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Abstract: To obtain the load spectrum of the traction resistance of the three-point suspension device
under tractor-plowing conditions, a load spectrum extrapolation method based on a genetic algorithm
optimal threshold selection is proposed. This article first uses a pin force sensor to measure the
plowing resistance of the tractor’s three-point suspension device under plowing conditions and
preprocesses the collected load signal. Next, a genetic algorithm is introduced to select the threshold
based on the Peak Over Threshold (POT) extremum extrapolation model. The Generalized Pareto
Distribution (GPD) fits the extreme load distribution that exceeds the threshold range, generating
new extreme points that follow the GPD distribution to replace the extreme points in the original data,
achieving the extrapolation of the load spectrum. Finally, the loading spectrum that can be achieved
on the test bench is obtained based on the miner fatigue theory and accelerated life theory. The results
show that the upper threshold of the time-domain load data obtained by the genetic algorithm is
10.975 kN, and the grey correlation degree is 0.7249. The optimal lower threshold is 8.5455 kN, the
grey correlation degree is 0.7722, and the fitting effect of the GPD distribution is good. The plowing
operation was divided into five stages: plowing tool insertion, acceleration operation, constant speed
operation, deceleration operation, and plowing tool extraction. A traction resistance loading spectrum
that can be achieved on the test bench was developed. The load spectrum extrapolation method
based on the genetic algorithm optimal threshold selection can improve the accuracy of threshold
selection and achieve the extrapolation and reconstruction of the load spectrum. After processing the
extrapolated load spectrum, it can be transformed into a load spectrum that can be recognized by the
test bench.

Keywords: tractor; peak over threshold (POT) model; generalized pareto distribution (GPD); genetic
algorithm; miner fatigue theory

1. Introduction

During farming operations in the field, the load spectrum of a tractor is subjected to
random loads due to the complex and variable environment. The load spectrum is a load
time history that reflects the loading situation of the entire structure or key components [1],
containing load information and the distribution law of the tractor under operating con-
ditions [2]. By extrapolating and reconstructing the load spectrum, a full-life-cycle load
spectrum can be obtained within a finite detection time of the load spectrum, thereby
reducing time and testing costs. This is of great significance for predicting fatigue life and
conducting reliability testing of various components of tractors [3]. The extrapolated load
spectrum cannot directly guide relevant performance tests. To facilitate the loading of the
test bench, it is necessary to convert the load spectrum into a constant stress spectrum, i.e.,
to compile the load spectrum.

In recent years, the application of load spectrum extrapolation in agricultural machin-
ery has become increasingly widespread. Shao et al. established a load transfer model for
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tractor plowing operations and analyzed the load characteristics of the tractor transmission
system for field plowing operations through rainfall basin extrapolation [4]. Roberto Tovo
proposed a new method to evaluate the single Weibull distribution of the period generated
by the rainflow count of random processes, which provides a basis for reliability analysis
of fatigue behavior of actual components under service loads [5]. Wang et al. proposed a
tractor power take-off (PTO) torque load spectrum extrapolation method based on FDR
(False Discovery Rate) threshold automatic selection and optimized the time-domain ex-
trapolation threshold selection method [6]. Yang et al. proposed a time-domain load
extrapolation method based on the EMD-POT (Empirical mode decomposition-peaks over
threshold) model to address the two issues of insufficient adaptability of traditional POT
extrapolation methods to non-stationary loads and the lack of discussion on extrapolation
reconstruction. The stability of the mean and standard deviation of this extrapolation
reconstruction method has been improved by 28.5% and 31.2%, respectively. Compared
with the random reconstruction method, the damage consistency has been improved by
9.4% [7]. He et al. address the problems that the conventional time-domain extrapolation
ignores: the interval time of extreme adjacent values and the high sensitivity of the POT
model to extreme thresholds. A computer numerical control machine tool load extrapola-
tion method based on the GRA-POT model (Gray relational analysis-peak over threshold
mode) is proposed, which can obtain a POT extrapolation model with high fitting accuracy.
In addition, the accuracy of the load spectrum of CNC (computerized numerical control)
machine tools is improved [8]. Yang et al. studied the time-domain extrapolation method
of tractor drive shaft load under static working conditions and proposed a time-domain
extrapolation method of tractor drive shaft load based on the MCMC-POT (Markov chain
Monte Carlo-peak over threshold) model [9]. Yang et al. obtained the load spectrum of a
high-power tractor drive shaft under field working conditions, and a time-domain extrap-
olation method of high-power tractor-drive shaft load was proposed based on the POT
model, aiming at the limitations of rain flow counting and rain basin extrapolation methods
in the compilation of traditional driveline load spectrum. This method can not only obtain
the load time-domain sequence of any mileage, but also preserve the order of measured
load cycles to a great extent, providing real and reliable data support for future indoor load
spectrum loading tests of high-power tractor transmission systems [10]. Dai et al. proposed
the CEEMDAN-POT (Complete Ensemble Empirical Mode Decomposition with Adaptive
Noise -Peak Over Threshold) model to comprehensively construct the ground load spec-
trum of tractor vibration in its full life cycle under six ground conditions and different field
operating conditions. After extrapolation, the overall distribution of rain–flow matrix is
more consistent, and the mean value and amplitude of spectral data increase. This study
unifies the load spectrum of tractors operating and transporting under various farm surface
conditions and provides the real load data of the laboratory four-column drill test [11].
Wang et al. proposed a PTO loading method based on the dynamic load spectrum obtained
in field work, taking PTO torque load as the object. The load extremity was extended from
(63.24, 469.50) to (60.88, 475.18) by the time-domain extrapolation method, and the coverage
was extended by 1.98%. This study provides a reference for the practical application of
PTO load spectrum of tractor [12]. Wang et al., in view of the problems that the traditional
parameter extrapolation compilation method fails to verify, or the poor fitting effect on
the operating loads with multiple peaks and unclear probability distribution, and taking
the measured tractive loads of three-point suspension of tractors as the object, proposed a
load spectrum compilation method based on optimal distribution fitting, and conducted
an indoor bench test to verify the reliability of the load spectrum [13].

Comparing and analyzing existing research results shows that load spectrum extrap-
olation is mainly divided into time-domain extrapolation methods [14–16] and rain-flow
extrapolation methods [17–19]. Rain-flow extrapolation methods are widely used and
have high computational efficiency, but there is a loss of time sequence information for
the load and the need to reconstruct the load-time history to obtain the load is a problem.
Conversely, time-domain extrapolation methods can retain the time sequence of the load,

2



Agriculture 2023, 13, 1133

making it more suitable for extrapolating steady loads [20]. The time-domain extrapolation
method is more appropriate for the traction resistance load spectrum of the tractor plowing
operation studied in this paper. However, for time-domain extrapolation, selecting an
appropriate threshold is crucial for determining the effectiveness of the load spectrum
extrapolation. Currently, the method combines image and grey correlation analysis to select
the threshold. However, this method requires calculating the grey correlation degree for
the threshold within the initial selection range, which is computationally intensive and
has low accuracy. Therefore, optimizing the selection method for threshold values and
selecting the optimal threshold is of great significance for improving the fitting effect and
rationality of the load spectrum extrapolation.

In this study, the traction resistance signal of the three-point suspension device of
the tractor was collected under the plowing operation condition, and the load data was
preprocessed. The time-domain extrapolation method was used to extrapolate and recon-
struct the load spectrum of the tractor’s traction resistance under the plowing operation
condition. To address the problem of high computational intensity and low accuracy in
selecting the threshold range of the POT extreme value extrapolation model, this paper
proposes a load spectrum extrapolation method based on genetic algorithm optimization
of the threshold value. It verifies the rationality of the extrapolated load spectrum. Based
on the Miner fatigue theory and accelerated life theory, the plowing operation condition
was divided into five working stages, and the load spectrum was converted into a constant
stress spectrum to obtain a loading spectrum that can be realized on the test bench, laying
the foundation for predicting the fatigue life and conducting reliability testing of tractors.

2. Materials and Methods

2.1. Load Spectrum Extrapolation Principle and Process

Using the time-domain load extrapolation method, the preprocessed time-domain
load data is directly extrapolated to obtain the long-term load time history. The extreme
load is the center of gravity for extrapolation, and the tail data of load distribution is
mainly described through extreme value theory [21]. The process of time-domain load
extrapolation mainly includes the following: removing small cycles from time-domain
load data and extracting inflection points of extreme values; selecting an appropriate
extreme load model and establishing an extreme load distribution model; and randomly
generating a new time-domain extreme load sequence using the extreme load distribution
to obtain extrapolated long-term time-domain loads. According to different extreme
value models, common time-domain load extrapolation methods can be divided into time-
domain extrapolation based on the BMM (Block Maximum Method) model, time-domain
extrapolation based on the POT model, and time-domain extrapolation based on the MIS
(Management Information System) model.

The process of load spectrum extrapolation is shown in Figure 1, which mainly in-
cludes the following steps: determining typical test conditions, load measurement, signal
preprocessing, statistical counting [22], load extrapolation, program loading spectrum, and
reliability testing.

3
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Figure 1. Load spectrum extrapolation process.

2.2. Collection and Data Preprocessing of Traction Resistance Load Signal
2.2.1. Collection of Traction Resistance Load Signal

The experimental site for collecting traction resistance load signals is located in Liuhe
District, Nanjing City, Jiangsu Province (Figure 2a). The soil specific resistance was about
3.5–4 N/cm2 and the experiment area was 5000 m2. The Dongfeng DF1004 tractor is taken
as the research object, and the tractor’s three-point suspension is connected to the L1-435
moldboard plow to collect traction resistance signals under plowing conditions. The details
of plow connection and sensor layout are shown in Figure 2b. The sensor adopts the
XZNJNY-T3d30 KN electric quantity weighing sensor produced by Ningbo Keli Sensing
Technology Co., Ltd. Ningbo China. This sensor is a pin-type force sensor, arranged at
the pull-down rod of the three-point suspension device and collects the tractor traction
resistance load signal through a wired collection system. The field test and sensor layout are
shown in Figure 2. The technical specifications of the tractor, the sensor, and the moldboard
plow are shown in Table 1 [23].

  
(a) (b) 

Figure 2. Field experiment and sensor arrangement of the three-point linkage: (a) the tractor plowing
resistance load test setup; (b) three-point linkage and sensor arrangement.
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Table 1. The technical specifications of the sensor.

Name of Part Parameter Parameter Value

The tractor

Model name DF1004X
Outer dimension (mm × mm × mm) 4555 × 2270 × 2775

Wheel pitch
(Front wheel mm/rear wheel mm) 1550–2010, 1650

Engine-calibrated power (kW) 73.5
Minimum ground spacing (mm) 425

Minimum service quality (kg) 4340
Power output shaft power (kW) 63

The sensor
Model name XZNJNY-T3d30 KN

Supply voltage (V) 12
Output signal (V) 2.5–4.5

The moldboard plow

Model name 1L-435
Matching power (kW) 66.1–88.2

Outer dimension (mm × mm × mm) 3400 × 1650 × 1350 mm
Total weight (kg) 1050

Depth range (mm) 200–350
Plow number 4

Adjustable range of total tillage (mm) 1400
Plow spacing (mm) 880

Operating speed (km/h) 8–12
Matching tire spacing (mm) 1700–1900

Connection type three-point suspension

2.2.2. Preprocessing of Traction Resistance Load Signal

According to the traction resistance data of the three-point suspension system collected
from field experiments, the original load signal can be obtained by processing the data, as
shown in Figure 3.

Figure 3. Original load signal.

Due to the complex field environment, there may be interference signals in the mea-
sured load signals during field experiments. If the original data is directly used to compile
the load spectrum, the reliability of the compiled load spectrum will not be very high.
Therefore, for the original load signal of tractor traction resistance collected by the testing
system, preprocessing is necessary, and the processed signal needs to be verified and
prepared for the compilation of load spectra for subsequent tractor field operations [24].

The collected raw signal data Itself has a certain range of oscillations, and in addition,
there may be some low-frequency components that affect our calculations or observations.
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The polynomial least squares method is used to eliminate the trend term from the original
load signal, and the results are shown in Figure 4.

Figure 4. Load signal elimination trend term.

Due to the harsh working conditions in the field, there are some abnormal peaks in
the lines drawn after dispersion due to external interference or human error during the
tractor field test. In order to obtain true and reliable load data, outlier of the original signal
should be detected and smoothed before spectrum compilation, and the abnormal peaks
should be eliminated [25,26], and the results are shown in Figure 5.

Figure 5. Load signal after noise reduction.

2.3. Extrapolation of Traction Resistance Load Spectrum
2.3.1. Determine the Distribution Function

Assuming {xi}(i = 1, 2, . . . , n) is the load spectrum sample data, and its distribution
is F (x). For a specific threshold, samples that are greater than the threshold are referred
to as over-threshold samples, and zi = xi − μ(i = 1, 2, . . . , n) is the excess amount. The
distribution functions of the exceeding amount and exceeding threshold are shown in
Equations (1) and (2), respectively:

Fμ(z) = P{X − μ ≤ z|X ≥ μ} =
P{μ ≤ X − μ ≤ z}

X ≥ μ
=

F(z + μ)− F(μ)
1 − F(μ)

, z ≥ 0 (1)

Fμ(x) = P{X ≤ x|X ≥ μ} ==
F(x)− F(μ)

1 − F(μ)
, x ≥ μ (2)

6
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According to the load characteristic analysis data, the threshold’s candidate interval
is [7.898, 12.47] kN. Research has shown that the excess distribution tends to follow the
generalized Pareto distribution (GPD) when the threshold is sufficiently large. Therefore,
this article fits the excess distribution based on the GPD distribution.

The expression for the GPD cumulative distribution function is:

G(z, μ, σ, ξ) =

{
1 − (1 + ξ z

σ )
− 1

ξ , ξ �= 0, x > μ

1 − exp(− z
σ ), ξ = 0, x > μ

(3)

The expression of the GPD probability density function is:

g(z, μ, σ, ξ) =

{
1
σ (1 + ξ z

σ )
− 1+ξ

ξ , ξ �= 0, x > μ
1
σ exp(− z

σ ), ξ = 0, x > μ
(4)

In the equation, zi = xi − μ(i = 1, 2, . . . , n) is the excess, xi (kN) is the observed load
value, μ (kN) is the threshold value, σ is the scale parameter, and ξ is the shape parameter.

2.3.2. Determining the Threshold

The mean function of the excess of the random variable X is defined as e(μ), and its
expression is:

e(μ) = E(x − μ|X > μ) =
σ + ξμ

1 − ξ
(5)

When the scale parameter σ and shape parameter ξ are determined, there is a linear
relationship between e(μ) and the threshold. Each threshold has a mean of the excess
corresponding to it, as shown in Equation (6).

en(μ) =
1
N

n

∑
i=1

Xi − μ (6)

In the formula, μ is the threshold, and N is the number of excess samples.
The graph of the mean function of the upper threshold exceedance is shown in Figure 6:

 
Figure 6. Function chart of the mean value of upper threshold exceeding.

From the graph, it can be seen that as the threshold increases, the tail means oscillates
violently. The linear change interval [10.10, 11.00] that is closest to the oscillation before the
oscillation is selected as the initial upper threshold interval.

Similarly, the graph of the mean function of threshold exceedance can be obtained, as
shown in Figure 7, with [8.50, 9.50] as the initial threshold interval.
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• Threshold selection method based on grey correlation analysis;

 
Figure 7. Function diagram of the mean value of threshold exceedance.

Grey correlation analysis is a common threshold selection method. Grey correlation
analysis is used to quantify the goodness of fit of the GPD distribution of excess quantities
with different thresholds. The greater the grey correlation, the better the fitting effect [27].
The correlation analysis process is as follows [28]:

(1) Given an alternative threshold, the corresponding excess sample data, and GPD fitting
data are shown in Equation (7).{

f (xi) = f1, f2, · · · , fn

f̂ (xi) = f̂1, f̂2, · · · , f̂n
, (i = 1, 2, 3, · · · , n) (7)

In the formula, f (xi) is the quantile of the sample point distribution of the original
load data, f̂ (xi) is the quantile of the fitting GPD distribution, and n is the number of
excess samples.

(2) Using the averaging method to f̂ (xi) perform dimensionless processing on the load
sample data f (xi) and fitting data, as shown in (8).

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

f (xi) =
fi

n
∑

i=1
fi/n

f̂ (xi) =
f̂i

n
∑

i=1
f̂i/n

, (i = 1, 2, 3, · · · , n) (8)

(3) Calculate the absolute difference between the sample and the fitted data after normal-
ization and calculate the correlation coefficient based on the extreme values.

Δ(xi) =
∣∣∣ f̂ (xi)− f (xi)

∣∣∣ (9)

{
M = max(Δ(xi))
m = min(Δ(xi))

(10)

ω(xi) =
m + ηM

Δ(xi) + ηM
(11)

In the formula, Δ(xi) is the absolute difference, η is the resolution coefficient, and is
taken as η = 0.5.

8
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(1) Calculate alternative thresholds μ Corresponding grey correlation degree λ.

λ(μ) =
1
n

n

∑
i=1

ω(xi) (12)

• Optimal threshold selection based on genetic algorithm;

The threshold obtained by using the grey correlation analysis method was calculated
using only 10 data points to reduce computational complexity. Therefore, this method’s
accuracy of the threshold obtained is relatively low. This section uses genetic algorithm to
optimize threshold selection and find the optimal threshold. The process is as follows [29]:

(2) Determine the threshold range and initialize the population. The sample accuracy
of the input data is 10−2. If the input data is converted into binary encoding, the
encoding length of the individual is:

lG = 1 + log2
(μ2 − μ1)

eps
(13)

In the formula, lG is the data encoding length, eps is the sample accuracy, μ1 and μ2 is
the upper and lower intervals of the initial threshold range.

(3) Calculate individual fitness. Individual fitness is the survival probability of an individ-
ual under given environmental conditions. Based on the optimization objective, select
the fitness function as the “environmental condition” in the genetic algorithm. This
article aims to find the threshold that best fits the GPD function. Therefore, the good-
ness of fit of each candidate threshold is calculated as the fitness of the individual in
the “environment”. This paper takes the grey relational degree as the fitness function.
The greater the grey relational degree, the higher the probability that individuals can
survive in the environment and pass on genes to the next generation and vice versa.

(4) Individual survival rate. The survival rate of individuals in the environment is
essentially the principle of “survival of the fittest” proposed by evolutionary theory.
According to the choice function, the individuals with high fitness will have a higher
survival rate, and the good genes will be passed on to the next generation, whereas
the inferior genes in the population will be eliminated. The common roulette wheel
method is selected as the choice function, in which the survival rate of each individual
in the population is proportional to its fitness.

p(i) =
fg(i)

N
∑

j=1
fi(xj)

(14)

In the formula, fg(i) (i = 1,2,3 . . . , n) is the fitness of each individual in the population,
and p(i) is the survival probability of the i-th individual in this inheritance.

(5) Intersection and variation. The crossover and mutation process in genetic algo-
rithms simulates the pairing and mutation of two pairs of chromosomes in nature.
During the crossover process, two sets of data exchange “chromosomes” through
certain crossover methods to form new individuals. This article adopts a single-point
crossover. Mutation refers to the phenomenon where a certain “gene” within the data
has a certain probability of being transformed into an opposite gene.

2.4. Equivalence of Traction Resistance Load Signal

The load spectrum obtained from the GPD distribution cannot directly guide the
reliability tests related to plowing operations and the fatigue life prediction of key functional
components. In order to facilitate the loading of the test bench, the principle of equal
damage can be adopted to convert the load spectrum of each working stage into a constant
stress spectrum. Then, according to the test requirements, the loading time of each working
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stage can be reasonably divided to obtain the loading curve of each cycle, which is called
the loading spectrum [30,31].

Miner fatigue theory believes that each pressure applied to a part will cause certain
damage to the part, and the magnitude of the damage is determined by the combined
magnitude of the applied stress and the characteristics of the material itself [32]. When the
damage accumulates to a certain value, the part fails, and vice versa, no failure occurs. The
expression is:

D = ∑
i

ni
Ni

(15)

Among them, D is the amount of damage, and D ∈ [0, 1) when the part does not
fail. When D = 1, the part experiences fatigue failure. ni is the Si number of loadings
under stress Si, and Ni is the number of loadings where fatigue damage occurs under the
equivalent force. The expression for Ni is:

Ni = CSi
−β (16)

where C is a constant and β is the inverse slope coefficient of the material S-N curve, which
is related to the material’s own properties, β = 7.1 [33,34].

From Equations (15) and (16), the equivalent loading stress Sk and equivalent loading
frequency n expressions can be obtained as:

Sk =

β

√√√√√ n
∑

i=1
niSi

β

n
(17)

n =

n
∑

i=1
niSi

β

Sk
β

(18)

where Sk is the equivalent loading stress, n is the equivalent loading frequency, Si is the
load spectrum extrapolation data, and ni is the frequency of loading stress.

