D is the outer diameter of the spiral
blade, m; S is pitch, m; n is the RVSS, r/min.

2.2.1. The SFA Qs

The SFA Qs referred to in this paper was the maximum value of the total mass of
straw residues thrown into the holding hopper of the SDM by the NAKG in unit time,
which was the total mass of disappeared straw in the sowing strip, while these straws
were all from stover and stubble of maize on the surface before the operation. Its size was
mainly determined by the straw mulching quantity (SMQ), the seed strip cleaning area of
no-till planter per-unit time, and the seed strip cleaning rate. The area was determined
by the width of machines, operation velocity, and time. Therefore, to obtain quantitative
data of SFA, a mathematical model of the SFA and the above-mentioned related factors
was constructed.

In order to simplify the model, it was assumed that: (1) the straw was covered evenly
on the ground surface before operation; (2) considering the cutting effect of the NAKG
on soil and the gap between the bottom of the hopper and soil surface, the soil would be
discharged from the gap in preference to the straw under gravity. Thus, the influence of the
soil on the SFA was not considered in the modeling process.

As shown in Figure 3, the mathematical model could be described as an ideal process:
within a specific time £, the total mass Qs; of straw thrown into the hopper by the NAKG
was equal to the mass difference of straw that disappeared in the sowing strip before and
after the operation, that was, Qs; = (Q1 — Q7). The mass difference per unit time could be
determined by SMQ Cg, OVM v, the number of sowing strips z, the total width of sowing
strip cleaning L1, and SCR A. The conversion from the SMQ Cs to the SFA Qs was realized.
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The mathematical model of the relationship between SFA and SMQ established by the
mathematical induction and the quotient-remaining method was as the following equation:

Qs:%:Ql—szi

; ; = 60Cssz1A 1)

where Qs is the SFA; Qg; is the total feeding mass of straw in the hopper after a specific
operation time, kg; t is the operation time of no-till planter, min; Q; is the mass of straw
before sowing strip operation, kg; Q5 is the residual mass of straw after sowing strip
operation, kg; Cs is the SMQ, kg/ m?; vis the OVM, km/h; z is the number of corresponding
sowing strips; L; is the total cleaning width of the sowing strip, mm; A is the SCR,%.
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Figure 3. Mathematical model of the relationship between the SFA and the SMQ. (a) Theoretical
model before no-tillage operation; (b) theoretical model after a no-tillage operation. Note: 1, the
hopper of SDM; 2, no-tillage surface of the field; 3, seed line; 4, straw residue. Q; is the mass of straw
on the sowing strip before an operation, kg; Q is the residual mass of straw on the sowing strip after
an operation, kg; Qg; is the total mass of straw fed into the hopper after a certain period of operation,
kg; vis the OVM, km/h; L; is the total cleaning width of sowing strip, mm; L, is the total width of
non-sowing area, mm

Through the quadrat method [27], the maximum value of the SMQ Cs on the ground
surface of pre-operated maize was 1.72 kg/m?, the typical operating velocity of 2BMQF-
6/12A wheat no-till planter was 3~5 km/h, the maximum OVM v was 5 km/h, each side
of the SDM corresponded to 3 sowing strips, z was 3, the width L, of the sowing strip was
150 mm, and the SCR A took the maximum value of 1. According to Equation (1), the SFA
Qs of the SDM was 64.5 kg/min.

2.2.2. Outer Diameter of the Spiral Blade D

The outer diameter of the spiral blade was an essential parameter in the design of
SDM, which was directly related to the straw discharged capacity and structural size of the
mechanism. Referring to the Darnell-Mol solid conveying theory [28] proposed by Darnell
and Mol, the calculation equation of the spiral blade outer diameter [29,30] was as follows:

60Qs>%
D>K- 2
> <¢pc @

where D is the outer diameter of the spiral blade, m; K is the material characteristic
coefficient; Qs is the SFA, kg/min; 1 is the filling factor; p is the material density, kg/ m3; C
is the inclination coefficient.
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By consulting the literature [29-33], the material characteristic coefficient K was 0.05,
filling coefficient ¢ took 0.3, straw density p took 240 kg/ m?, and when the SDM was in the
horizontal state during operation, the inclination coefficient C was taken as 1. According to
Equation (2), the minimum value of the spiral blade outer diameter D was 0.246 m, and D
was 0.250 m after rounding.

2.2.3. Pitch S

When the pitch increased, the axial conveying velocity increased, but the conveying
stability decreased. The conveying stability was great when the pitch decreased, but the
conveying velocity slowed down. The pitch calculation equation was as follows:

S=KD 3

where S is the pitch of the spiral blade, m; K; is the pitch coefficient; D is the outer diameter
of the spiral blade, m.

Referring to the transportation machinery design and selection manual [30], when the
pitch coefficient K; was taken as 1, the pitch value S calculated by Equation (3) was 0.250 m.

2.2.4. The HHHG h

The hopper should have a suitable height from the ground. On the one hand, it could
reduce the disturbance of the hopper to the soil and let part of the soil pass through the gap.
The HHHG & should be greater than 0 to avoid contact with the soil surface. On the other
hand, combined with the dropping track of straw under the action of NAKG, the value
of the HHHG would affect the amount of straw falling into the hopper and also impact
the SCR A, so the relationship between / and A should be determined according to the
simulation test.

2.2.5. The RVSSn

When the spiral shaft rotated, the straw was affected by the normal thrust of the spiral
blade, and the radial component of the thrust and a frictional force of the spiral blade acting
on the straw would carry some straw to rotate around the spiral shaft [31]. When the RVSS
was too low, the straw discharge velocity was slow, which was accessible to lead to the
blockage of the SDM. When the RVSS increased, the centrifugal force would gradually
replace the blade’s thrust and 