3. Results and Discussions

3.1. Load Characterization and Smoothness Testing after Pre-Processing

The load characteristics before and after pretreatment are shown in Table 2. By
comparing the data in Table 2, the data of maximum and minimum values before and after
preprocessing changed significantly, which is due to the elimination of abnormal spikes
during our preprocessing, and the variance and standard deviation were reduced after
preprocessing, which indicates the good noise reduction effect of preprocessing. The mean
and median values remain unchanged, which indicates that the data characteristics of the
original load signal are also well preserved after preprocessing.

Table 2. Comparison of characteristics before and after load signal preprocessing.

Minimum
/kN

Maximum
/kN

Mean
/kN

Median
/kN

Std
/kN

Range
/kN

Before 0.7946 14.44 10.22 10.2 1.232 13.65
After 7.898 12.47 10.2 10.16 0.8382 4.57

Using the adtest function in MATLAB, the ADF test (Augmented Dickey–Fuller test)
can be performed on the smoothness of the load signal. The function’s output is “1”, and
the test proves that the pre-processed load signal is smooth.

10
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3.2. Threshold Selection Results and Analysis
3.2.1. Threshold Selection Method Based on Grey Correlation Analysis

Based on the initial range of upper and lower thresholds obtained by the image
method, 10 thresholds are selected at equal intervals, and the gray correlation degree is
calculated. The gray correlation degrees of different thresholds are shown in Table 3 below.

Table 3. Grey correlation degree corresponds to each threshold within the threshold interval.

Upper Threshold Lower Threshold

Threshold/kN Gray Correlation Threshold/kN Gray Correlation

10.10 0.6763 8.60 0.6942
10.20 0.6762 8.70 0.6630
10.30 0.6855 8.80 0.7153
10.40 0.6788 8.90 0.6443
10.50 0.6887 9.00 0.6962
10.60 0.6832 9.10 0.6738
10.70 0.7005 9.20 0.6598
10.80 0.7092 9.30 0.7001
10.90 0.7182 9.40 0.6620
11.00 0.7173 9.50 0.6540

Based on the calculation results, the bolded thresholds in the red rectangular boxes
in Table 3 were the best-fitting thresholds. The threshold interval was determined to be
[8.80, 10.90] kN.

Using the extracted exceedance samples for parameter estimation, the exceedance
samples were fitted to the GPD distribution using the great likelihood estimation method to
find the corresponding scale parameter σ and shape parameter ξ, as shown in Table 4 [35].

Table 4. GPD fitting results corresponding to threshold based on grey correlation analysis.

Threshold/kN Scale Parameter σ Shape Parameter ξ

8.80 117.7353 −1.3046
10.90 61.2523 −0.2479

3.2.2. Optimal Threshold Selection Based on Genetic Algorithm

By writing the program in MATLAB, 50 iterations yielded an optimal upper threshold
of 10.975 kN, at which time the gray correlation was 0.7249; the optimal lower threshold
was 8.5455 kN, at which time the gray correlation was 0.7722, and the evolutionary process
of the upper and lower threshold genetic algorithm is shown in Figure 8.

The comparison of the data with the gray correlation analysis method is shown in
Table 5. The results show that the gray correlation of the upper and lower thresholds
selected by the genetic algorithm increased by 0.933% and 7.950%, respectively, compared
with the traditional gray correlation analysis method, and the gray correlation of the
thresholds obtained by this method was greater, indicating that the GPD fit of the threshold
exceeded the amount was better.
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(a) (b)

Figure 8. The evolution process of genetic algorithms: (a) the upper threshold evolution process of
genetic algorithm; (b) the lower threshold evolution process of genetic algorithm.

Table 5. Thresholds and gray correlations obtained by the two methods.

Upper
Threshold/kN

Gray
Correlation

Lower
Threshold/kN

Gray
Correlation

Threshold selection
method based on grey

correlation analysis
10.90 0.7182 8.80 0.7153

Threshold selection
method based on
genetic algorithm

10.9750 0.7249 8.5455 0.7722

Using the extracted exceedance samples for parameter estimation, the exceedance
samples were fitted to the GPD distribution using the great likelihood estimation method
to find the corresponding scale parameter σ and shape parameter ξ, as shown in Table 6.

Table 6. GPD fitting results corresponding to the optimal threshold.

Threshold/kN Scale Parameter σ Shape Parameter ξ

8.54558 146.8319 −0.4468
10.975 58.5881 −0.2369

After obtaining the scale parameter σ and shape parameter ξ for the upper and
lower thresholds, the cumulative distribution functions and probability density functions
corresponding to the upper and lower thresholds can be written:⎧⎨

⎩ G(z, μ, σ, ξ) = 1 − (1 − 0.2369 x−1097.5
58.5881 )

4.2212

g(z, μ, σ, ξ) = 0.0171(1 − 0.2369 x−1097.5
58.5881 )

3.2212 (19)

⎧⎨
⎩ G(z, μ, σ, ξ) = 1 − (1 − 0.4468 x−854.55

146.8319 )
2.2381

g(z, μ, σ, ξ) = 0.0068(1 − 0.4468 x−854.55
146.8319 )

1.2381 (20)

The goodness of fit can be observed more visually by plotting the Q–Q plot (Quantile–
Quantile) of the original sample points against the fitted sample points. As shown in
Figure 9, the fitted data points for the upper and lower thresholds (as the blue crosses in
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the figure) have a slight deviation around the reference line at both ends, whereas in the
middle region, they fit the reference line very well, and the Q–Q plot of the final fitted
sample approximates a straight line, which indicates a good fit of GDP at this threshold.

(a) (b)

Figure 9. Upper and lower threshold goodness of fit detection: (a) upper threshold Q–Q graph;
(b) lower threshold Q–Q graph.

3.3. Load Spectrum Extrapolation Reconstruction Results and Validation

Combined with the probability density function of the GPD fitted distribution of
the excess amount, a random load sequence consistent with the number of samples is
generated, and the extrapolated time-domain signal is obtained by replacing the original
excess amount at the original time point with the generated load sequence [36,37]. The
original load is compared with extrapolated time courses of 1×, 2×, and 10×, as shown
in Figure 10.

(a) (b) (c)

Figure 10. Time history of extrapolated load and original load: (a) extrapolation of 1-time load
history; (b) extrapolation of 2-time load history; (c) extrapolation of 10-time load history.

The 10-time original load and 10-time extrapolated load are counted, and the compari-
son of the accumulated frequency data of 10-time original load and 10-time extrapolated
load is shown in Figure 11. It can be seen that the changing trend of the accumulated fre-
quency of extrapolated load and original load is basically the same, and this extrapolation
method is reasonable.
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Figure 11. Comparison of cumulative frequency between original load and 10-time extrapolated load.

The load spectra obtained by extrapolation and the original load spectra are counted
separately for rainfall, and the mean frequency histogram can be obtained, as shown in
Figure 12. The load cycle distribution obtained by extrapolation in the time domain has
similarity with the original data load cycle distribution, and the correlation coefficients of
its magnitude and mean value are 0.95913 and 0.99187, respectively, indicating that the
load cycle distribution can better simulate the real distribution law of the load under the
plowing-operation conditions of the tractor.

(a) (b)

(c) (d)

Figure 12. Histogram of mean and amplitude frequency: (a) extrapolated of 1-time load mean;
(b) extrapolation of 1-time load amplitude; (c) extrapolated of 10-time load mean; (d) 1 extrapolation
of 10-time load amplitude.
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3.4. Plotting of Loading Spectra and Accelerated Loading Spectra
3.4.1. Analysis of the Plowing Process

The operating conditions of plowing operations consist of five stages: plow tool entry,
accelerated operation, uniform speed operation, deceleration operation, and plow tool exit.
The boundary of each working phase was distinguished by observing the change in load
signal of each moving structure. The time consumption of each working stage is 4.1 s, 1.9 s,
5.6 s, 1.6 s, and 1.8 s. The working stages are shown in Figure 13.

 
Figure 13. Work phase division diagram.

3.4.2. Division of Loading Loops

In order to facilitate the preparation of the subsequent loading spectra and the easy
implementation of the test bench loading, the time periods were rounded, and the elapsed
time of each working phase in one loading cycle is shown in Table 7.

Table 7. Time consumption of each work stage.

Plow Tool
Entry

Accelerated
Operation

Uniform Speed
Operation

Deceleration
Operation

Plow Tool
Exit

Time/s 4 2 5.5 1.5 2

Preparing the loading spectrum requires the calculation of equivalent loading stresses
for each working stage and the extrapolation of the load spectrum for rainflow counting
statistics. According to the literature, the load level divided into 8 levels can accurately
reflect the fatigue characteristics of the material, so the amplitude load interval of each
working stage of the plowing load is divided into 8 levels with the ratio coefficients of 0.125,
0.275, 0.425, 0.575, 0.725, 0.850, 0.950, and 1.000 [38]. The amplitude equivalent of different
working stage load spectrum is shown in Table 8 below.
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Table 8. Amplitude Equivalent Load Spectrum.

1 2 3 4 5 6 7 8

Plow tool entry Amplitude/kN 0.4963 0.9925 1.4888 1.985 2.4813 2.9775 3.4738 3.9658
Frequency 3 1 3 3 2 0 0 1

Accelerated
operation

Amplitude/kN 0.4129 0.8258 1.2387 1.6512 2.0646 2.4774 2.8903 3.3032
Frequency 1 2 2 0 0 1 1 0

Uniform speed
operation

Amplitude/kN 0.4563 0.9125 1.3688 1.8250 2.2813 2.7375 3.1938 3.6412
Frequency 12 1 5 0 2 1 2 1

Deceleration
operation

Amplitude/kN 0.4380 0.8761 1.3141 1.7522 2.1902 2.6282 3.0663 3.5043
Frequency 0 1 0 0 1 0 0 1

Plow tool exit
Amplitude/kN 0.4488 0.8975 1.3463 1.795 2.2438 2.6925 3.1413 3.5891

Frequency 0 3 2 1 1 0 0 1

According to the measured limited load data, the load cycle accumulation frequency
is extended to 106 times according to Equation (21) so as to obtain the extrapolation
factor. Keeping the loading times constant, the loading times of each working stage
after extrapolation are 236,364, 127,273, 436,364, 54,545, and 145,455, and the amplitude
equivalent load spectrum after extrapolation is shown in Table 9.

Ni
′/Ni = 106/N (21)

where N is the total frequency of load, Ni is the frequency of load in a certain operation
phase, and Ni

′ is the frequency of load after expansion.

Table 9. Equivalent load spectrum of amplitude after frequency extrapolation.

1 2 3 4 5 6 7 8

Plow tool entry Amplitude/kN 0.4963 0.9925 1.4888 1.985 2.4813 2.9775 3.4738 3.9658
Frequency 54,546 18,182 54,546 54,546 36,364 0 0 18,182

Accelerated
operation

Amplitude/kN 0.4129 0.8258 1.2387 1.6512 2.0646 2.4774 2.8903 3.3032
Frequency 18,182 36,364 36,364 0 0 18,182 18,182 0

Uniform speed
operation

Amplitude/kN 0.4563 0.9125 1.3688 1.8250 2.2813 2.7375 3.1938 3.6412
Frequency 218,182 18,182 90,909 0 36,364 18,182 36,364 18,182

Deceleration
operation

Amplitude/kN 0.4380 0.8761 1.3141 1.7522 2.1902 2.6282 3.0663 3.5043
Frequency 0 18,182 0 0 18,182 0 0 18,182

Plow tool exit
Amplitude/kN 0.4488 0.8975 1.3463 1.795 2.2438 2.6925 3.1413 3.5891

Frequency 0 54,546 36,364 18,182 18,182 0 0 18,182

3.4.3. Preparation of Loading Spectra

The equivalent force of each working stage is calculated according to Equation (17), as
shown in Table 10.

Table 10. Equivalent stress at each working stage.

Plow Tool
Entry

Accelerated
Operation

Uniform
Speed

Operation

Deceleration
Operation

Plow Tool
Exit

Time/s 4 2 5.5 1.5 2
Equivalent

Amplitude/kN 2.799476 2.289872 2.565511 3.016759 2.694487

Equivalent Stress
/kN 9.698 10.379 9.857 9.621 9.855
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The loading spectrum is plotted according to the time consumed in each working
phase and the equivalent force obtained from Table 9, as shown in Figure 14.

Figure 14. Loading spectrum for plowing operations.

3.4.4. Development of Accelerated Loading Spectrum

The loading test is time-consuming, and the human, financial, and time costs are too
great if the test is loaded directly. Therefore, choosing a suitable acceleration factor to
accelerate the equivalent force and make the part fail quickly on the test bench is necessary.

The acceleration factor is related to the material of the part. The fatigue characteristics
of the material can be described by the S-N curve, through the S-N curve can get the fatigue
strength ratio Kn of the part under different stresses. However, the material used in the
process, as well as variations in its composition, can also influence the selection of the
acceleration factor. To account for the inherent dispersion of the material, it is necessary to
introduce the material dispersion correction factor, denoted as Kv. Therefore, it can be seen
that the acceleration factor K can be expressed by the formula (22).

K = KnKv (22)

where K is the acceleration factor, Kn is the fatigue strength ratio of the material, 1.15,
and Kv is the discrete correction factor of the material, 1.3. Thus, it can be calculated that
K = 1.5 [39].

After the acceleration, the equivalent force of each working stage is shown in Table 10.
The accelerated loading spectrum is plotted according to the time consumed in each
working stage and the equivalent force obtained from Table 11, as shown in Figure 15.

Table 11. Accelerated stress at each working stage.

Plow Tool
Entry

Accelerated
Operation

Uniform
Speed

Operation

Deceleration
Operation

Plow Tool
Exit

Accelerated
Stress/kN 14.547 15.5685 14.7855 14.4315 14.7825
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Figure 15. Accelerated loading spectrum for plowing operations.

Comparing Figures 14 and 15, it can be seen that the waveforms of the accelerated
loading spectrum are consistent with those before the acceleration, and only the accelerated
stress of each section is raised to the loading stress. This shows that when using accelerated
loading spectra for reliability testing on a test stand, the test time can be shortened while
achieving the desired results, which greatly reduces human, financial and time costs.

4. Conclusions

From the above research and analysis, this paper concludes the following five points:

(1) Taking the Dongfeng DF1004 tractor as the research object, the plowing operation was
carried out in a test field with an area of about 5000 m2, and the axle-pin force sensor
was used to collect the traction resistance load signal of the three-point suspension
device under the plowing condition. We stored sensor signals with the EPEC controller
and transmitted them to the host computer. The foundation was laid for plotting the
load time course curve later on;

(2) Based on the least squares method, the original load signal was processed by de-
trending, the data was noise-reduced by smoothing, and the smoothness of the
pre-processed traction resistance load signal was verified by ADF test to obtain the
original load time history of traction resistance under plowing conditions, which laid
the foundation for the extrapolation and reconstruction of the load spectrum later on;

(3) Based on the POT model, the time-domain extrapolation of the original load data
is carried out, and the excess threshold values are selected using gray correlation
analysis and genetic algorithm. The threshold values obtained are [8.80 kN, 10.90 kN]
and [8.5455 kN, 10.975 kN], respectively, and the GPD distribution goodness-of-fit
test is performed on the selected upper and lower thresholds. The fit superiority of
the upper and lower thresholds obtained by the genetic algorithm is improved by
0.933% and 7.95%, respectively, which proves that the fitted curves obtained based on
the optimal threshold selection of the genetic algorithm can better reflect the actual
loading situation;

(4) Based on the threshold thresholds obtained from the optimal threshold selection of the
genetic algorithm, the original load time histories were extrapolated and reconstructed.
The extrapolated load spectra obtained from the original load signal and 10-fold
extrapolation were compared and analyzed by rain flow counting. The results show
that the changing trend of the extrapolated load and the accumulated frequency of
the original load are basically the same, and the extrapolation method is reasonable;
the load cycle distribution obtained by time-domain extrapolation is similar to the
load cycle distribution of the original data, and the correlation coefficients of its
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amplitude and mean value are 0.95913 and 0.99187, respectively. The load cycle
distribution can better simulate the real load under the working condition of tractor
plowing-distribution law;

(5) The plowing condition is divided into five working stages: plow tool entry, acceler-
ated operation, uniform speed operation, deceleration operation, and plow tool exit.
The accumulated frequency of load cycles was extended to 106 times to obtain the
amplitude equivalent load spectrum. Based on Miner fatigue theory, the equivalent
force of each working stage was calculated, and the loading spectrum under plowing
working conditions was drawn. Based on the accelerated life theory, the acceleration
factor of 1.5 is obtained according to the S-N curve, and the accelerated loading spec-
trum under plowing conditions is finally drawn. The accelerated loading spectrum is
consistent with the loading spectrum waveform, and only the stress is accelerated to
the loading stress, which is convenient for loading on the test bench.
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Abstract: This study introduces the fuzzy theory approach as an enhancement to the traditional
failure mode, effect, and criticality analysis (FMECA) method in order to address its limitations,
which primarily stem from subjectivity and a lack of quantitative analysis. The proposed method,
referred to as FMECA improvement based on fuzzy comprehensive evaluation, aims to quantify
the qualitative aspect of the analysis and provides a detailed outline of the analysis procedure. By
applying the enhanced FMECA method to assess the reliability of an intelligent profiling progressive
automatic rubber cutter, the hazard ranking for each failure mode of the cutter can be determined,
thereby identifying areas that require reliability improvement. The analysis outcomes demonstrate
that this method establishes a theoretical foundation for subsequent cutter improvement designs,
enables early identification of potential failures, and consequently leads to a reduced failure rate and
an enhanced reliability level for the intelligent profiling progressive automatic cutter. Furthermore,
this innovative agricultural equipment reliability analysis and testing approach holds significant
value in elevating the reliability standards of agricultural equipment as a whole and can be explored
and implemented in other agricultural machinery contexts.

Keywords: natural rubber; intelligent profiling progressive automatic glue cutter; FMECA method;
fuzzy comprehensive evaluation; reliability analysis

1. Introduction

The intelligent profiling step-by-step automatic rubber cutting machine offers several
advantages, including addressing the shortage of rubber workers, revolutionizing the
rubber work process, high automation levels, and independence from environmental
constraints. These benefits effectively reduce the reliance on manual labor for rubber
cutting, lower labor costs, and increase natural rubber output. Moreover, the machine’s
reliability directly influences the yield and quality of natural rubber. Currently, rubber
cutting machines experience a significant failure rate, which greatly diminishes the quality
of the cut rubber and can even damage the rubber trees, thereby adversely affecting the
income of rubber farmers. Therefore, it is imperative to conduct a reliability analysis of
rubber cutting machines. Failure is a disruptive event that can cause production delays and
compromise the overall reliability of a system [1–3]. In order to cope with various failure
modes that may occur, appropriate decisions based on the multicriteria decision-making
(MCDM) process are made at different stages such as design, manufacturing, and operation
to improve system reliability [4].

FMECA (failure modes, effect, and criticality analysis) mainly consists of two parts:
failure mode and effect analysis (FMEA) and criticality analysis (CA). It is commonly used
to find and solve various known or potential failures in equipment systems, which plays
a crucial role in improving the reliability and service life of equipment. However, when
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using the traditional FMECA method to analyze the reliability of equipment, there is too
much subjectivity, when determining the order of hazard level only qualitative analysis
can be performed (not quantitative analysis) and it is difficult to find out the weak links in
the system accurately by calculating the objective results, and it cannot provide technical
support for the daily maintenance of various equipment systems. In recent decades,
significant efforts have been made by scholars and researchers to enhance the FMECA
methodology [5]. Several improved methods have emerged, focusing on the following
areas. Bozdag et al. proposed a novel fuzzy FMECA method based on fuzzy sets [6]. This
approach considered the optimal weights of risk factors and integrated them using an
ordered weighted average operator based on the cut concept. Liu et al. [7] introduced
fuzzy directed graph and matrix methods into FMECA, developing a new FMECA model
that considered the relative weights of risk factors expressed linguistically. These weights
were transformed into fuzzy numbers and risk priority indices for failure modes were
calculated using corresponding fuzzy risk matrices. Zhou et al. [8] proposed a generalized
evidence FMECA model (GEFMECA) to handle uncertain risk factors encompassing both
conventional and incomplete risk factors. By utilizing the generalized evidence theory, the
issue of relative weights among risk factors was effectively resolved. Additionally, Liu
et al. [9] introduced an integrated FMECA method based on interval intuitionistic fuzzy
sets (IVIFS) and multi-attribute boundary approximation region comparison (MABAC)
methods. This approach established a linear programming model for obtaining weight
information among risk factors when complete weight information was not available,
thereby determining the optimal weights for these factors. Yang et al. [10] proposed a
fuzzy rule-based Bayesian inference method for prioritizing failure modes. Jee et al. [11]
introduced a new fuzzy inference system (FIS)-based risk assessment model for FMECA,
employing a two-stage approach to reduce the collection of fuzzy rules. Gajanand et al. [12]
combined FMECA with a fuzzy linguistic scaling method, presenting a novel reliability-
centered maintenance strategy that utilizes weighted Euclidean distance and fuzzy logic-
based center-of-mass defuzzification to rank failure modes. Sayyadi et al. [13] developed a
new FMECA model based on an intuitionistic fuzzy approach, enabling the evaluation of
failure modes in the presence of fuzzy concepts and limited data. Jian et al. [14] combined
intuitionistic fuzzy sets (IFSS) with evidence theory, proposing a novel FMECA failure
mode risk assessment method. Jiang et al. [15] utilized fuzzy affiliation in the proposed
FMECA fuzzy evidence method to evaluate the risk factors of failure modes, ranking
them using the Dempster–Shafer evidence theory to consolidate characteristic information.
Aydogan [16] proposed a method that combines the rough hierarchical analysis and fuzzy
TOPSIS methods for organizational performance analysis in a fuzzy environment. Liu
et al. [17] introduced an intuitive fuzzy hybrid TOPSIS method to determine the risk priority
of failure modes in FMECA. Silvia et al. [18] proposed an optimization method for the
maintenance activities of complex systems by integrating reliability analysis and MCDM
methods. They used AHP for weight assessment and fuzzy TOPSIS for risk prioritization.
Zhou et al. [19] introduced gray theory and fuzzy theory into FMECA for tanker equipment
failure prediction. They determined the risk priority of failure modes using the fuzzy risk
priority number (FRPN) obtained from fuzzy set theory and the gray correlation coefficient
from gray theory. Liu et al. [20] developed an FMECA framework by integrating the cloud
model and PROMETHEE method to handle diverse risk assessments from FMECA team
members and prioritize failure mode risks. Mandal et al. [21] proposed a method to rank
human errors using the VIKOR method. Baloch et al. [22] integrated the fuzzy VIKOR
method and data envelopment analysis into FMECA to determine the ranking of potential
modalities and select the most important damage modalities. Liu et al. [23] proposed
an improved approach for FMECA using fuzzy evidential reasoning (FER) theory. This
approach addresses two limitations of traditional FMECA: the acquisition and aggregation
of evaluations from different experts and the determination of the risk priorities for failure
modes. Liu et al. [24] further proposed a new FMECA failure mode prioritization risk
assessment model based on FER and belief rule base (BRB) methods. In this model,
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the diverse and uncertain evaluations provided by experts are captured and aggregated
using FER, whereas the nonlinear and uncertain relationships between risk factors and
corresponding risk levels are modeled using the BRB. Du et al. [25] presented a fuzzy
FMECA method based on evidential reasoning (ER) and TOPSIS to accurately identify
and aggregate risk factors. Su et al. [26] proposed an improved method for dealing with
conflicting evidence combinations by employing an uncertain inference method based on
the Gaussian distribution to reconstruct the basic belief assignment (BBA) while considering
the weight of each expert. Jiang et al. [27] proposed an improved application of the theory of
evidence to FMECA, which redistributes the underlying belief assignments by considering
the credibility coefficients obtained based on the distance of the evidence to minimize
conflicts between expert opinions. The applied research conducted by these experts and
scholars, focusing on enhancing the FMECA method in the reliability analysis of different
equipment systems, establishes a theoretical foundation for analyzing the reliability of the
intelligent profiling progressive automatic rubber cutter discussed in this paper.

This paper focuses on conducting reliability research on an intelligent profiling pro-
gressive automatic rubber cutter. The research utilizes an improved FMECA method as
the research tool. The primary objective is to assess and enhance the reliability level of
the rubber cutter. The application of the improved FMECA methodology innovatively
combines expert knowledge and engineering experience to provide a quantitative analysis
solution for the reliability of rubber cutting equipment through improved fuzzy theory.
The study aims to identify key areas for improving the reliability of the rubber cutter. The
findings of this research will provide theoretical guidance for subsequent improvement
designs and the daily maintenance of rubber cutters.

2. Materials and Methods

2.1. Basic Theory of the Traditional FMECA Method

The fundamental principle of the traditional FMECA is to systematically examine the
structure of the system, identify potential failure modes, analyze the underlying causes
of failures, and use statistical methods to estimate the severity (S), occurrence (O), and
detection (D) of the failure consequences based on technical specifications, historical data,
and user requirements. Subsequently, the risk priority number (RPN) is calculated, and the
failure modes are prioritized according to their RPN values. Appropriate improvement or
maintenance measures can then implemented to reduce the RPN and ensure the reliability
of the system.

The typical steps involved in conducting FMECA analysis are as follows, as illustrated
in Figure 1:

(1) Product Definition: Provide a description of the product’s composition, environ-
mental conditions during operation, functional aspects, and operational procedures;

(2) FMECA Method Selection: Choose the appropriate FMECA method based on
the analysis objective and the product’s development stage and develop a corresponding
FMECA analysis table;

(3) FMEA Analysis Implementation: Identify potential failure modes, describe their
effects, investigate the contributing causes for each mode, assess failure detection methods,
and analyze potential compensatory measures;

(4) Hazard Analysis: Evaluate the hazards associated with the identified failure modes.
In traditional FMECA, each failure mode identified within a system is evaluated using

three risk factors: severity (S), occurrence (O), and detectability (D). The RPN is calculated
by multiplying the values of S, O, and D, providing a ranking for the failure modes [28].
Typically, experts assign scores ranging from 1 to 10 to the risk factors S, O, and D, with
higher values indicating more severe situations. The RPN value is utilized to determine the
risk priority of each failure mode, allowing analysts to identify inherent vulnerabilities in
the system. A higher RPN indicates greater importance [29], suggesting a more significant
impact on the system and a higher risk priority. To ensure safety and reliability, preventive
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and improvement measures should give priority to higher-risk failure modes in order to
prevent their occurrence.

 
Figure 1. The basic analysis steps of the traditional FMECA method.

However, the conventional crisp value of the RPN has faced criticism for several
reasons, [30–35] as explained below:

1. The relative importance of the three risk factors is often not considered or assumed
to be equal, which may not reflect the actual situation in many cases;

2. Multiplying the values of S, O, and D across different groups may result in the same
RPN values but the risk hazards in each group could be completely different. This can
lead to an unreasonable allocation of limited resources and time, or worse, the neglect of
high-risk failure modes;

3. Calculating the mean RPN is sensitive and contentious when the values of the risk
factors change. Even a slight change in the value of a risk factor can have a significantly
different effect on the RPN, particularly when other risk factor values are large;

4. The evaluation of risk factors S, O, and D usually utilizes discrete ordered metric
scales. As a result, the multiplicative calculations lack meaningfulness since the result-
ing RPN may show discontinuity, with multiple gaps and a wide range from 1 to 1000.
In such situations, the ranking results of failure modes lose their significance and can
potentially mislead;

5. The accurate determination of these three risk factors is often challenging. FMECA
team members express their evaluations using linguistic terms such as high, medium,
or low;

6. Due to variations in expertise and backgrounds, FMECA team members may
evaluate the same risk factors differently and some evaluations may be ambiguous and
uncertain. The traditional FMECA approach lacks comprehensive methods to describe
group judgments and explore the inherent connections between different evaluations. [36].

Although the FMECA method facilitates the timely identification of structural design
flaws, comparison of alternative solutions, and decision-making support for improving
design and maintenance strategies, the analysis process poses challenges due to multiple
evaluation factors, qualitative assessments, and the incommensurability of failure conse-
quences and impacts. As a result, analysts often encounter difficulties in producing precise
and effective analysis results.
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2.2. Enhancing the Fundamentals of the FMECA Method

The fuzzy comprehensive evaluation method is a quantitative approach based on
fuzzy mathematics that converts qualitative assessments into quantitative evaluations using
fuzzy principles. It facilitates the overall evaluation of objects or phenomena influenced by
multiple factors, providing clear and systematic results. This method is especially valuable
for addressing problems involving fuzziness and difficulties in quantification, making it
suitable for a range of non-deterministic scenarios.

The enhanced FMECA method integrates fuzzy theory with the traditional FMECA
method to analyze the reliability of equipment systems. By leveraging the strengths of
both reliability analysis methods, it effectively addresses the limitations of the traditional
FMECA approach. The improved method allows for the quantification of analysis results
and enhances the accuracy and reliability of comprehensive hazard-level rankings for each
failure mode. Figure 2 illustrates the fundamental evaluation process of the enhanced
FMECA method.

 
Figure 2. The fundamental evaluation process of the enhanced FMECA method.

2.2.1. Defining the Set of Factors

The factor set, represented by U, encompasses the collection of factors that exert
influence on the evaluation object.

U = {u1, u2, u3, . . . , ui, . . . , um} (1)

where ui denotes the ith influencing factor, i = 1, 2, 3, . . ., m.

2.2.2. Determining the Evaluation Set

Defining the evaluation set, represented by S, includes all the evaluation results
provided by experts for the evaluated object.

S =
{

s1, s2, s3, . . . , sj, . . . , sn
}

(2)

where, sj denotes the jth evaluation result made by the judging expert, j = 1, 2, 3, . . ., n.

2.2.3. Establishing the Fuzzy Evaluation Matrix

A fuzzy mapping f : U → S is needed to establish the relationship between the evalua-
tion results and the influence factors. This mapping is denoted as f : U → F (S), where each
influence factor ui is mapped to its respective fuzzy evaluation result f (ui). Applying this
mapping allows us to determine the degree of affiliation aij between an influence factor ui
and an evaluation result sj.

f (ui) = Ai =
(
ai1, ai2, ai3, . . . , aij, . . . , ain

)
(3)

The set Ai represents the evaluation results for the individual influence factor, ui.
These individual evaluation results are organized as rows in the evaluation matrix and
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then transposed to form an m-by-n matrix. The resulting matrix, denoted as A, represents
the fuzzy evaluation of the influence factors.

A = [A1, A2, · · · , An]
T =

⎡
⎢⎢⎢⎣

a11 a12 . . . a1n
a21 a22 · · · a2n
...

...
...

...
am1 am2 · · · amn

⎤
⎥⎥⎥⎦ (4)

An evaluation team, comprising r experts, is formed, and each expert is responsible for
providing their evaluation result sj for each influence factor ui. If there are rij experts who
evaluate ui as sj, the evaluation set for ui can be obtained using the following procedure:

Ai =
{

ri1
r , ri2

r , ri3
r , · · · ,

rij
r , · · · , rin

r

}
=
{

ai1, ai2, ai3, · · · , aij, · · · , ain
} (5)

where
n
∑

j=1
aij = 1.

2.2.4. Determine the Weights for the Set of Influence Factors

Given the significant variations in the degree of harm caused by different influencing
factors on each failure mode, it is crucial to prioritize and rank the factors according to
their impact. Prior to conducting the comprehensive evaluation by experts, the weights
are determined in a specific order. These weights collectively constitute the weight set of
influencing factors, denoted as L.

L = {l1, l2, l3, · · · , li, · · · , ln} (6)

where 0 < li < 1, i ∈ [1, n], and
n
∑

i=1
li = 1.

Several methods are available for determining the weight set of influencing factors,
including survey statistics, expert scoring methods, and the analytic hierarchy process
(AHP). Among these methods, the survey statistics method involves analyzing a significant
amount of data through empirical research to determine the weights. However, this
method is labor intensive and time consuming, making it impractical in many situations.
The expert scoring method determines the weights through expert evaluations. Although
this method saves time and effort, it is subjective and prone to errors, posing challenges in
obtaining the ideal and precise weights. In contrast, the analytic hierarchy process method
can address the limitations of the expert scoring method by mitigating human biases in
the weight determination process. This method ensures the attainment of objective and
effective weights. In this study, the 1–9 scale model of the analytic hierarchy process is
used to determine the weight set of influencing factors [8]. The following steps outline
the procedure:

(1) The relative significance of the influencing factors ui and uj is conveyed by using
bij, resulting in the formation of a judgment matrix B.

B =

⎡
⎢⎢⎢⎣

b11 b12 · · · b1n
b21 b22 · · · b2n

...
...

...
...

bn1 bn2 · · · bnn

⎤
⎥⎥⎥⎦ (7)

where the values of bi are referred to in Table 1. It is evident that bii = 1 and bij = 1/bji;
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Table 1. AHP analysis of the relative importance degree of the influencing factors.

Implications bij

ui is as important as uj 1
ui is slightly more important than uj 3

ui is significantly more important than uj 5
ui is strongly more important than uj 7

ui is definitely more important than uj 9
The importance of ui over uj is between the

above two scale values 2, 4, 6, 8

(2) A consistency test is conducted on the judgment matrix B by determining the
consistency ratio KC. To begin, the maximum characteristic root λmax associated with the
judgment matrix B and the consistency index IC are calculated as follows:

IC =
λmax − n

n − 1
(8)

Subsequently, the value of IT, representing the average random consistency index of
the judgment matrix, is determined. The specific values of IT for the judgment matrices of
order 1–13 can be obtained from Table 2.

Table 2. Values 1–13 of IT judgment matrix.

n 1 2 3 4 5 6 7 8 9 10 11 12 13

IT 0 0 0.58 0.90 1.12 1.24 1.32 1.41 1.45 1.49 1.52 1.54 1.56

Based on the calculated values of IC and IT, the consistency ratio KC is computed,
which is defined as follows:

KC =
IC
IT

(9)

when KC < 0.1, it can be concluded that the consistency of judgment matrix B meets
the required criteria. However, if KC exceeds 0.1, adjustments to the judgment matrix B

are necessary;
(3) The weights of each factor are determined using the square root method. The

weighting term for the ith factor of the analyzed failure mode is calculated as follows:

li =

n

√
n
∏
j=1

bij

n
∑

i=1
n

√
n
∏
j=1

bij

(10)

Subsequently, the set of factor weights for this specific failure mode is obtained as L1 =
{l1, l2, . . ., li, . . ., ln} where 0 < li < 1, ensuring the fulfillment of the normalization condition:

n

∑
i=1

li = 1 (11)
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2.2.5. The Calculation of the Fuzzy Comprehensive Evaluation Vector

By multiplying the previously derived fuzzy evaluation matrix A of influence factors
with the set of influence factor weights L, we can obtain the fuzzy comprehensive evaluation
vector, denoted as D, which can be expressed as follows:

D = L × A= [l1, l2, · · · , ln]×

⎡
⎢⎢⎢⎣

a11 a12 · · · a1n
a21 a22 · · · a2n
...

...
...

...
am1 am2 · · · amn

⎤
⎥⎥⎥⎦ (12)

2.2.6. Determining the Comprehensive Hazard Level

To enable a clearer comparison of the hazard levels associated with each failure
mode in relation to the evaluation object, it is essential to calculate a specific value by
applying weighted averaging to the fuzzy comprehensive evaluation vector D. This value,
represented as R, indicates the ranking of the hazard levels for each failure mode with
respect to the evaluation object.

R = D·ST (13)

where S in denotes the evaluation result matrix.

3. Results and Analysis

The quality of rubber cutting plays a crucial role in achieving high yields from natural
rubber trees in agricultural production. Therefore, the performance and reliability of rubber
cutters directly affect the quality of rubber cutting, necessitating a reliability analysis. This
study aims to analyze the reliability of a specific type of rubber cutter, specifically an
intelligent profiling progressive automatic rubber cutter, as an illustrative example.

3.1. Intelligent Profiling Progressive Automatic Gum Cutter

The structure of the intelligent profiling progressive automatic rubber cutter, as de-
picted in Figure 3, mainly comprises several key components, including the adjustable
flexible tooth-belt fixing device, adaptive tree profiling cutting device, circumferential
motion device, vertical motion device, reduction drive device, and a complete set of screws,
motors, and other auxiliary elements.

Before operating the intelligent profiling automatic rubber cutter, careful consider-
ations are taken into account for the variations in the upper and lower bark sizes of the
natural rubber tree, as well as the irregularities on its surface. To address these factors, the
rubber cutter is first secured to the rubber tree using the adjustable flexible tooth-belt fixing
device. This ensures that the center axis of the upper and lower drive teeth stays aligned
with the center axis of the rubber tree during the cutting process, enabling precise and
stable autonomous execution of the rubber cutting task. When the rubber cutter receives
the rubber cutting command, it starts by extending the push rod, which causes the adaptive
tree imitation device to stick to the surface of the rubber bark, thereby entering the cutting
state. Afterwards, the rubber cutting knife performs a spiral movement along the natural
rubber trunk, facilitated by the compound motion transmission device. This movement
imitates the cutting trajectory of humans, facilitating efficient rubber cutting operations.
After the completion of rubber cutting, the stepping motor drives the rubber cutting device
to descend along the screw by a specified distance (tare consumption). This ensures the
appropriate consumption of bark for the subsequent cutting cycle. Ultimately, a complete
rubber cutting operation is achieved. The entire cutting process can be remotely controlled
using an intelligent control module, allowing for the smooth execution of automated
cutting operations.
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(a) (b) 

Figure 3. Intelligent profiling step-by-step automatic glue cutter. (a) Three-dimensional structure
picture. (b) Pictures of Gumlin field work. (1) Adjustable flexible belt fixing device; (2) Adaptive
tree-adaptive miter devices; (3) Circular motion device; (4) Vertical motion device; (5) Complete set of
screws; (6) Reduction gearing; (7) Motor.

3.2. Analysis of the FMEA Method for an Intelligent Profiling Progressive Automatic Glue Cutter

A comprehensive analysis of the failure modes of the intelligent profiling progressive
automatic rubber cutter was carried out, as depicted in Table 3.

Table 3. Analysis table of FMEA method for intelligent profiling progressive automatic glue cutter.

Code Failure Mode Failure Analysis Fault Impact
Fault Checking

Method
Troubleshooting

Measures

1
Motor shaft

damage; fracture
or deformation

Excessive torque
due to overload

Decreased
functionality

Regular inspection;
instrument testing Motor replacement

2 Tooth-belt slippage

Excessive load
causes the

transmitted force
to be greater than

the limit of the
sum of the

frictional forces
between the belt

and the gear

Decreased
functionality Visual inspection

Increase the belt
width or replace

the belt

29



Agriculture 2023, 13, 1475

Table 3. Cont.

Code Failure Mode Failure Analysis Fault Impact
Fault Checking

Method
Troubleshooting

Measures

3 Blade deformation
or breakage

Insufficient blade
strength;

improper cutting
depth and blade
installation angle

resulting in
excessive load
causing blade

breakage

Loss of function Visual inspection

Replacement of
high strength

blades; correction
of cutting depth

and blade
installation angle

4

Circumferential
and vertical

movement device
rotation is not

flexible, there is a
jamming

phenomenon

The upper and
lower tooth-belt
gap has foreign

matter and
installation is not
parallel to cause
the center axis of
the transmission
teeth and rubber
tree center axis

offset; poor
lubrication

Decreased
functionality

Regular
inspections;

instrument testing

Removal of foreign
objects;

enhance
lubrication

5
Unstable amount

of skin
consumption

The height of the
descending screw
and the distance
from the cutting

knife to the
guiding depth

limiting wheel are
not consistent
when cutting

rubber

Decreased
functionality

Regular
inspections;

instrument testing

Correction of the
height of the

lowering screw
and the distance
from the cutting

knife to the
guiding depth

limit wheel

6 Unstable cutting
depth

Improper
installation and

cutting angle of the
blade; spring

tension failure, etc.,
led to jumping of
the cutting knife

Decreased
functionality

Instrument
inspection;

visual inspection

Correct blade
mounting and
cutting angle;
replace spring

3.3. Analysis of the Traditional FMECA Method for the Intelligent Profiling Progressive Automatic
Glue Cutter

The reliability analysis of the intelligent profiling progressive automatic rubber cutter
was conducted using the conventional FMECA method based on the FMEA table.

The RPN is used as a quantitative measure of the hazard, evaluating the potential
severity associated with each failure mode. By evaluating the levels of fault occurrence
probability, impact severity, and detection difficulty, a comprehensive analysis of the
impact is conducted. A higher RPN value indicates a higher hazard associated with the
corresponding failure mode, which can be expressed as follows:

RPN = ESR × OPR × DDR (14)

where ESR represents the level of impact severity, OPR denotes the level of probability
of occurrence, and DDR signifies the level of detection difficulty. The ESR is established
based on the failure mode, impact, and hazard analysis guide, as well as the maintenance
experience of cutter maintenance engineers. The hazard degree values are assigned as
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follows: I is assigned a value of 5, II is assigned a value of 4, III is assigned a value of
3, IV is assigned a value of 2, and V is assigned a value of 1. The value of the OPR is
determined based on the failure mode, impact, hazard analysis guide, and the available
cutter failure data. The possibility of occurrence for each type of hardware failure of the
cutter is categorized into five intervals. The corresponding probabilities of fault occurrence
P are P > 10−1, 10−2 < P ≤ 10−1, 10−4 < P ≤ 10−2, 10−6 < P ≤ 10−4, and P ≤ 10−6,
and the corresponding OPR values are 5, 4, 3, 2, and 1, respectively. The DDR is defined
based on various factors, including the precision of the current testing equipment, the
expertise of the testing personnel, and the employed testing methods. The assessment
of inspection complexity for each component of the cutter involves categorizing them
into five types: undetectable, difficult to detect, detectable, easy to detect, and directly
identifiable. Correspondingly, the assigned DDR values for these categories are 5, 4, 3, 2,
and 1, respectively.

The RPN values for each failure mode of the intelligent profiling progressive au-
tomatic rubber cutter are obtained based on the value criteria of ESR, OPR, and DDR.
Equation (15) was applied to derive these values and experts from the rubber cutter main-
tenance industry were invited to provide scores, as illustrated in Table 4.

Table 4. Table of RPN values for each failure mode of the intelligent profiling progressive automatic
glue cutter.

Projects ESR OPR DDR RPN

Failure Mode 1 4 2 4 32
Failure Mode 2 3 3 2 18
Failure Mode 3 4 3 2 24
Failure Mode 4 2 3 2 12
Failure Mode 5 3 3 3 27
Failure Mode 6 4 3 2 24

Based on Table 4, the hazard levels for the six failure modes can be determined in
descending order as follows: Failure Mode 1, Failure Mode 5, Failure Mode 3, Failure Mode
6, Failure Mode 2, and Failure Mode 4. Failure Mode 1 and Failure Mode 5 exhibit the
highest RPN values and pose the greatest hazards. Failure Mode 6 and Failure Mode 3
have identical RPN values, indicating the same level of hazard for both failures.

The preparation of the FMEA worksheet, as shown in Table 4, is found to be highly
beneficial during the analysis process. By comparing the RPN values before and after
implementing maintenance measures, the evaluation of maintenance policies is facilitated.
Moreover, a more comprehensive understanding of the failure causes and effects contributes
to a better assessment of risk factors.

However, the RPN approach has several shortcomings that have led to the adoption
of alternative methods in FMEA. The main criticisms include the following:

(1) Potential result unification: The RPN values may be the same for two different
failure modes, despite their values for factors such as ESR, OPR, and DDR being different;

(2) Overlooking significant aspects of failures: In certain cases, failures with high
severity may garner inadequate attention due to the low values of other risk factors,
resulting in a low RPN value;

(3) Lack of clear distribution pattern: RPNs are distributed from 1 to 125, and the
relationship between neighboring numbers at intervals of 5 or 10 relate to each other.

3.4. Analysis of the Improved FMECA Method for the Intelligent Profiling Progressive Automatic
Glue Cutter

The improved FMECA method is employed to quantitatively analyze the FMEA
results and assess the reliability of the intelligent profiling progressive automatic glue
cutter. This analysis provides a comprehensive ranking of the hazard level for each failure
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mode, enabling the implementation of appropriate measures to promptly address failures
and ensure the efficient and reliable operation of the cutter.

The analysis of the intelligent profiling progressive automatic glue cutter within the
framework of the FMEA method focuses on evaluating common failure modes through
fuzzy synthesis. The evaluation process is outlined in the following steps:

(1) Determination of the factor set: The assessment of fault hazard level in the intelli-
gent profiling progressive automatic glue cutter involves the consideration of the following
factors: fault occurrence probability (u1), degree of fault impact (u2), testing difficulty (u3),
and fault repair difficulty (u4). These factors collectively form the set U;

(2) Establishment of the evaluation set: The primary objective of this study is to
identify weaknesses in the intelligent profiling progressive automatic glue cutter and
provide guidance for its improvement and maintenance. Since there is no absolute
“good” or “bad” state for each influencing factor, an intermediate scale comprising three
levels—“better”, “average”, and “worse”—is introduced between the two extremes. The
evaluation levels for the impact factors are categorized into five levels represented by the
set S = {1, 2, 3, 4, 5}. The specific evaluation levels for each influencing factor are presented
in Table 5.

Table 5. Evaluation grade table of each influence factor.

Influencing
Factors

Evaluation Level

1 2 3 4 5

Fault
occurrence
probability

u1

Almost never
happens

Rarely
happens Occasional Sometimes it

happens Frequent

Degree of
fault impact

u2

Almost no
effect Mild faults Moderate

failure
Critical
Failure Fatal Failure

Difficulty of
testing u3

Can be found
directly

Easy to
detect

Not easy to
detect

Hard to
detect Undetectable

Difficulty of
repairing
faults u4

Simple
debugging Reinstallation Replacement

Parts

Replace the
whole

machine
Unrepairable

(3) Determining the fuzzy evaluation matrix involves assigning fuzzy sets to the failure
probability, failure impact degree, detection difficulty, and maintenance difficulty of Failure
Mode 1. Let the fuzzy set for the failure probability be denoted as a1 = {0, 0.2, 0.5, 0.3, 0},
the fuzzy set for the failure impact degree as a2 = {0.1, 0.45, 0.3, 0.15, 0}, the fuzzy set for
the detection difficulty as a3 = {0, 0.15, 0.7, 0.1, 0.05}, and the fuzzy set for the maintenance
difficulty as a4 = {0, 0, 0.5, 0.4, 0.1}. Consequently, the fuzzy evaluation matrix for Failure
Mode 1 can be derived as follows:

A1 =
[
a1 a2 a3 a4

]T
=

⎡
⎢⎢⎣

0 0.2 0.5 0.3 0
0.1 0.45 0.3 0.15 0
0 0.15 0.7 0.1 0.05
0 0 0.5 0.4 0.1

⎤
⎥⎥⎦ (15)

(4) Determining the weight set of influencing factors for Failure Mode 1 involves
evaluating the relative importance of these factors in the decision model based on their
impact on the decision outcomes. By performing the corresponding calculations, the weight
values for each influencing factor are obtained, as presented in Table 6.
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Table 6. Judgment matrix and weight value of each influencing factor of the plugging device.

Influencing
Factors

u1 u2 u3 u4
Weighting

Value li

u1 1 5 1/3 5 0.2804
u2 1/5 1 1/7 1 0.0678
u3 3 7 1 7 0.5747
u4 1/3 1 1/7 1 0.0771

The judgment matrix can be obtained from the data provided in Table 6 as follows:

B =

⎡
⎢⎢⎣

1 5 1/3 5
1/5 1 1/7 1

3 7 1 7
1/3 1 1/7 1

⎤
⎥⎥⎦ (16)

The consistency test of the judgment matrix B is conducted based on the value of the
consistency ratio KC. Firstly, the corresponding maximum characteristic root λmax = 4.13 is
calculated from matrix B. Substituting it into Equation (8), the consistency index IC = 0.043
is obtained, and from Table 2, IT = 0.90. By substituting these values into Equation (9),
KC = 0.048 < 0.1, indicating that the consistency of judgment matrix B satisfies the require-
ments. Therefore, the set of factor weights corresponding to Failure Mode 1 can be obtained
as follows:

L1 = {0.2804, 0.0678, 0.5747, 0.0771} (17)

(5) Fuzzy integrated evaluation of the cavity rate overload fault. According to
Equation (12), the fuzzy comprehensive evaluation vector for fault mode 1 is D1 = L1
− A1 = [0.3604 0.2381 0.2962 0.1053]. This indicates that the membership of the cavity rate
overload fault to hazard level 1, 2, 3, and 4 is 0.4410, 0.2425, 0.2672, and 0.0493, respectively;

(6) Determining the comprehensive hazard level of excessive cavitation failure. Ac-
cording to Equation (13), the comprehensive hazard level of the cavity rate fault can be
obtained as follows:

R1 = D1 × [1, 2, 3, 4, 5 ]T = 3.069 (18)

(7) Similarly, the fuzzy evaluation matrices for Failure Modes 2 to 6 are determined
as follows:

A2 =

⎡
⎢⎢⎣

0 0.6 0.3 0.1 0
0 0.8 0.2 0 0

0.7 0.3 0 0 0
0.1 0.4 0.3 0.1 0.1

⎤
⎥⎥⎦

A3 =

⎡
⎢⎢⎣

0.1 0.3 0.3 0.2 0.1
0 0.1 0.2 0.3 0.4

0.6 0.3 0.1 0 0
0.1 0.2 0.7 0 0

⎤
⎥⎥⎦

A4 =

⎡
⎢⎢⎣

0 0.3 0.4 0.2 0.1
0.2 0.5 0.3 0 0
0.6 0.3 0.1 0 0
0.5 0.2 0.3 0 0

⎤
⎥⎥⎦

A5 =

⎡
⎢⎢⎣

0.3 0.2 0.4 0.1 0
0 0.1 0.5 0.3 0.1
0 0.1 0.4 0.5 0

0.4 0.3 0.3 0 0

⎤
⎥⎥⎦
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A6 =

⎡
⎢⎢⎣

0.2 0.1 0.5 0.2 0
0 0.1 0.2 0.3 0.4

0.3 0.6 0.1 0 0
0.2 0.3 0.4 0.1 0

⎤
⎥⎥⎦

Given that the relative importance of the influencing factors for each failure mode
remains consistent, as indicated in Table 5, the same weight set is employed, which is
denoted as L1 = L2 = L3 = L4 = L5 = L6. Utilizing Equation (12), we can obtain the fuzzy
comprehensive evaluation vector for each failure mode as follows:

D2 = L2 × A2 = [0.41, 0.4257, 0.1208, 0.0358, 0.0077]

D3 = L3 × A3 = [0.3806, 0.2787, 0.2091, 0.0764, 0.0552]

D4 = L4 × A4 = [0.3969, 0.3059, 0.0982, 0.0561, 0.0280]

D5 = L5 × A5 = [0.1150, 0.1435, 0.3991, 0.3357, 0.0068]

D6 = L6 × A6 = [0.2439, 0.4028, 0.2421, 0.0841, 0.0271]

The combined hazard level for each failure mode can be determined using
Equation (13):

R2 = D2 × [1, 2, 3, 4, 5]T = 1.8055

R3 = D3 × [1, 2, 3, 4, 5]T = 2.1469

R4 = D4 × [1, 2, 3, 4, 5]T = 1.6677

R5 = D5 × [1, 2, 3, 4, 5]T = 2.9761

R6 = D6 × [1, 2, 3, 4, 5]T= 2.2477

Based on the calculated integrated hazard level for each fault, the descending order
of hazard levels for the six failure modes is as follows: Failure Mode 1, Failure Mode 5,
Failure Mode 6, Failure Mode 3, Failure Mode 2, and Failure Mode 4. After conducting
numerous statistical analyses on data from field cutting tests in the forest, the findings
demonstrate that the evaluation results are consistent with the real-world scenario, with an
accuracy exceeding 95%. Additionally, this method can be applied to analyze the reliability
of other agricultural equipment. Additionally, this method enables the analysis of reliability
for other agricultural equipment, identification of the most critical potential faults, and
implementation of timely measures to mitigate and enhance the design, thus improving
the overall reliability of agricultural equipment.

4. Discussion

Natural rubber, as one of the four major industrial materials in modern society, exhibits
excellent abrasion resistance, impact resistance, elasticity, and heat dissipation. In particular,
at low temperatures it demonstrates ductility and resilience that are incomparable to
synthetic rubber. It has extensive applications in industrial production, national defense
equipment, transportation, medicine, health care, and other fields. Therefore, natural
rubber plays a critical role in the national economy and people’s livelihoods. Natural
rubber is primarily obtained by the semi-spiral ring cutting of rubber trees. In order to
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reduce the intensity of artificial rubber cutting and alleviate labor difficulties, the integration
of agro-mechanical and agronomic approaches has led to the research and development of
intelligent rubber cutting equipment that is replacing the traditional manual rubber cutting.
This transition is an inevitable trend. Intelligent rubber cutting equipment significantly
reduces the dependence on manual labor, lowers the cost of rubber cutting, and improves
the output rate of natural rubber. The reliability of this equipment directly affects the
production and quality of natural rubber. The reliability of rubber cutting equipment
directly impacts the output and quality of natural rubber. Currently, the failure rate of
rubber cutting machines remains significantly high. Once a failure occurs, it greatly reduces
the quality of the rubber cuts and may even lead to serious damage to the rubber trees,
thereby affecting the income of rubber farmers. Currently, no relevant scientific literature
exists on the reliability of intelligent rubber cutters. This paper introduces an innovative
method to analyze the reliability of intelligent profiling step-by-step automatic rubber
cutters. The original contributions of this paper can be summarized as follows:

(1) Research on the FMECA analysis method based on fuzzy comprehensive evaluation
was carried out, and a fuzzy comprehensive evaluation model was established. The model
provides a theoretical basis for the reliability design of agricultural equipment and lays the
foundation for the application of reliability analysis in the field of agricultural machinery;

(2) A qualitative and quantitative analysis of the reliability of the intelligent profiling
progressive automatic glue cutter was carried out by using the improved FMECA method,
and the comprehensive hazard ranking of each failure was obtained. We propose improve-
ment measures and formulate a preventive maintenance outline, which can provide a
theoretical basis for the improved design of the cutter and check the possible failures of the
cutter beforehand, thus reducing the failure rate of the cutter and greatly improving the
reliability level of the intelligent profiling progressive automatic cutter;

(3) Taking the intelligent profiling progressive automatic rubber cutter as an example,
the above model was used to verify and analyze its frequent failure modes; the results
showed that this evaluation result was consistent with the actual situation, indicating that
the evaluation model is an effective method that can make full use of the system’s fuzzy
information for reliability analysis. Furthermore, this innovative agricultural equipment
reliability analysis and testing approach holds significant value in elevating the reliability
standards of agricultural equipment as a whole and can be explored and implemented in
other agricultural machinery contexts.

5. Conclusions

This study applies an improved FMECA method to analyze the reliability of an intelli-
gent profiling step-type automatic rubber cutter. The traditional FMECA method suffers
from subjectivity and a limited ability for quantitative analysis. To address these issues,
we introduced a fuzzy theoretical method in combination with the traditional FMECA
method, thus proposing an improved FMECA method based on fuzzy comprehensive
judgment. Through this approach, we quantified the qualitative analysis problems, calcu-
lated the qualitative analysis results, and analyzed the reliability of the rubber cutter. The
study quantifies the problems, calculates the hazard rankings of each failure mode of the
rubber cutter, and identifies the areas requiring reliability improvement. It addresses the
shortcomings of the original hazard ranking and optimizes the cycle for replacing spare
parts, along with the frequency of maintenance and inspection in the field cutting work
within the natural rubber forest. This method offers a theoretical basis for the subsequent
improvement design of the rubber cutter. Additionally, it enables pre-emptive detection of
the potential failures of the rubber cutter, thereby reducing the incidence of failures and
enhancing the reliability of the intelligent profiling step-by-step automatic rubber cutter.
Moreover, this type of agricultural equipment reliability analysis and detection method
exhibits significant technical innovation and positive implications for enhancing the relia-
bility level of agricultural equipment. Furthermore, its applicability can be explored for
other agricultural equipment as well.
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Abstract: Realizing high-quality and increased production of fresh corn and promoting diversified
development of the corn industry structure not only can effectively promote the development of
agricultural economy, but also can enrich people’s dietary culture. However, existing fresh corn
machinery has a high rate of ear damage during the harvesting process, and the overall harvesting
efficiency is not ideal. To reduce damage during the harvesting of fresh corn, a device for breaking
ears of fresh corn was designed based on the directional clamping of corn straw reverse breaking
method. Based on the physico-mechanical characteristics parameters of fresh corn ears, the main
structural parameters of the directional clamping and conveying mechanism and the ear-breaking
mechanism were determined. The overall inclination angle of the device was 15◦, and the effective
conveying length of the directional clamping mechanism was 550 mm; the ear-snapping mechanism
was a snapping roll composed of a pair of six radial distribution function fingers, with an effective
operating radius of 320 mm. By simulating and analyzing the reverse breaking movement of
directional clamping corn straw, the key motion parameter ranges of the directional clamping
conveying mechanism and breaking mechanism were obtained. The results of the bench test showed
that under the optimal conditions of a directional clamping feeding speed of 1.67 m/s, a breaking
wheel speed of 80 rpm, and a travel speed of 1.06 m/s, the lowest ear damage rate was 0.57%, and
the lowest impurity rate was 1.87%. In addition, it was observed that flexible harvesting can improve
harvest efficiency and quality. The study also found that actively applying force to the device can
effectively avoid the problem of machine blockage and reduce the damage rate of ears (the following
text uses ears instead of fresh corn ears).

Keywords: fresh corn; directional clamping; reverse ear breaking; bench test; optimal design

1. Introduction

Fresh corn, also known as fruit corn, is usually picked during the milk ripening period
and is a nutritious and delicious vegetable suitable for different populations. With the
support of relevant policies, the fresh corn industry has developed rapidly [1,2]. Fresh
corn has characteristics such as high moisture content, thin skin, poor grain compression
resistance, and susceptibility to damage. During the process of picking and transporting
ears, it is necessary to maintain the integrity of the ears to the greatest extent possible
to ensure the quality of the crops after harvest [3]. The traditional process of harvesting
fresh corn is manual harvesting, which not only has low efficiency but also leads to a
shortage of labor. The mechanized harvesting of fresh corn is an effective means to solve
the current problem of rural labor shortage, which can increase farmers’ enthusiasm for
planting, reduce labor intensity, and promote yield increase and harvest [4]. However, due
to significant climate differences in different regions, corn planting modes and harvesting
methods are also divided into various types. In practice, specialized fresh corn harvesters
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are often used for harvesting operations [5,6], and the market penetration rate of specialized
harvesting machinery is relatively low [7–9].

At present, fresh corn harvesters that simulate manual picking methods have become
a potential solution to the problem of a high rate of ear damage during harvesting [10,11].
So far, relevant scholars have conducted research on harvesting machinery for fresh corn
and reduced the damage rate of ears. According to the literature review, the structural
improvement of the ear-picking device may have a significant impact on the optimization of
the above issues [12,13]. Regarding the research on fresh corn ear-picking devices, existing
device types inevitably encounter phenomena such as corn ear biting, broken stems, and
machine blockage, which affects the application of corn harvesters [14].

The ear-picking device is the most important working component of a corn harvester,
which directly affects the quality of harvested ears [13]. The ear-picking device is divided
into the horizontal roller type, the stem-pulling roller and ear-picking plate combination
type, the biomimetic ear-picking type, etc. according to its structure [15]. The horizontal
roller type ear-picking device can achieve effective harvesting of fresh corn through the
difference in torque force and friction force. For example, Zhansheng Zhang et al. [16]
(2021) used a horizontal roller type ear-picking mechanism longitudinally configured
with high- and low-torsion rollers to simulate the operation process of manually breaking
fresh corn. The combined ear-picking device of stem-pulling roller and ear-picking plate
reduces the power loss during the ear-picking process by adding an ear-picking plate
above the stem-pulling roller [17] (Tianyu Li, 2019). Guanqiang Zhu et al. [11] (2023)
designed a corresponding ear-picking device using a biomimetic ear-picking method. This
scheme adopted a new ear-harvesting posture adjustment method, and the average power
consumption of the entire device was reduced to over 3.0 kW. Xirui Zhang et al. [18] (2019)
used an oblique roller to break the ears of fresh corn, separating them from the stems and
achieving the harvest requirements for crispy and tender corn.

Because most of the existing corn-harvesting machines on the market are horizontal
roller harvesting mechanisms and have a large inventory, it is possible to improve and
optimize the existing harvesting devices, which can save energy and protect the environ-
ment [19]. This study aims to design an ear-breaking device for harvesting fresh corn and
verify its feasibility, especially to determine how the flexible ear-picking mechanism affects
the breaking rate of ears.

This article proposes to design a new ear-breaking device for harvesting fresh corn
based on the method of directional clamping of corn straw and reverse ear breaking. Based
on clarifying the physico-mechanical properties of fresh corn, the key mechanisms of the
ear-breaking device were optimized and designed; aimed at the goal of reducing the rate
of ear damage and impurity content, a bench test was conducted using the orthogonal
rotation center combination experimental design method to obtain and verify the optimal
combination of key mechanism motion parameters, thereby providing theoretical and
technical bases for the optimization design of fresh corn combine harvesters.

2. Design of Directional Clamping Corn Ear-Breaking Device

2.1. Design Requirement

The optimal harvest period for fresh corn is in the late stage of milk ripening and
the early stage of wax ripening. At this time, the moisture content of the stems of fresh
corn plants is higher, and compared to ordinary grain corn, the stems are thin and brittle.
Completing the fresh corn ears picking operation can easily cause a higher ear impurity
rate. Meanwhile, the moisture content of fresh corn kernels ranges from 65% to 75%, which
can easily cause serious mechanical damage during the picking process, thereby affecting
the quality and storage time of fresh corn and reducing its economic value. The design
requirements for fresh corn ear picking equipment [20,21] are:

I. Reduce or avoid the possibility of mechanical collision between fresh corn ears and
operating components, reduce the probability of mechanical damage to ears, and
ensure that the crushing rate of fresh corn seeds is less than 1%.
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II. Avoid cutting off the stems of fresh corn plants by the ear-picking device, ensure that
the impurity content of fresh corn ears is less than 1.5%, and avoid blockage of the
ear-picking device.

2.2. Structure and Working Principle

The directional clamping corn ear-breaking device is the header part of a corn combine
harvester, mainly composed of a frame, a disc cutter device, a directional clamping mecha-
nism, an ear-breaking mechanism, a stem-pulling mechanism, an ear collection mechanism,
a transmission mechanism, etc. (Figure 1). When harvesting fresh corn, as the combine
moves in opposite directions, the corn plant is continuously fed to the directional clamping
conveying mechanism, which clamps the stem above the ears and delivers it to the breaking
mechanism, and the ear breaking is completed under the action of ear-breaking rollers com-
posed of a pair of six radial distribution function fingers. During the breaking process, the
corn stalks were not cut, similar to the manual breaking process. The directional clamping
mechanism played a role in supporting the breaking process. After the breaking operation
was completed, the cutting knife cut the stalks, and the pulling roller squeezed the corn
stalks to achieve continuous, stable production.

Figure 1. Directional clamping corn straw breaking header. 1. Hydraulic motor. 2. Directional
clamping mechanism. 3. Breaking mechanism. 4. Reel chain. 5. Stem pulling roller. 6. Stem cutting
mechanism. 7. Header power input shaft. 8. Breaking mechanism power spindle. 9. Breaking
transmission chain. 10. Pulling chain transmission shaft.

2.3. Directional Clamping Mechanism

As illustrated in Figure 2, the directional clamping mechanism imitates the manual
breaking of corn stalks. Before butting the corn roots, the cutter is transported to the
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breaking mechanism under the action of the clamping belt and supports the corn stalks to
ensure that the stalks are not broken. After the breaking of the ears is completed under the
action of the breaking wheel fingers, the directional clamping and conveying process can
be completed.

Figure 2. Structural diagram of directional clamping and conveying mechanism. 1. Active pulley.
2. Clamping belt. 3. Tensioning pulley. 4. Guide pulley. 5. Passive pulley.

To ensure effective clamping of the stems during the clamping and conveying process,
it is advisable to keep the clamping position within the same section of the stems as much
as possible. Therefore, the inclination angle of the directional clamping and conveying
mechanism should not be too large. According to the measurement of fresh corn plants,
the diameter of the stems above the ears decreases as the height increases; therefore, the
clamping position of the directional clamping and conveying system should be controlled,
and the inclination angle should not be too large so ξ should satisfy:

sin ξ ≤ dm

l f
(1)

In the formula, dm is the single stem length, mm; lf is the length of directional clamping
and conveying mechanism, mm; ξ is the angle of device inclination, ◦.

Considering the clamping stability and structural layout during harvesting operations,
an effective clamping conveying length of 550 mm was designed, and the calculated
inclination range is 0◦ ≤ ξ ≤ 21◦. Based on practical considerations, the inclination angle
of the clamping and conveying mechanism is taken as ξ = 15◦, and due to the integrity of
the header, the overall tilt angle of the header is 15◦.

To achieve effective clamping of the stems during the harvesting operation, the clamp-
ing and conveying speed exerts a significant influence on the breaking effect. To ensure
the stability and efficiency of the breaking operation, the changes in the inclination angle
and speed of the corn stems during the directional clamping and conveying process were
estimated. As shown in Figure 3, during the process of ears breaking, if the forward speed
of the machine is equal to the clamping and feeding speed of the stem, the rapid feeding of
adjacent plants may affect the ear-breaking effect of a single plant. Therefore, to reduce the
influence of the front plant on subsequent plants, the directional clamping and conveying
speed should not be less than the forward speed of the machine.

In the analysis of the process of gripping corn plants, and during the ear-breaking
operation, it is necessary to make the ears setting position Lj in the ear-breaking mechanism.

Above the minimum effective ear-breaking height H1, the tilt angle of the corn plant
should be less than α1.

If the operating speed of the machine during field operations is vj and the spac-
ing between plants is S1, then at time t1 when advancing by one pre-set unit spacing
between plants:

t1 =
S1

vj
(2)

In the formula, S1 is the single row spacing, mm; vj is the operation speed of machine, m/s.
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Figure 3. Schematic diagram of plant inclination angle under clamping and conveying.

During the directional clamping and conveying process, the upper end of the corn
plant tilts to a certain extent under the action of the clamping and conveying mechanism
to change the feeding posture of the fresh corn plant. When the critical condition is
reached, the ears setting position tilts to the lowest effective ear-breaking height H1. At this
point, adjacent corn plants also enter the feed inlet of the directional clamping conveyor
mechanism, and the clamping conveyor time t2 is:

t2 =
Lj × tan α

v f × cos ξ
(3)

In the formula, vf is the speed of directional clamping and conveying mechanism, m/s.
If t1 = t2, then:

v f =
Lj × tan α1

S1 × cos ξ
vj (4)

According to the measurement of the characteristics of fresh corn plants, the range of
ears height is 0.73–1.08 m, and the spacing between fresh corn plants is 0.25–0.35 m. The
mechanical operation speed is taken as 0.85–1.35 m/s based on the existing harvester oper-
ation speed. The clamping conveyor belt speed vf is calculated from Equations (1) and (2)
to be 1.83–2.92 m/s. According to the ratio between the machine forward speed and the
clamping feeding speed, the maximum speed of the clamping conveyor mechanism is
1.83 m/s. In summary, the speed range of the directional clamping conveying mechanism
is 1.35–1.83 m/s.

2.4. Design and Analysis of the Ear-Breaking Mechanism

The ear-breaking device is the core component of the corn harvester, and the harvesting
efficiency and ear damage rate of fresh corn are determined mainly by the ear-breaking
device. At present, there are two main types of corn ear-breaking devices: the roller type
and the combination of ear-breaking plate and stem-pulling roller. When the roller-type
ear-breaking mechanism is in harvesting operation, the direct contact between the ears and
the ear-breaking roller can cause severe ear biting due to the high moisture content of fresh
corn [22]. The combined ear-breaking device mainly uses the stem-pulling roller to pull the
corn stem downward, and when the ears come into contact with the ear-breaking plate,
the ears cannot pass through. When the separation occurs between the ears and stem, the
instantaneous impact on the same part of the corn ear is greater, resulting in a higher rate
of damage. At the same time, different collision conditions from different angles also cause
different amounts of damage to the impact surface of fresh corn ears.
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2.4.1. Stress Analysis of Fresh Corn Ears

The fresh corn-clamping and breaking device utilizes the breaking finger and the
gravity of the ears itself to complete the breaking operation during the breaking operation,
which can reduce the rate of damage to ears [23]. As shown in Figure 4, during the growth
of fresh corn plants, the balance equation between the weight torque of corn ears and the
torque T of stems under stable conditions is as follows:

T = GL1 sin θ (5)

Figure 4. Stress analysis of ears.

Assuming that during the process of ears breaking, ears breaking refers to applying a
downward acceleration a to the ears, the inertial force on the ears is given by:

mgL1 sin θ + maL2 sin θ = m(gL1 + aL2) sin θ (6)

In the formula, m is the mass of an ear, kg; L1 is the distance from the center of gravity
of the ear to the growth point, mm; L2 is the distance from the point of force application to
the growth point, mm; θ is the angle between the ear and the stem, ◦.

According to Equation (6), the combined moment of gravity and force of the ears
during the breaking process is greater than the torque of the stem when it is stable, so the
breaking operation can be completed.

Therefore, compared to traditional ear-breaking methods, the reverse ear-breaking
method requires less force to complete the ear-breaking operation under the self-weight of
the ears.

2.4.2. Design of the Ear-Breaking Mechanism

To reduce the damage rate of fresh corn ears, an active ear-breaking wheel was
designed based on the principle of manual ears breaking, which mainly consists of a
rotating wheel hub, ear-breaking fingers, and flexible rubber sleeves, as shown in Figure 5.

When performing ear-breaking operations, ears breaking refers to the process of
gradually increasing the force on the corn plant. Therefore, the relationship between the
installation height of the rotation axis of the ear-breaking wheel and the average ear height
should meet the following requirements:

H ≤ h (7)
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Figure 5. Schematic diagram of ears breaking mechanism. 1. Flexible breaking finger. 2. Rotating
wheel hub.

By measuring the physical parameters of fresh corn, 50 plants of Wannuo 2018 and
Starnuo 41 varieties were randomly selected during the harvest period. The physical
characteristics [24] (including plant growth height, stem diameter, ear diameter, and ear
height) of fresh corn plants were measured (Table 1).

Table 1. The physical characteristics of fresh corn.

Breed Position
Average

Value
Breed Position

Average
Value

Wannuo 2018

Plant height 2250 mm

Stanuo 41

Plant height 2310 mm
Ear height 937 mm Ear height 1005 mm

Lower diameter
of spike position 28.5 mm Lower diameter

of spike position 30.1 mm

Diameter at
ear position 19.3 mm Diameter at

ear position 21.7 mm

Diameter of the
four nodes on

the ear
16.7 mm

Diameter of the
four nodes on

the ear
18.3 mm

Ear diameter at
the large end 52.3 mm Ear diameter at

the large end 48.7 mm

Using a tensile tester to perform reverse breaking force testing on ears, the measured
breaking force ranged from 36.8 N to 72.4 N. Mechanical properties were measured using
a ZQ-890A mechanical (ZhiQu Precision Instrument Co., Ltd., Dongguan, China.) testing
machine (with a force range of 100 kg/1 kN). Using the three-point bending measurement
method, the average yield strength of the stem was found to be 9.26 MPa, the average
compressive strength of the ears with bracts was 0.205 MPa, and the average compressive
strength of the ears without bracts was 0.138 MPa.

The average ear height difference of a single variety is 296.5 mm, and the effective
ear height difference is reduced under the action of the directional clamping conveyor
mechanism, that is, dx ≤ 300 mm. Therefore, to ensure that all corn plants of the same
variety can be within the effective ear-breaking range, the installation of the ear-breaking
wheel rotation axis does not exceed the average ear-breaking height (a static analysis thereof
is represented in Figure 6).

44



Agriculture 2023, 13, 1506

Figure 6. Static ear breaking interval. 1. Directional clamping mechanism. 2. Corn plants. 3. Fresh
corn ears. 4. Breaking fingers.

To ensure that fresh corn ears can enter the ear-breaking fingers, the distance between
adjacent ear-breaking fingers should not be too small. If it is too small, it will prevent
the ear-breaking fingers from acting on the ears, affecting the efficiency of the operation;
therefore, the distance between adjacent fingers is such that:

dz = 2lz × sin
ρ

2
(8)

In the formula, dz is the distance between the fingers of two adjacent broken ears, mm;
lz is the breaking finger length, mm; ρ is the angle between adjacent ear fingers, ◦.

Due to the differences in growth among different corn varieties, the angle between ears
and stems is also different. Therefore, the effective length of ears in the vertical direction is:

dg = lg × cos β (9)

In the formula, dg is the distance between the fingers of two adjacent broken ears, mm;
lg is the breaking finger length, mm; β is the angle between ear and stem, ◦.

At the same time, the effective length dg of the ear in the vertical direction and the
distance dz between adjacent ear fingers should meet the following requirements:

dg ≤ dz (10)

According to the measurement of planting parameters for fresh corn plants in the
field, the average plant spacing of fresh corn is 325 mm, and the machine operating speed
is 1.2 m/s. During pre-testing, when the rate of rotation of the ear-breaking wheel is
90 rpm, the ear-breaking operation is good, so 90 rpm is used as a benchmark in subsequent
calculations. The relationship between ear-breaking time interval and ear-breaking index is
determined using Equation (11):

t =
60

n × z
(11)

In the equation, t is the interval time, s; n is the speed of spinning wheel, rpm; z is the
number of broken ear fingers.

From Equation (11), the rate of rotation of the ear-breaking wheel is inversely propor-
tional to the index of the ear-breaking finger. When the rotational speed of the ear-breaking
wheel is a fixed value, the time interval between ear-breaking fingers decreases as the
number of roots of the ear-breaking fingers increases. To ensure that there is no missed
picking during the ear-breaking operation, Equation (12) must be satisfied:

t ≤ d
v

(12)
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In the equation, d is the plant spacing of fresh corn, mm; v is the forward speed of
machine, m/s.

From this, it can be concluded that t ≤ 0.25 s. Considering the rotational balance and
structural dimensions of the ear-breaking wheel, when z = 6, t = 0.11 s satisfies Equation (12).

In summary, the length of the ear-breaking fingers is 300 mm, and the number of
ear-breaking fingers is 6. The inner part is an iron roller, and the outer part is a flexible
rubber sleeve. The material used for the outer rubber sleeve is polyurethane, with a Shore
hardness of 65A and a thickness of 7 mm.

2.4.3. Analysis of the Effect of Breaking Ears on the Growth Angle of Fresh Corn Ears

When the ear-breaking wheel is used for the ear-breaking operation, the growth direc-
tion of fresh corn ears has a significant impact on the ear-breaking effect of the ear-breaking
finger. Therefore, the gap between the ear-breaking fingers must meet the requirement of
producing ear-breaking force for fresh corn ears growing in different directions. During
the ear-breaking operation, the corn stem is directionally clamped and fed into the gap
between the ear-breaking fingers. As the diameter of the ear is smaller than the gap, the
ear-breaking finger can apply the ear-breaking force to separate the ear from the stem
from top to bottom. Due to the randomness of the direction between the ears and the gap
between the ear-breaking wheel during the operation of the machine, there are several
states where the angle between the ears axis and the ear-breaking finger axis appears, as
illustrated in Figure 7.

  
(a) Main View (b) Top view 

Figure 7. The relative position of the ear-breaking finger and the ears. 1. Ear-breaking roller.
2. Corn plants.

Based on the measurement data of the length of fresh corn ears and the angle between
ear and stem, the horizontal projection lgz of the top of the ear to the axis of the stem can be
calculated as:

lgj = lg × sin β (13)

lgz = lgj × sin αs (14)

From the above equation, in the unilateral case:

I. Fresh corn ears grow at a certain angle range in the opposite direction to the direction
of motion of the harvesting machinery, and the angle between the ears and stems
is: 0◦ ≤ αS < 31.2◦. The ear-breaking force is applied to the top one-third of the ears,
and as the ear-breaking finger rotates, the point of action of the resultant ear-breaking
force slides down to the bottom of the ears;
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II. Fresh corn ears grow at a certain angle range compared to harvesting machinery, and
the angle between the ears and corn stems is 31.2◦ ≤ αS < 148.8◦; the ear-breaking
force is applied to the middle one-third of the ears by the ear-breaking finger. As
the ear-breaking finger rotates, the point of action of the resultant ear-breaking force
slides down to the bottom of the ears or even to the stem itself;

III. Fresh corn ears grow in the same direction as harvesting machinery, and the angle
between the ears and stems is 148.8◦ ≤ αS ≤ 180◦; the ear-breaking force is applied to
the lower one-third of the ears by the ear-breaking finger. As the ear-breaking finger
rotates, the point of action of the resultant ear-breaking force slides down to the top of
the ears.

During this process, the stressed parts of fresh corn vary, so the impact force on the
ears with bracts is a sliding impact. This breaking method can reduce the proportion of
damaged ears.

2.4.4. Finite Element Analysis of Fruit Stem Bending Fracture

The solution idea of finite element method is to discretize a global solution domain into
multiple small subdomains and connect them into a whole through adjacent nodes [25,26].
Xiaodong Guan et al. [23] investigated collisions of ears at different angles using ANSYS.
This article aims to determine the impact of bending load on corn plants. The plant model
was imported into ANSYS, and corresponding loads were applied to observe the effect. By
adding forces, the effects of applied loads on the bending fracture trend of fruit stems were
examined, and the theoretical analysis of ear picking was conducted.

In ANSYS Workbench, the designed three-dimensional model of fresh corn plants
was imported and the mechanical properties parameters of fresh corn input [17] (as shown
in Table 2):

Table 2. Model parameters of fresh corn plants.

Young’s Modulus (N·mm−2) Density (kg·mm−3) Poisson’s Ratio

3.67 × 103 4.5 × 107 0.33

The fresh corn plant was divided into grids and Boolean operations were used to
connect the components. To ensure the independence of the three components, the Glue
command in Boolean operations was used to connect the common boundaries of each
component. To observe the stress analysis of the fracture site, the area where the stem is
connected to the upper and lower sections of the fruit stem and the area where the fruit
stem is connected to the ear was also meshed (Figure 8).

  
(a) Overall grid (b) Local mesh 

Figure 8. Grid division of fresh corn plants.

The fresh corn-clamping and breaking device designed in this article is fixed at both
ends during the breaking operation, exerting a force on the ears. When bent to a certain
extent, the ears are picked off; therefore, in finite element analysis, fresh corn plants are
fixed and supported in both an up and down motion, and loads are added to the ears.
According to the measurement of fresh corn ear-breaking force described in Section 2, the
range of ear-breaking force is 36.8 to 72.4 N. Due to errors in experimental measurement,
and based on the compressive strength data measured on the mechanical properties of corn

47



Agriculture 2023, 13, 1506

ears, under the condition of meeting the compressive strength of corn ears with bracts, a
force of 120 N is applied to the ears in a vertical downward direction. For the convenience
of observation, the model style during deformation is retained in finite element analysis
(by zooming in and out on the observed area). As shown in Figure 9a, there is a certain
amount of deviation due to the thin upper stem of the spike. The stress cloud diagram of
the connection between the fruit stem and the stem and ear after adding the load is shown
in Figure 9b.

  
(a) Total deformation diagram (b) Equivalent force cloud diagram 

Figure 9. Strain cloud diagram under vertical force.

Through observation and research, it has been found that under uniform load applied
to the surface of ears, force is transmitted to the fruit handle and straw, causing them to
undergo bending deformation under load. The maximum stress concentration is found
to be close to the point of connection between the fruit handle and straw; therefore, it
can be determined that, when bending load is applied to the surface of the ears, the fruit
handle will first bend and then break, and the breaking position is easy to occur near the
connection position between the fruit handle and straw. Therefore, the reverse ear-breaking
operation designed can be deemed reasonable.

3. Bench Test

3.1. Fresh Corn Clamping and Breaking Device Test Bench

The directional clamping device in the fresh corn clamping and breaking device needs
to have good stable clamping ability of the corn stem, to avoid excessive changes in the
posture of the corn plant that may affect the breaking effect; the ear-breaking device requires
a stable ear-breaking operation path, a certain degree of wear resistance and flexibility, and
an efficient harvesting effect. According to the operational requirements of the fresh corn
clamping and breaking device, a test bench for the fresh corn clamping and breaking device
was designed, which mainly consists of a directional clamping and conveying mechanism,
a breaking mechanism, and a stem pretreatment mechanism, as shown in Figure 10. The
entire test bench is powered by electricity, and its specific structural parameters are listed
in Table 3.

Table 3. Test bench size parameters.

Position Size Parameter

Overall dimensions of the test bench 1800 mm × 1300 mm × 2125 mm
Dimensions of lifting inner frame 1120 mm × 1090 mm × 1180 mm

Directional clamping and conveying mechanism 1000 mm × 400 mm
Rotation radius of ear-breaking mechanism r = 320 mm

Operation length of stem-pulling roller 580 mm
Range of platform lifting angle 0~40◦
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Figure 10. Structure diagram of the test bench for the fresh corn clamping and breaking device.
1. Directional clamping mechanism. 2. Ear picking mechanism. 3. Inner frame. 4. Outer frame.
5. Lifting push rod. 6. Stem pretreatment mechanism. 7. Cutting mechanism.

3.2. Tracking of Ears Movement Trajectory during Breaking

The process was theoretically verified using the directional clamping corn ear-breaking
device test bench. High-speed photography technology was used to collect images of the
trajectory changes of the ears being picked during the ear-breaking process. Later, motion-
tracking software (Adobe After Effects 2021) was used to mark the position of the ears and
track its motion trajectory [23], determining the contact situation of ears falling onto the
collection board (Figure 11).

Figure 11. Image collection during ear-breaking process. 1. Test bench. 2. Control box. 3. Display.
4. Feeding device. 5. High-speed camera.

We tracked the motion trajectory through the ear-breaking process and used Adobe
After Effects 2021 software to mark the bottom and top of the ear, as shown in Figure 12:
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the ear-breaking finger acts on the middle of the ear, and the stem has a certain bending
strength. During the application of the ear-breaking force, the ear-breaking force did not
reach the maximum bending force of the stem, resulting in a small degree of bending of the
stem. Therefore, in the actual ear-breaking process, breaking the ear refers to sliding from
the middle of the ear to the connection between the stem and the stem. During this process,
the ear is affected by its own self-weight and breaking forces, and the displacement of the
top changes quickly. It can achieve effective breaking of the ear using the combined force
of its own gravity and breaking force. The actual operation and virtual simulation results
are not significantly different, meeting the finite element and virtual simulation analysis of
fresh corn breaking. The device design can thus be deemed reasonable.

   

(a) Ear position marking (b) Trajectory tracking (c) Track amplification 

  

(d) Trajectory extraction before ear breaking (e) Trajectory extraction after ear breaking 

Figure 12. Tracking and extraction of ear trajectory during ear-breaking process.

3.3. Bench Test
3.3.1. Protocol

The experiments of gripping and breaking ears of fresh corn were conducted on a
self-designed and constructed breaking ears test bench. As shown in Figure 13, the overall
system adopts three-phase motor control (model: YX3-100L-6, manufacturer: Shanghai
Dashu Motor Co., Ltd., Shanghai, China). By adjusting the output power of the frequency
converter (model: CDI-EM60G1R5S2B, manufacturer: Hangzhou Delixi Frequency Con-
verter Co., Ltd., Hangzhou, China), the operating parameters of each mechanism were
controlled. After each mechanism had stabilized and was running smoothly, the test
was started. The directional movement of fresh corn plants fixed on the feeding device
simulated the relative movement of machinery and plants during harvesting operations.
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Figure 13. Physical image of the test bench. 1. Test bench. 2. Control box. 3. Feeding device.

The experimental material is fresh corn from the Wannuo 2018 variety, and the mois-
ture content of fresh corn ears needs to be measured before the experiment. Moisture is
used mainly to measure the moisture content of materials [27]. The measurement method
is the constant temperature drying method. Five fresh corn plants are randomly selected
from each point in the measurement area according to the five-point sampling method,
and the mass q of the seeds is measured. The weight of the seeds is not less than 50 g. The
temperature of the moisture meter is adjusted to 105 ± 2 ◦C, and each part of the material
is placed in the test box. The material is dried in the tray for 5 h until the mass is constant,
as shown in Figure 14. The mass q′ of each part is measured at this time, and the formula
for calculating water content is shown in Equation (15):

Q1 =
q − q

′

q′ × 100% (15)

 

Figure 14. Measurement of grain moisture content.

In the equation, Q1 is the moisture content of fresh corn ears, %; q is the quality before
drying, g; q′ is the quality after drying, g.

The average moisture content of the ears measured in the experiment was 67.23%,
which meets the harvest period standard. Corn plants with intact appearance, no sagging
ears, and good growth conditions were selected as the experimental material. The experi-
mental process used the quadratic regression orthogonal rotation combination method and
Design Expert 8.0.6 software to determine the orthogonal coding values of three factors
and five levels, as shown in Table 4.
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Table 4. Encoding of test factors.

Encoding Values

Factor

Clamping Feeding
Speed (m·s−1)

Spinning Finger Rotation
Speed (rpm)

Forward
Speed (m·s−1)

2 1.83 110.00 1.35
1 1.71 100.00 1.25
0 1.59 90.00 1.10
−1 1.47 80.00 0.95
−2 1.35 70.00 0.85

To ensure the accuracy of the test results, each group of experiments was conducted
three times, and 10 plants were harvested at a time. The overall operation of the device
was stable, and there were no blockages. The test results of measuring the target factors
using the constructed bench test are summarized in Table 5.

Table 5. Test plan and results.

Number

Factor Objective Function

Clamping
Feeding Speed

X1

Spinning Finger
Rotation Speed

X2

Forward
Speed

X3

Ear Damage
Rate
R1

Harvest
Impurity
Content

R2

1 1.47 80.00 0.95 0.47 1.92
2 1.71 80.00 0.95 0.37 1.75
3 1.47 100.00 0.95 0.82 1.73
4 1.71 100.00 0.95 0.85 1.93
5 1.47 80.00 1.25 0.52 2.14
6 1.71 80.00 1.25 0.65 1.52
7 1.47 100.00 1.25 0.23 2.30
8 1.71 100.00 1.25 0.74 2.17
9 1.39 90.00 1.10 0.48 2.29

10 1.83 90.00 1.10 0.83 1.54
11 1.59 70.00 1.10 0.31 1.73
12 1.59 110.00 1.10 0.85 1.98
13 1.59 90.00 0.85 0.64 1.72
14 1.59 90.00 1.35 0.31 2.14
15 1.59 90.00 1.10 0.37 1.76
16 1.59 90.00 1.10 0.32 1.71
17 1.59 90.00 1.10 0.24 1.68
18 1.59 90.00 1.10 0.47 1.66
19 1.59 90.00 1.10 0.56 1.49
20 1.59 90.00 1.10 0.41 1.77

3.3.2. Test Indicators

The target factors for selecting experimental indicators include the ear damage rate
and the ear impurity rate. To ensure the accuracy of measurement data, fresh corn planting
parameters were measured in the field, and the number of plants per mu (the mu is a
Chinese measure of land area, with 15 mu being equivalent to one hectare) was calculated.
The target factors for testing 30 plants were converted into the rate of damage and harvest
impurity rate per mu of fresh corn plants. The formula for calculating the number of ears
per mu is as follows:

S = 667 ÷ (lh · lz) · js (16)

In the formula, S is the yield per mu of the ears, piece; lh is the average row spacing,
cm; lz is the average plant spacing, cm; js is the ears setting rate, %.

Referring to the agricultural machinery promotion appraisal [20] (the specified indica-
tors for ears harvesting in the technical conditions of fresh corn harvesters), it is required
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that the impurity content of fresh corn ears should be ≤2%, and the damage rate of fresh
corn should be ≤4% for sweet corn; for glutinous corn and sweet glutinous corn, a value of
≤2% is acceptable.

I. Due to the high moisture content of fresh corn, threshing measurement is not appli-
cable. Therefore, after collecting all ears in the grain box and removing the bracts,
the condition of each ear being damaged by the machine was checked, and the total
number of grains and the number of damaged grains (with obvious cracks and peels)
were calculated according to the following formula:

Zs =
Ws

Wq
× 100% (17)

In the formula, Zs is the grain damage rate, %; Ws is the number of damaged grains,
piece; Wq is the total number of ears and grains, piece.

II. In the area of measurement, this research collected the harvested grain from the grain
bin, weighed the total mass and the mass of impurities (including stems and leaves),
and calculated the impurity content as follows:

Gn =
Wn

Wp
× 100% (18)

In the formula, Gn is the ears impurity content, %; Wn is the quality of debris, g; Wp is
the total mass of grain harvested in the grain tank, g.

4. Results

Based on bench test data, regression analysis was conducted using Design Expert
8.0.6 data analysis software [28] to obtain regression equations for ear damage rate R1 and
harvest impurity rate R2, and their significance was tested [29].

4.1. Analysis of the Impact of Ear Damage Rate
4.1.1. Multiple Regression Analysis of Ear Damage Rate

Based on the analysis of experimental data and multiple regression analysis, an
analysis of variance was conducted on the rate of ear damage (Table 6). The primary and
secondary order of the interaction between factors is as follows: X2, X2×3, X1

2, X1, X1×3,
X3, X2

2, X1×2, X3
2.

Table 6. Analysis of variance for ear damage rate.

Project Source Sum of Squares Freedom Mean Square F Value p Value

Damage rate

model 0.73/0.69 9/7 0.082/0.099 7.70/7.88 0.018/0.0011
X1 0.098/0.098 1/1 0.098/0.098 9.29/7.87 0.0123/0.0159
X2 0.17/0.17 1/1 0.17/0.17 16.37/13.86 0.0023/0.0029
X3 0.063/0.063 1/1 0.063/0.063 5.92/5.01 0.0353/0.0449

X1 X2 0.033 1 0.033 3.07 0.1102
X1 X3 0.063/0.063 1/1 0.063/0.063 5.96/5.04 0.0348/0.0444
X2 X3 0.13/0.13 1/1 0.13/0.13 12.53/10.61 0.0054/0.0069
X1

2 0.12/0.12 1/1 0.12/0.12 11.54/9.27 0.0068/0.0102
X2

2 0.062/0.057 1/1 0.062/0.057 5.85/4.58 0.0361/0.0535
X3

2 0.012 1 0.012 1.10 0.3190
residual 0.11/0.15 10/12 0.011/0.012

misfitting term 0.042/0.087 5/7 8.492 × 10−3/0.012 0.67/0.98 0.6643/0.5296
pure error 0.063/0.063 5/5 0.013/0.013

total 0.84 19

Note: The diagonal line represents the analysis of variance for R1 after removing insignificant factors. p < 0.01
represents a highly significant impact, 0.01 ≤ p ≤ 0.05 represents a significant impact, and 0.05 ≤ p ≤ 0.1 represents
a more significant impact.
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Among them, the rate of rotation of the ear-breaking wheel X2, the rotational speed of
the ear-breaking wheel X2×3, and the machine forward speed X2×3. The secondary term
X1

2 of the clamping feeding speed has a very significant impact on the ear damage rate R1
(p < 0.01); the clamping feeding speed X1, the interaction term X1×3 between the clamping
feeding speed and the machine forward speed, the machine forward speed X3, and the
secondary term X2

2 of the ear-breaking wheel speed have a significant impact on the ear
damage rate R1 (0.01 < p < 0.05). The clamping feeding speed and the rate of rotation of
the ear-breaking wheel X1×2, and the quadratic term X3

2 of the machine forward speed
have no significant impact on the ear damage rate R1 (0.1 < p). The interaction terms of the
insignificant terms are regressed to the sum of squares and degrees of freedom, and the
residual term is included. Continuing with the analysis of variance, the regression equation
for the influence of various factors on the ear damage rate R1 is:

R1 = +2.940 − 5.063X1 − 0.007X2 + 3.779X3
+1.849X1X3 − 0.086X2X3 + 0.871X1

2 + 0.0006X2
2 (19)

According to the mismatch in the above equation, p = 0.5296, so it is insignificant,
indicating that there are no other main factors affecting the experimental indicators. There
is a significant quadratic relationship between the experimental indicators and the experi-
mental factors [27].

4.1.2. Response Surface Analysis of Ear Damage Rate

Response surface analysis of the effects of interaction factors on the rate of ear damage
was conducted using Design Expert 8.0.6 data analysis software. The experimental data
were processed to obtain support for the significant and significant interaction between
the feeding speed X1, the rate of rotation X2 of the ear-breaking wheel, and the machine
forward speed X3 on the rate of damage to the ears, as shown in Figure 15.

I. For the ear breakage rate R1, when the speed of the ear-breaking wheel X2 = 90 rpm,
the interaction between the clamping feeding speed and the machine forward speed
is shown in Figure 15a.

  
(a) (b) 

Figure 15. Effect of the interaction of experimental factors on the rate of ear damage. (a) The
interactive effect of the clamping feeding speed and machine forward speed on R1; (b) The interactive
effect of the rotation speed of ear-breaking wheel and machine forward speed on R1.

When the clamping feeding speed is constant, the ear breakage rate R1 gradually
decreases with the increase in the machine’s forward speed.

As the machine’s forward speed increases, the overall tilt of the fresh corn plant
decreases. The ear-breaking force generated by the rotation of the ear-breaking finger is
a fixed value, and the effective breaking force acting on the ear of the fruit increases. The
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number of effective breaking operations increases, resulting in a decrease in the value of
the ear damage rate R1.

When the machine advances at a certain speed, the rate of damage R1 gradually
increases with the increase in the clamping feeding speed.

As the clamping feeding speed increases, the overall tilt angle of the fresh corn plant
gradually increases. The increase in tilt angle reduces the effective number of times the
ear-breaking wheel is applied to the ear, and the decrease in ear breaking force is likely to
increase the bending force on the plant, leading to the inability to effectively pick the ear.
This phenomenon may be attributed to the short clamping time actually applied to the ear.

That is to say, compared to the influence of the forward speed of the machine, when
the speed of the ear-breaking wheel is constant, the clamping feeding speed is the main
factor affecting the ear breakage rate R1.

II. For the ear breakage rate R1, when the directional clamping feeding speed X1 = 1.59 m/s,
the interaction between the ear-breaking wheel speed and the machine forward speed
is as shown in Figure 15b.

When the machine advances at a certain speed, the ear damage rate R1 gradually
increases with the increase in the rate of rotation of the ear-breaking wheel.

As the rate of rotation of the ear-breaking wheel increases, the force exerted by the
ear-breaking wheel on the corn ear gradually increases. Due to the high moisture content
of the grains, the smaller compressive strength is not sufficient to withstand the impact
force exerted by the ear-breaking finger per unit area, resulting in an increase in the ear
damage rate R1.

When the rate of rotation of the ear-breaking wheel is constant, the ear breakage rate
R1 tends to decrease with the increase in the machine’s forward speed.

This may be because as the front speed increases, the overall tilt angle of the fresh corn
plant gradually decreases during this process, and the effective number of ear breaking
times caused by the ear-breaking wheel on the corn ears increases, resulting in an increase
in the number of ear breaking times of the device and a decrease in the ear damage rate R1.

This means that compared to the influence of the forward speed of the machine, the
rotational speed of the ear-breaking wheel is the main factor affecting the ear breakage rate
R1 when the clamping feeding speed is constant.

4.2. Analysis of the Impact of Impurity Rate in Harvest
4.2.1. Multiple Regression Analysis of Impurity Rate in Harvest

Based on the analysis of experimental data and multiple regression analysis, the
variance of the impurity content in the harvest was analyzed (Table 7). The primary and
secondary order of the interaction between factors is: X1, X3, X3

2, X1
2, X2, X1×2, X2×3,

X1×3, X2
2.

Among them, the clamping feeding speed X1, the machine forward speed X3, and
the machine forward speed secondary term X3

2 have a significant impact on the harvest
impurity content R2 (p < 0.01); the secondary term of clamping feeding speed X1

2, the rate
of rotation of the ear-breaking wheel X2, the interaction term of clamping feeding speed
and ear-breaking wheel speed X1×2, the interaction term of ear-breaking wheel speed and
machine forward speed X2×3, the interaction term of clamping feeding speed and machine
forward speed X1×3, and the secondary term of ear-breaking wheel speed X2

2 have a
significant impact on the yield impurity rate R2 (0.01 < p < 0.05). There are no insignificant
factors in the yield impurity rate, so an analysis of variance was conducted on the overall
factors, the regression equation for the impact of each factor on the yield impurity rate R2
can be obtained as follows:

R2 = +23.6232 − 4.4796X1 − 0.2494X2 − 10.6688X3 + 0.0336X1X2
−2.0313X1X3 + 0.0683X2X3 + 0.8564X1

2 + 0.0007X2
2 + 4.1333X3

2 (20)
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Table 7. Analysis of variance of the impurity content in harvest.

Project Source
Sum

of Squares
Freedom

Mean
Square

F Value p Value

Impurity
content

model 1.07 9 0.12 10.07 0.0006
X1 0.29 1 0.29 24.43 0.0006
X2 0.11 1 0.11 9.27 0.0124
X3 0.17 1 0.17 14.12 0.0037

X1 X2 0.092 1 0.092 7.86 0.0187
X1 X3 0.076 1 0.076 6.46 0.0293
X2 X3 0.084 1 0.084 7.14 0.0234
X1

2 0.11 1 0.11 9.42 0.0119
X2

2 0.064 1 0.064 5.41 0.0423
X3

2 0.12 1 0.12 10.59 0.0087
residual 0.12 10 0.012

misfitting term 0.066 5 0.013 1.27 0.4004
pure error 0.052 5 0.010

total 1.18 19
Note: p < 0.01 represents a highly significant impact, 0.01 ≤ p ≤ 0.05 represents a significant impact, and
0.05 ≤ p ≤ 0.1 represents a relatively significant impact.

From the mismatch of the above regression equation, p = 0.4004, so it is insignifi-
cant, indicating that there are no other main factors affecting the experimental indicators.
There is a significant quadratic relationship between the experimental indicators and the
experimental factors.

4.2.2. Response Surface Analysis of Impurity Rate in Harvest

The experimental data were processed using Design Expert 8.0.6 data analysis software
to obtain the significant and significant interaction between the clamping feeding speed X1,
the rate of rotation X2 of the ear-breaking wheel, and the machine forward speed X3 on the
yield impurity rate. The response surfaces of the experimental factor indicators are shown
in Figure 16, respectively.

I. For the impurity content R2 of the harvest, when the machine advances at a speed X3
of 1.10 m/s, the interaction between the clamping feeding speed and the speed of the
breaking wheel is shown in Figure 16a.

   
(a) (b) (c) 

Figure 16. Response surface of experimental factor interaction on the impurity content in harvest.
(a) The interactive effect of clamping feeding speed and the rotation speed of ear-breaking wheel on
R2; (b) The interactive effect of clamping feeding speed and machine forward speed on R2; (c) The
interactive effect of the rotation speed of ear-breaking wheel and machine forward speed on R2.

When the clamping feeding speed is constant, the impurity content R2 in the harvest
gradually increases with the increase in the rate of rotation of the ear-breaking wheel.
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This may be because as the rotational speed of the ear-breaking wheel increases, the
rotational speed of the ear-breaking finger also correspondingly increases. The number
of times the stems and leaves of fresh corn plants are subjected to the action of the ear-
breaking finger increases, and the likelihood of the stems and leaves breaking increases.
The proportion of broken stems and leaves to the harvest impurity rate increases, leading
to an increase in the harvest impurity rate R2.

When the rate of rotation of the ear-breaking wheel is constant, the impurity content
R2 in the harvest shows a decreasing trend with the increase in the clamping feeding speed.

This may be due to the increase in clamping feeding speed and the increase in stem
inclination, resulting in a decrease in the contact time between the plant stem and the force
of the ear-breaking finger and a decrease in the amount of stem and leaf falling, resulting
in a decrease in the harvest impurity content R2.

That is to say, compared to the influence of clamping feeding speed, the rotational
speed of the ear-breaking wheel is the main factor affecting the harvest impurity rate R2
when the machine’s forward speed is constant.

II. For the harvest impurity content R2, when the rate of rotation of the ear-breaking
wheel X2 is 90 rpm, the interaction between the clamping feeding speed and the
machine forward speed is as shown in Figure 16b.

When the machine advances at a certain speed, the impurity content R2 in the harvest
gradually decreases with the increase in the clamping feeding speed.

This may be due to the increase in clamping feeding speed and the inclination of
the stem, which reduces the impact force on the stem after the breaking of the ear by
the breaking finger. As a result, the degree of damage to the stem and leaves decreases,
resulting in a decrease in the impurity rate R2 of the harvest.

When the clamping feeding speed is constant, the impurity content R2 in the harvest
gradually increases with the increase in the forward speed of the machine.

This may be due to the increase in the forward speed of the machine, which increases
the feeding amount of fresh corn plants and the number of interactions between fresh corn
plants. The ear-breaking finger acts on the intertwined stems and leaves, and the area of
action applied by the ear-breaking finger on the stems and leaves increases, increasing the
possibility of stem and leaf breakage or damage, thereby increasing the impurity content
R2 in the harvest.

That is to say, compared to the influence of clamping feeding speed, the forward speed
of the machine is the main factor affecting the impurity rate R2 of the harvest when the
rotational speed of the ear-breaking wheel is constant.

III. For the impurity content R2 of the harvest, when the clamping feeding speed X1 is
1.59 m/s, the interaction between the speed of the breaking wheel and the forward
speed of the machine is as shown in Figure 16c.

When the forward speed of the machine is constant, the impurity content R2 in the har-
vest gradually increases with the increase in the rate of rotation of the ear-breaking wheel.

This may be due to the increase in rotational speed of the ear-breaking wheel, which
increases the number of times and impact force that the ear-breaking finger acts on fresh
corn plants. The instantaneous impulse acting on the stems and leaves is larger, increasing
the degree of damage to the stems and leaves, and thus increasing the impurity rate R2 in
the harvest.

When the rate of rotation of the ear-breaking wheel is constant, the impurity content
R2 in the harvest gradually increases with the increase in the machine’s forward speed.

This phenomenon is similar to the clamping feeding speed and machine forward
speed as influencing factors when the speed of the ear-breaking wheel is constant.That is,
when the clamping feeding speed and the rotating speed of the ear-breaking wheel are
constant, the higher the forward speed of the machine, the more the feeding amount will
cause the stems to intertwine with each other. When the ear-breaking finger applies force
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to it, the possibility of the stems and leaves breaking or damaging increases, resulting in an
increase in the impurity content R2 of the harvest.

That is to say, compared to the influence of the rotational speed of the ear-breaking
wheel, the forward speed of the machine is the main factor affecting the impurity content
R2 of the harvest when the clamping feeding speed is constant.

4.3. Selection of Optimal Operation Parameters

Based on the response surface analysis of the ear damage rate and harvest impurity
rate mentioned above, three regression models were solved using the optimization function
in Design Expert 8.0.6 analysis software. According to the actual operating environment,
performance requirements, and above analysis results of the fresh corn gripping and
breaking device, the optimization and constraint conditions were selected as follows:

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩

1.35 m/s ≤ X1 ≤ 1.83 m/s
70.00 rpm ≤ X2 ≤ 110.00 rpm
0.85 m/s ≤ X3 ≤ 1.35 m/s
minR1(X1, X2, X3)
minR2(X1, X2, X3)
0.23% ≤ R1 ≤ 0.85%
1.49% ≤ R2 ≤ 2.00%

(21)

Based on the output values of certain parameters, various optimized combinations of
mechanism operating parameters were obtained. Considering the stability of the overall op-
eration of the harvesting device while ensuring the efficiency of the ear-breaking operation,
the optimal combination of operation parameters was selected from multiple optimization
results: a directional clamping feeding speed of 1.67 m/s, an ear-breaking wheel speed of
80 rpm, and a machine forward speed of 1.06 m/s were used: the corresponding average
ear damage rate was 0.37%, and the average harvest impurity rate was 1.55%. Compared to
the experimental data of the biomimetic ear picking mechanism designed by Guangqiang
Zhu’s team [11], this parameter combination reduces the average ear damage rate by 0.51%.

Based on the theoretical operation parameters obtained from orthogonal experiments,
the optimization results were experimentally verified to ensure the reliability of the pa-
rameter optimization results and the actual operation situation. The bench test validation
results were taken as the average value, as displayed in Table 8. The actual experimental
values and predicted values of ear damage rate and harvest impurity rate had errors of
0.2% and 0.32%, respectively. The error between the bench test measurement results and
the orthogonal software analysis prediction results was relatively small. From this, the
regression equation established in this study could be deemed reliable.

Table 8. Statistical results: experimental validation.

Comparative Test Verification Ear Damage Rate Harvest Impurity Content

Theoretical data 0.37% 1.55%
Actual test mean 0.57% 1.87%

4.4. Discussion

From the analysis of the influencing factors of the two experimental indicators (ear
damage rate R1 and harvest impurity rate R2) in Sections 4.1 and 4.2 of this chapter, we
found that the experiment still has some limitations.

In Section 4.1, we found in the analysis of R1 that the clamping feeding speed (X1)
and the breaking wheel speed (X2) may be the two main factors (both will increase the
value of R1), and the order of influence is X2, X1, X3. As shown in Table 6, the p-value of X2
is ≤0.01, which is a very significant impact, while the p-value of X3 and X1 is greater than
0.01, which is a significant impact.An increase in the value of X3 will result in a decrease in
the value of the R1 test indicator, which is the result we hope to achieve. However, within
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the range of its influence, the forward speed of the machine (X3) is only taken as a certain
value within the range of 0.85–1.35 m/s, which has certain limitations.

In addition, X2 accounts for a significant proportion of the impact on R1, which means
that the value of R1 increases. This may be because the impact force applied by the ear-
breaking finger is more likely to cause damage to the ear compared to the bending force on
the ear when the clamping device is in contact. Because the moisture content of fruit ears is
high, their compressive strength is low. However, this experiment did not investigate the
range within which the compressive strength of the ears and the impact force generated by
the breaking fingers were generated in the experiment.

In Section 4.2, where R2 may have more influencing factors, but its main influencing
factors are similar to Section 4.1, namely X1, X2, and X3. The order of influence of these
three is X1, X3, X2. (As shown in Table 7, p-values of X1 and X3 ≤ 0.01 are extremely
significant effects; p-values of X2 > 0.01 are significant effects.)

X1 has a higher proportion of influence in multiple regression analysis, but the in-
fluence value of X3 is not significantly different from X1, and the feedback categories
generated by the two on experimental indicators are also not the same. X1 will reduce the
value of R2, while X3 will increase the value of R2. What we hope to see is that X1 can
reduce the value of the experimental indicator R2.

Both X2 and X3 increase the value of R2, but the influence of X3 is relatively large. This
may be because as the value of X3 increases, excessive feeding leads to the entanglement
of stems and leaves, increasing the likelihood of stem and leaf breakage or damage. In
contrast, when the value of X2 increases, the number of times the ear-breaking value acts on
the stems and leaves increases, and the breakage of the stems and leaves is not as obvious
as the phenomenon of intertwining between the stems. The specific value of stem and leaf
breakage was not studied in this experiment.

Finally, the operation of the ear-picking device in this article is in a flexible ear-picking
state. For the case of a rigid ear-picking state, no comparative experiment was conducted.

5. Conclusions

This article verifies the feasibility of the fresh corn ear-picking device through bench
tests and analyzes the effects of various factors on the yield of ear damage and impurity
content through orthogonal experiments of three factors and five levels.

I. Based on theoretical calculations and single-factor experiments, the effective oper-
ating speed range of each mechanism to ensure efficient harvesting operations was
determined. Second, gradient partitioning of its parameters was performed using
Design Expert 8.0.6 data analysis software, and orthogonal experimental parameter
combinations were designed for testing and measurement.

After analyzing the experimental data and multiple regression analysis, it was found
that the main and secondary order of the impact on the damage rate of fresh corn ears is
as follows: the rotation speed of the ear-breaking wheel, the interaction term between the
rotation speed of the ear-breaking wheel and the machine forward speed, the secondary
term of the clamping feeding speed, the clamping feeding speed, the interaction term
between the clamping feeding speed and the machine forward speed, the machine forward
speed, and the secondary term of the ear-breaking wheel speed. The interaction term
between the clamping feeding speed and the rotational speed of the ear-breaking wheel, as
well as the quadratic term of the machine forward speed, have no significant impact on the
ear breakage rate R1. The most obvious factor is the rotational speed of the ear-breaking
wheel, which is the same as other types of ear-picking mechanisms for the rate of ear
damage. However, due to the buffering effect of the flexible ear-breaking finger, the force
change of the ear is relatively gentle.

After analyzing the experimental data and multiple regression analysis, it was found
that the primary and secondary order of the impact of harvest impurity rate on the damage
rate of fresh corn ears was as follows: clamping feeding speed, machine forward speed,
machine forward speed quadratic term, clamping feeding speed quadratic term, ear-
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breaking wheel speed, interaction term between clamping feeding speed and ear-breaking
wheel speed, interaction term between ear-breaking wheel speed and machine forward
speed, and interaction term between ear-breaking wheel speed and machine forward speed
The interaction term between the support feeding speed and the forward speed of the
machine, as well as the quadratic term of the rotation speed of the ear-breaking wheel, do
not have insignificant factors in the impurity content of the harvest. The most obvious
factor is the clamping feeding speed, mainly due to the frequency of posture changes of
fresh corn plants, which offsets the impact of the ear-breaking wheel on the plants.

The optimal operating parameter ratio obtained from the bench test is as follows:
clamping feeding speed 1.67 m/s, breaking wheel speed 80 r/min, and machine forward
speed 1.06 m/s. In the bench test, it was found that actively applying the breaking force
through the flexible picking mechanism can effectively reduce the crushing rate of fruit
ears and also solve the problem of blockage during mechanical harvesting.

II. In order to ensure the reliability and stability of the fresh corn harvester, it is necessary
to optimize the structural parameters of the harvester after conducting corresponding
stem collection device design experiments. At the same time, it is necessary to
optimize the material of the outer rubber of the ear-breaking finger to ensure the
reliability of the ear-breaking mechanism. At the same time, to ensure the rationality
of the header structure design, structural design and testing of the stem collection
device will be carried out in the later stage based on this foundation.

III. During the design and bench test of the fresh corn clamping and breaking device, the
main objective was to study and test the damage rate and impurity content of corn
harvest ears. The theoretical calculation and optimization of the device’s power con-
sumption were not conducted. In the later stage, optimization design and improvement
will be carried out based on the power consumption requirements of the harvesting
device to meet the operational requirements of the fresh corn harvesting device.

IV. During the experiment of breaking ears of fresh corn, data statistics were conducted
on the damage rate and impurity content of the fresh corn harvest. The breaking
device designed in this article effectively reduced the damage rate and impurity
content compared to other types of fresh corn picking devices. Among them, during
the picking experiment, the damage rate of each group of operating parameters
was less than 1%, which was 1% lower than the industry indicator’s 2% damage
rate. Due to the ear-picking device, the impurity content is mainly manifested as
the breakage of fresh corn plant leaves. Therefore, the impurity content is selected
within 2% to seek the optimal parameter ratio to meet the standard of mechanized
corn harvesting operation.
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Abstract: This study aimed to design a counter-rotating dual-axis spiral ditcher to address the
problems of the lack of ditching models, low ditching quality, and high power consumption in
ditching operations in hilly and mountainous orchards. By establishing a discrete element simulation
model of the interaction between the dual-spiral cutter and the soil, we analyzed the effects of
different operating parameters on the ditching performance and power consumption to explore
the mechanism of the interaction between the soil-engaging components and the soil; meanwhile,
according to the simulation data, we took the forward speed, cutter speed, and ditching depth as the
experimental influencing factors, and we took the ditching qualification rate and power consumption
as the experimental indicators. Then, through a three-factor and three-level orthogonal experimental
analysis, we obtained the optimal parameter combination. Based on the optimized simulation results,
a prototype ditcher was fabricated, and the results of a soil trough test showed that the ditcher had a
stable ditching performance, an average ditching qualification rate of 91.4%, an average soil crushing
rate of 72%, and a ditching adjustment structure that could adjust the ditching depth and width
within the ranges of 15–25 cm and 10–20 cm, respectively. The optimized ditcher had high efficiency,
stability, and energy savings during its operation, and it was able to meet the agronomic requirements
for ditching operations. This study provides a design basis and technical support for dual-spiral trial
ditching operations.

Keywords: spiral cutter; discrete element simulation; parameter optimization

1. Introduction

Traditional ditching machines mainly include four types: the plow, disc, chain, and
spiral types. They have the following characteristics and scopes of application: The plow
ditcher is suitable for harsh farmland conditions but has low mechanical strength and low
power output; the disc ditcher is suitable for southern farmlands, has high mechanical
strength, and is more commonly used; the chain ditcher, which is suitable for digging
deep and narrow ditches, has a good ditch shape and high efficiency and is often used for
laying pipelines or cables; and the spiral ditcher has low resistance, has good operation
quality, can throw soil and mix, and is often used for ditching and fertilizing in hilly and
mountainous orchards [1–3]. It can also loosen soil and cut roots at the same time, promote
the circulation of hot water and fertilizer, stimulate the growth of new fine roots, enhance
the absorption capacity, and improve the subsequent fertilization effect [4,5]. Compared
with that for other types, the research on the spiral ditcher is relatively undeveloped. With
the standardization and normalization of orchard agriculture, as well as the increasing
shortage in the labor force, the demand for mechanized ditching is increasing, which has
promoted the innovation and development of various new types of ditching machines.
To improve upon the conventional spiral ditcher, this study designed a counter-rotating
dual-axis spiral ditcher.
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In recent years, to improve the level of mechanization in orchards, relevant experts
have designed a variety of new spiral ditchers. These ditchers are based on traditional
operation methods, but they have been innovated and optimized by adopting different
spiral structures and working parameters to adapt to different soil environments and
agronomic needs. For example, the 1KS60-35X orchard-type dual-spiral fertilizer applicator
developed by Xiao Hongru et al. 2017 can perform the integrated operations of soil breaking
with the front axle and of soil stirring and fertilizing with the rear axle, thus effectively
saving time and resources and improving the operation efficiency [6]. Ma Tie, Lin Jing,
and Gao Wenying et al. designed a deep burial and returning machine for straw with a
spiral ditching device and compared the advantages and disadvantages of single-spiral
and dual-spiral structures; in addition, they drew on the principles of bionics to optimize
the design of the spiral blade surface, enhanced the anti-blocking performance of the spiral
blade, improved the adaptability of the spiral ditcher, and determined the optimal working
parameters of the spiral ditcher through experiments [7,8]. Jiang Jianxin designed a dual-
side spiral ditching device for small orchards that had two gears of operation speeds that
could be flexibly adjusted according to the soil environment and agronomic needs, and
they conducted a detailed design study on the structural parameters of the spiral cutter
and the power parameters of the machine [9].

The simulation of the process of the interaction between a cutter and soil is an effective
research method that can greatly shorten the research and development time and save
research costs through analysis. This is of great significance for the optimization of agri-
cultural machinery [10]. In recent years, discrete element simulation, which is a common
simulation method, has been used by more and more scholars to study the interactions
between soil and operation machinery. It provides a basis for the optimization of the struc-
tural and motion parameters of a cutter by analyzing the changes in the force state of the
soil and cutter during operation [11,12]. For example, Wang Shaowei optimized a ditching
cutter based on an inclined spiral ditcher that was developed by his research group for hilly
orchards. He established a discrete element simulation model for analyzing the ditching
power consumption and studied the law of the influence of the operation parameters on
the ditching power consumption [13]. Zang Jiajun et al. designed a curved ditching and
mixing device based on an orchard straw-covering machine to realize the integration of
ditching, fertilizing, and mixing operations. They conducted a discrete element simulation
of the ditching and fertilizing processes to determine the optimal pitch and operation speed
of the cutter [14]. At present, there is still a lack of research on spiral ditchers. According
to relevant studies, it was shown that an inclined shaft operation can effectively reduce
the cutting power consumption of a cutter during operation [15]. Therefore, it is necessary
to further study spiral ditchers and optimize the power consumption and effects of their
cutters during operation.

This study was aimed at the demands of ditching operations in hilly and mountainous
orchards, the design of a counter-rotating dual-axis spiral ditcher, and the establishment of
a discrete element model of the interaction of a spiral cutter and soil by taking the ditching
qualification rate and operation power consumption as the test indicators. We used EDEM
software for the analysis of the simulated experiments, explored the effects of the cutter’s
structural and operation parameters on the ditching performance, and obtained the optimal
combination of the structural and operation parameters for the cutter; finally, we verified
the simulation results with a soil trough test, which proved the reliability of the simulation
model and the rationality of the optimization scheme.

2. Materials and Methods

2.1. Design of the Overall Structure

The main components of the spiral ditcher were a three-point suspension frame,
limit pull rod, movable hinge, spiral cutter, drive motor, reducer, etc. A diagram of the
structure is shown in Figure 1. The machine was connected to a traction vehicle by a
three-point suspension device. The power output from the motor was transmitted to the
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spiral cutter shaft through the reducer and a coupling to drive the cutter’s rotation. The
motion parameters of the cutter could be precisely controlled by adjusting the output
speed through the motor control box. The device was also able to control the ditching
depth and width by adjusting the length of the limit pull rod on the frame, which changed
the operating angle of the cutter. The operation depth and width of the ditcher could
be flexibly adjusted according to the agronomic needs and field conditions in different
operation environments. The ditching cutter consisted of a pair of double-blade spiral
cutters with opposite helixes, for which a coaxial double-blade structure that could alleviate
the problem of unbalanced force on the cutter shaft during rotation was adopted. During
operation, the ditching cutter first completed the soil entry process; from top to bottom
in the forward direction, the left cutter shaft rotated clockwise, and the right cutter shaft
rotated counterclockwise; that is, they were arranged in counter-rotation.

Figure 1. Virtual prototype of the dual-axis spiral trencher. 1. Three-point suspension device.
2. Installation frame of the cutter. 3. Limit rod A. 4. Limit rod B. 5. Motor mounting bracket.
6. Movable hinge. 7. Mounting plate. 8. Spiral cutter. 9. Bearing seat A. 10. Bearing seat B.
11. Coupling. 12. Reducer mounting seat. 13. Reducer. 14. Brushless DC motor.

The working principle was as follows: First, the output shaft of the motor drove the
cutter shaft to rotate through the reducer, and it gradually lowered the cutter to cut into the
soil. Then, when the cutter reached the predetermined trenching depth, the tractor moved
forward and started trenching. The spiral blade continued to cut and throw out the soil at
the rear end out of the trench. The spiral trencher was able to adjust the working angle of
its trenching cutter according to the user’s needs to achieve the desired effect of adjusting
its trenching depth and width. The trenching depth could be adjusted from 150 mm to
250 mm, and the trenching width could be adjusted from 150 mm to 200 mm. When the
three-point suspension position remained unchanged, the depth of the operation could
be changed by adjusting the length of the limit rod to change the angle between the tool
axis and the horizontal plane. The relationships between the angle of the cutter shaft, the
horizontal plane, and the working depth are shown in Table 1.

Table 1. The relationship between angles and ditch depths.

Working depth/mm 150 170 190 210 230 250

Angle with horizontal plane/◦ 23.9 27.4 30.9 34.6 38.4 42.5
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2.2. Design of the Trenching Components

The spiral ditching tool used a motor to drive the spiral blade to rotate at a high speed,
thus cutting the soil particles and making them move along the spiral’s direction. The
soil particles were subjected to centrifugal force and moved to the outer edge of the spiral
blade. At the same time, the ditch wall exerted friction on the soil particles, inhibiting
them from rotating with the blade and causing them to rise along the spiral blade to the
soil surface; then, they were thrown out of the ditch under the influence of centrifugal
force. This method was able to effectively loosen the soil structure and improve the quality
and efficiency of the operation [16]. The device mainly consisted of a keyway connecting
shaft, an inner spiral cylinder, a spiral blade, and a soil-drilling cone. The connecting shaft,
inner spiral cylinder, and drill tips were welded into one piece; the spiral blades were
welded symmetrically in four sections on the inner cylinder. According to previous design
experience, a blade shaft diameter of 20 mm, a blade outer diameter of 100 mm, and a blade
thickness of 3 mm were chosen. In order to enhance the strength of the blade and break
through the hard soil of the bottom plow layer, heat treatment was required [17].

The spiral blade is a key component of a soil-lifting machine, and its pitch type, number
of threads, and installation method determine the quality of the soil-lifting effect [18]. By
comprehensively considering the processing difficulty and operation effects, this study
finally adopted a fixed pitch blade for trial production. In order to optimize the soil-lifting
amount and operation efficiency, an inclined double-shaft spiral cutter was adopted, which
was installed in a trapezoidal shape to adapt to the trapezoidal cross-section of ditches
in hilly mountain orchards. The specific parameters of the fixed pitch blade and double-
thread spiral blade are shown in Table 2, and their soil-lifting performance was tested and
analyzed. Figure 2 shows a schematic diagram of the cross-section of the ditching process.

Table 2. Parameters of the spiral cutter.

Parameters
Main Shaft

Outer
Diameter/mm

Main Shaft
Length/mm

Spiral Outer
Diameter/mm

Spiral
Angle/◦

Blade
Thickness/mm

Pitch/mm

Numerical value 20 30 100 15 3 70

Figure 2. Schematic diagram of the cross-section of the ditching process.

The spiral blade is a core component of a spiral ditching machine, and the shape of
its spiral line determines the effect of its interaction with soil particles. The spiral line of a
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double-blade spiral cutter can be expressed by a hyperbolic spiral; that is, when any point
L on the cylinder moves along the generatrix at a constant speed from bottom to top while
the generatrix rotates around the central axis of the cylinder, its motion trajectory is a spiral
line, as shown in Figure 3. If the spiral line is flattened, it becomes a straight line on a
plane. In the figure, the initial spiral angle corresponding to the starting point of the spiral
line is α, and the height corresponding to the position of point L after the generatrix has
turned n times is h. Such a spiral shape can allow a double-blade spiral cutter to more
effectively cut soil particles during ditching and reduce the resistance of soil to the blade.
The parameters of the spiral line can be optimized and adjusted according to different soil
types and ditching operation requirements in order to achieve better ditching effects.

Figure 3. The principle of helix formation.

The spiral line equation of the double-spiral ditching tool is [19]:

x = r cos 2πn (1)

y = r sin 2πn (2)

z = al (3)

l = 2πrn (4)

α is the initial angle of the helix (◦), n is the number of turns of the helix, and l is the
arc length (m) of the busbar.

By taking the derivative of z, the tangent value of the helix angle at a certain point of
the constant-pitch helix is:

z′2 = a (5)

By substituting the starting position of the helix, z′ = tgα, z′ = tgα, n = 0, into
Equation (4), the coefficient α of the quadratic term of the constant-pitch helix α is:

a2 = tan a (6)
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a is the initial angle (◦) of the helix, and n is the number of turns of the helix.

2.3. Working Parameters of the Cutting Tool

During the trenching process, the effects of soil being cut and discharged out of the
trench by the helical blade determine the quality and efficiency of trenching. The rotational
speed of the cutting tool is an important factor affecting the trenching effect. If the trencher
speed is too low, the soil will accumulate at the bottom of the trench, resulting in a reduction
in the trench depth and width; if the speed is too high, the soil will be thrown too far, causing
soil loss and backfilling difficulties. Therefore, according to the trenching conditions and
requirements, an appropriate trencher speed should be selected. The calculation method
for the rotational speed of the helical trenching tool is as follows [20–22]:

n =
30
π

Fr

√
2g
D

(7)

In the formula, Fr is the dimensionless similarity criterion (determined by the trenching
helix angle; the range of values is 2.5–4.5), and D is the outer diameter of the helical
blade (m).

The helix pitch angle affects the trenching efficiency, and the helix pitch angle in
this machine’s design was 15◦. The relationship between the feed per revolution S of the
helical trencher and the angle ξ (the value was 1◦, and the range was 0.4◦–1◦) between the
direction of motion of a point on the helical blade and the horizontal plane is given by the
following formula:

S = πD × 103tgξ (8)

ξ is the angle between the direction of motion of a point on the helical blade and the
horizontal plane.

In order to cause the soil to be smoothly thrown out of the trench, when the helix pitch
angle was 15◦ and the angle ξ between the direction of motion of a point on the helical
blade and the horizontal plane was 1◦, the minimum value of the angle β between the
soil’s direction of motion and the horizontal plane and the value of Fr were obtained from
the table; these were 15◦ and 3.86, respectively. By appropriately increasing β to 24◦, the
critical speed of the helical trencher could be calculated as 238 r·min−1 [23–25].

2.4. Establishment of the Simulation Model

This study used EDEM (DEM-Solutions, Edinburgh, UK, 2021) software to conduct
the simulation experiments. By referencing the research of other scholars on the discrete
element parameters of soil, a model that simulated the interaction between the tool and
the soil was established [26]. In order to cause the soil simulation to be closer to the
characteristics of the sticky soil in Hunan, China, a Hertz–Mindlin model with bonding was
selected, and bond connections were added between the soil particles to form a whole that
could withstand tangential and normal displacements [27,28]. When it was subjected to a
force that exceeded the preset maximum shear stress, the bonds broke, and the particles
were treated as separate individuals by the system in order to continue the simulation. By
adding bonds, the physical properties of the soil could be more realistically reflected. The
model was suitable for simulating a broken working state and could be more intuitively
used to observe the breaking effect of the tool on the soil [29]. After the calculation was
finished, the resistance of the tool in the forward process and the torque of the cutter roller
in the soil could be directly analyzed by using the resulting data [30], thus providing data
support for the improvement of the working parameters of the tool and the optimization of
the structural design.

Based on the relevant literature, the physical parameters of both the soil particles and
the tool were set in the preprocessing stage of the software. The soil had two types of
density: the true density (the mass of soil per unit volume of solid particles) and the bulk
density (the mass of soil per unit volume of the whole soil). For the same soil, the higher
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the compaction degree, the greater the bulk density. In order to simulate the actual soil, the
soil model was divided into three layers: namely, the tillage layer, the plow bottom layer,
and the core soil layer, with an increasing bulk density from top to bottom. The thickness
of the tillage layer was about 10 cm, the thickness of the plow bottom layer was about
5 cm, and the thickness of the core soil layer was about 15 cm. In the modeling process,
the setting of soil particles affected the quality and accuracy of the simulation calculations.
Too large particles would cause distortion and an inability to reflect the actual physical
process; too small particles would cause a sharp increase in the computer’s calculation time.
Therefore, the size of the soil particles needed to be appropriately selected. Considering
the performance of the equipment used in the simulation platform, a particle diameter of
8 mm was selected, and the material’s name was set as “soil” [31,32].

The final settings of the soil and tool materials are shown in Tables 3–5.

Table 3. Intrinsic parameters of the soil.

Parameters Values

Poisson’s ratio 0.38
Density 2670/2740/2820

Young’s modulus 2.70 × 106

Table 4. Intrinsic parameters of the 65 Mn spring steel.

Parameters Values

Poisson’s ratio 0.30
Density 7860

Young’s modulus 9.23 × 107

Table 5. Parameters of the soil particles.

Parameters Values

Soil–soil restitution coefficient 0.50
Soil–soil rolling friction coefficient 0.55
Soil–soil static friction coefficient 0.10
Soil–65 Mn restitution coefficient 0.50

Soil–65 Mn rolling friction coefficient 0.40
Soil–65 Mn static friction coefficient 0.10
Normal stiffness coefficient (N/m) 5.00 × 107

Tangential stiffness coefficient (N/m) 6.00 × 107

Critical normal stress (Pa) 3.00 × 105

Critical shear stress (Pa) 3.00 × 105

Particle radius (mm) 8
Adhesion radius (mm) 9.2

According to the above parameters, a virtual soil tank with dimensions of 2000 mm
× 800 mm × 300 mm (length × width × depth) was established. The soil particles were
spherical particles of a uniform size, and to reflect the state of different sizes of particles
in the soil, the particles were generated in a form with a normal distribution. An initial
velocity of 0.5 m/s was applied to the particle Z-direction to promote falling compaction.
The dynamic generation method was adopted for the creation of the particles, which took
3 s and generated 90,118 particles. Finally, by using the Analyst module, the simulation
result file was output with a new file name, and this served as the virtual soil tank for the
subsequent simulation experiments (see Figure 4).
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Figure 4. Discrete element soil tank model.

2.5. Experimental Scheme

This study adopted the discrete element simulation method to simulate the movement
of the cutter through the soil tank and to explore the trenching performance of the spiral
trenching tool. The simulation operation process is shown in Figure 5. Based on relevant
design experience, the trenching performance was mainly affected by three factors—traction
speed (A), cutter shaft speed (B), and trenching depth (C)—while keeping the field soil
conditions constant. On this basis, a three-factor and three-level orthogonal experiment
was designed, with the trenching depth qualification rate (Y1) and power consumption
(Y2) as the experimental indicators; the L9(33) orthogonal table was used to arrange the
experimental scheme. Table 6 presents the experimental factor levels. This study used SPSS
27 software to perform an analysis of variance and a range analysis on the experimental
data and to obtain the effect size and the optimal combination of the factor levels for the
experimental indicators.

Figure 5. Simulation process diagram 7.1 s (left)–8.6 s (right).

Table 6. Table of the factor levels.

Level
Traction Speed

(m/s)
Cutter Shaft Speed

(rpm)
Trenching Depth

(mm)

1 0.05 340 100
2 0.25 390 150
3 0.45 440 200

The calculation method for the trenching depth qualification rate is as follows:

S1 =
S0

S
× 100% (9)
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In the formula, S1 is the trenching depth qualification rate (%), S0 is the actual trenching
depth (cm), and S is the theoretical trenching depth (cm).

The power consumption of the trenching machine mainly included two parts: One part
was the torque power for the cutter’s rotation, and the other part was the traction power
for the advancement of the cutter. The sum of the two was the total power consumption
of the trenching machine. In this study, the discrete element simulation method was used
to numerically calculate and analyze the torque and resistance of the cutter while using
different motion parameters.

A discrete element simulation of the torque and resistance of the trenching machine
cutter was carried out to study its power consumption characteristics by using EDEM
software. Because EDEM software cannot directly output the power consumption parame-
ters, other methods were needed to calculate the power consumption. In this study, the
postprocessing module Analyst Tree that was built into the software was used to export the
torque and force data of the cutter during the simulation process, and the interval density
of the data was set to 0.1 s to ensure their accuracy and continuity. Then, according to the
set speed constant and the torque and force obtained from the simulation experiments, the
power consumption formula was used to calculate the power consumption of the cutter.
The motion trajectory of the cutter in the soil tank was simulated. The cutter rotated around
the cutter shaft and moved at a constant speed along the direction of the y-axis. In order to
eliminate the non-steady-state influence before and after the cutter entered the soil tank,
only the time period from when the cutter completely contacted the soil to when it left the
soil was analyzed, which was 7.1 s–8.6 s, in order to reflect the actual cutting state of the
cutter. Figure 6 shows the effect of throwing soil on the border (left) and floating soil at the
bottom of the ditch (right) after the operation.

Figure 6. Effect diagram of throwing soil on the border (left) and floating soil at the bottom of the
ditch (right).

Figure 7 shows examples of line charts of the torque and y-axis force on the cutter
shaft over time under the following conditions: traction speed = 0.05 m/s, speed = 440 rpm,
and working depth = 25 cm.

Figure 7. Time–torque relationship diagram (left) and time–force relationship diagram (right).
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The torque power consumption and traction power consumption of the tool were
added, and the total power consumption of the trenching process was calculated:

P1 =
T·n
9550

(10)

In the formula, T is the torque (N·n) applied to the tool, and n is the rotational speed
of the tool (r/min).

The calculation formula for the traction power consumption is:

P2 = Fv (11)

In the formula, F is the resistance (N) applied to the tool, and v is the forward speed of
the tool (m/s).

That is,
P = P1 + P2 (12)

3. Discussion

3.1. Analysis of the Simulation Results

SPSS data processing software was used to analyze the experimental results, as shown
in Tables 7 and 8.

Table 7. Orthogonal test results.

Test Number Traction Speed (m/s)
Cutter Shaft
Speed (rpm)

Trenching Depth (mm)
Trench Depth

Qualification Rate Y1 (%)
Power Consumption

Y2 (w)

1 1 (0.05) 1 (340) 1 (15) 97.7 656
2 1 2 (390) 2 (20) 99.1 516
3 1 3 (440) 3 (25) 97.9 868
4 2 (0.25) 1 2 98.3 973
5 2 2 3 97.8 1009
6 2 3 1 98.5 893
7 3 (0.45) 1 3 96.2 1514
8 3 2 1 97.4 1031
9 3 3 2 98.0 1348

K1 680.03 1047.77 860.07
K2 958.23 851.70 945.63
K3 1297.57 1036.37 1130.13
R 617.53 196.07 270.07

Optimal level A1 B2 C1
Main and secondary factors A > C > B

Optimal combination A1B2C1

Table 8. Analysis of orthogonal test results.

Indicator Source of Variation Sum of Squares Degrees of Freedom Mean Square F-Value Significance

Trench depth qualification
rate Y1

A 2.069 2 1.034 00 0.007
B 1.029 2 0.514 133 0.015
C 2.042 2 1.021 66.143 0.008

Error 0.016 2 0.008 131.286
Total 5.156 2

Power consumption Y2

A 573,889.8 2 286,944.9 168.103 0.06
B 72,673.88 2 36,336.94 24.414 0.045
C 114,297.9 2 57,148.95 33.679 0.029

Error 3393.736 2 1696.868
Total 764,255.3 8

According to the results of the data analysis shown in Tables 7 and 8, among the three
experimental factors that affected the rate of the qualified trenching depth: traction speed,
trenching depth, and cutter shaft speed, the traction speed and trenching depth had the
most significant effects on the experimental results, while the effect of the cutter shaft speed
was more significant. The importance of the experimental factors was in the following
order: traction speed, trenching depth, and cutter shaft speed. The best combination
was A1B2C1.
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This study adopted an evaluation index based on the number of bond breakages
between soil particles to analyze the soil fragmentation rate after the operation. Bonds
were used as a measure of the force of interactions between soil particles. When the spiral
trenching machine applied cutting force to the soil, the bonding bond was damaged, and
the number of bonding bond connections showed a stable decreasing trend, leading to
the separation and fragmentation of soil particles. Therefore, the change in bond number
reflected the change in the soil fragmentation rate. A statistical function was set up in the
postprocessing module of the software to count the number of bonds that were generated
and broken, and graphs of the corresponding curves were drawn. By comparing the
curve graphs generated with different combinations of the working parameters, the soil
fragmentation by the spiral trencher could be analyzed and compared. The statistical
results are shown in Figure 8.

Figure 8. Changes in the bond number.

By comparing the line chart of bond changes under the combination of the three
working parameters, combined with the working area of the tool in the soil tank, it could
be calculated that the average crushing rate of the trenching tool in the effective operation
range of the soil tank was 66%, which met the quality requirements of NYT 740-2003
field trenching machinery, and the number of bonding bonds did not change with time.
Therefore, in order to improve the test efficiency, the number of bonding bonds reduced
within 1 m of the tool was used as the operating effect index.

3.2. Soil Groove Test Conditions

The soil groove test bench of the Agricultural Training Center of Hunan Agricultural
University was selected as the test site for the spiral trenching test. In the soil groove test
bench, the spiral trencher was installed on a TCC electric four-wheel drive soil groove test
car by using three-point suspension. The main parameters of the test car were as follows: a
soil groove length of 30 m, a width of 2.95 m, a drive motor input voltage of 380 V, and a
rated power of 30 kW; a stepless speed regulation could be achieved. The power output
motor was a Taiwan Fuda frequency conversion motor with a base frequency of 50 Hz, and
a stepless speed regulation was used by means of an ORS2000S 30kW frequency converter.

According to the simulation results, the initial motor selection was optimized, and
the DC brushless motor model 110BL140-430 was chosen as the driving power source for
the trenching rotary motion. Its rated power was 1500 W, its rated voltage was 48 V, its
rated current was 42 A, its rated speed was 3000 rpm, and its rated torque was 14.4 Nm. In
order to measure the influence of the spiral trencher on the soil properties, the following
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testing equipment was used: a M-85 soil density meter, a TTJSD-750-IV soil compaction
meter, a WKT-M1 soil moisture meter, a WT-CF series high-precision electronic scale, a
push–pull tester (HP-50k), a steel frame tape measure, and a meter ruler. The tester used in
the experiment is shown in Figure 9.

Figure 9. Push–pull tester (HP-50k).

3.3. Soil Tank Test Plan

In order to verify the correctness of the simulation model, a spiral trenching test was
carried out in the experimental soil tank of Hunan Agricultural University. The size of
the soil tank selected for the experiment was 6 m × 2 m × 0.6 m, and it was filled with
compacted soil, as shown in Figure 10. Before the experiment, the density and moisture
content of the soil were measured by using a WT-CF series high-precision electronic
scale and WKT-M1 soil moisture meter, respectively, and the measurement results were
2712 kg/m3 and 26.25%; the average hardness of 0–30 cm of soil was measured with an
SC900 soil hardness tester, and this value was 0.61 MPa. According to a comparison, the
parameters of the soil in the experimental field were basically consistent with those of the
simulated soil.

Figure 10. Soil tank verification experiment.

We selected an inclination angle of 24◦ and an operation speed of 0.05 m/s as the opti-
mal parameter combination according to the working conditions in the soil tank verification
experiment. We attached the push–pull force tester between the tractor and the trenching
tool to measure the traction resistance—that is, the magnitude of the force applied to the
tool shaft in the simulation test. In each experiment, the machine advanced a distance of
no less than 1 m to ensure the stability of the trenching. A total of five experiments were
conducted for this study, and the average value was taken as the experimental result. The
results measured by the tensile tester are shown in Figure 11 and Table 9. The error between
the average value of the measured force and the simulation test results was 11%, which
was close to the simulation test results.
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Figure 11. Change in measurements of traction in the soil tank.

Table 9. Dynamometer Data Analysis Table.

Indicator Mean Minimum Value Median Maximum Value

Measuring Force 237.57 78.14 266.05 416.75

In the soil tank test, priority was given to the qualified rate of trenching and the rate of
soil fragmentation as the evaluation indicators. In order to evaluate the trenching quality,
the trenching depth was measured every 200 mm along the machine’s forward direction,
and the trenching qualification rate was calculated. The trenching qualification rate was the
proportion where the ratio of the actual trenching depth to the predetermined trenching
depth reached more than 90%.

Five detection areas in the soil tank with an identical area were randomly selected
after the operation, and the pulverization rate of the machine’s operation was evaluated.
The area of each detection area was 50 mm × 50 mm. In each detection area, the mass of all
soil blocks with the longest side not exceeding 4 cm was measured, and the percentage of
the total mass in all soil blocks in that detection area was calculated; this was used as the
pulverization rate of that detection area. The higher the pulverization rate, the better the
soil-breaking effect of the trencher. Figure 12 and Table 10 show a map of the distribution
of the results of the soil tank verification test.

Figure 12. Chart of the soil tank test results.
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Table 10. Analysis of the experimental data.

Indicator Mean Standard Deviation Variance Minimum Value Median Maximum Value

Trench depth qualification rate 91.4 2.28 5.2 89 91 95
Power consumption 72 6.99 48.8 63 71 82

Based on the measurements and calculations of the soil-crushing rate in the soil trough
test field, this study also collected data on the trenching depth, trench shape, floating
soil thickness at the bottom of the trench, and ridge width. By comparing the test results
with the local agronomic requirements and relevant standards, the following conclusions
were drawn: The average trenching depth in the soil trough test was 23.53 cm, which met
the needs of agricultural production, and there was a small fluctuation in the trenching
depth. The average trench width was 26.8 cm, the average trench bottom width was
18.4 cm, the average pass rate was 91.4%, and the trench shape was that of a ladder-shaped
rectangle. The floating soil thickness at the bottom of the trench was 0.1 (trenching depth),
the width consistency coefficient was 82%, and the trencher had good stability and accuracy
during the walking process. The average soil fragmentation rate was 72%, which met the
requirements of NY/T740-2003 and GB/T 5262-2008. The machine had a good soil-crushing
effect, which was conducive to the improvement of soil aeration.

The results of the simulation experiment were compared to the results of the soil
tank verification experiment. It was found that, under the same parameter conditions,
they had high consistency, indicating that the actual trenching performance was close
to the simulated trenching performance, thus proving the correctness of the simulation
experiment. This showed that the motion analysis of the trenching tool and the simulation
method used in this study were reliable and reasonable.

4. Conclusions

A new type of counter-rotating dual-axis spiral trenching tool was designed to meet
the trenching demands for orchards in hilly and mountainous areas, and its working
performance and influencing factors were analyzed and optimized in depth. The trenching
tool was able to adapt to different agronomic requirements and operating environments,
and it was able to achieve the effects of soil crushing, turning, and stirring while trenching,
which was conducive to improving the interactions of water, fertilizer, and heat in the soil.
We drew the following conclusions from the analysis of the simulation experiments in
combination with the soil tank verification experiments.

1. A three-dimensional dynamic model of the soil particles and the tool was established
by using the discrete element method, and the process of interaction between the soil
and the tool during trenching was simulated. The motion trajectory of the soil particles
and the laws of variation in the torque, force, and power of the tool were analyzed.

2. Based on the model created with the discrete element method, the parameters of the
trencher, such as the spiral pitch angle; pitch; and motion parameters, including the
forward speed, rotation speed, and working depth, were analyzed and optimized by
using a sensitivity analysis and design optimization. We obtained an optimal parame-
ter combination that improved the working efficiency and stability of the trencher.

3. By using an orthogonal test method, the effects of the forward speed, trenching depth,
trencher rotation speed, and other parameters on the trenching depth qualification
rate, total power consumption, and other performance parameters were studied. We
found the optimal level and degree of influence. It was found that the forward speed
was the most important factor that affected the working performance of the trencher,
followed by the trenching rotation speed and depth.

4. While using the optimal parameter combination, a soil tank test was carried out to
measure the actual working performance of the trenching tool, and the results were
compared to those of the simulation test. The reliability and validity of the simulation
test results were verified.
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In this study, we analyzed and discussed the principle and method of the double-
spiral trenching operation, which provides some reference and support for the design and
technology involved so that related trenching operations can be used to better complete
their objectives and tasks.
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Abstract: To improve the driving comfort of continuously variable transmission (CVT) tractors,
the shifting quality of hydrostatic power-split transmission with a standard planetary gear set was
optimized. Firstly, the powertrain of the CVT and two shift strategies, direct-shift and bridge-
shift, were introduced; then, a dynamic model of tractor shifting was constructed, and the models
of key components such as wet clutches and proportional pressure valves were experimentally
verified. Finally, the control parameters of the above two shifting strategies were optimized, and the
acceleration impact and sliding energy loss caused by them were compared. The results showed the
following: the minimum peak acceleration of the bridge-shift method was 0.385807 m/s2; the energy
consumption of the bridge-shift method was significantly lower than that of the direct-shift method;
the sliding friction work of clutches decreased by 14.92% and 75.84%, respectively, while their power
loss decreased by 22.82% and 74.48%, respectively.

Keywords: tractor; power-split; continuously variable transmission; power shift

1. Introduction

The working conditions of tractors are complex, as they require more gears to meet
different operational needs, but this also leads to complex transmission structures and diffi-
cult gear selection. Tractors with continuously variable transmission (CVT) can effectively
solve the above problems. At present, there are three common forms of tractor CVT [1–3]:
hydrostatic transmission, steel belt transmission, and hydrostatic power-split transmission.
Among them, the energy consumption of hydrostatic transmission is very high, and the
torque transmitted by steel belt transmission is very limited, while hydrostatic power-split
transmission has both a high efficiency and a large load driving capacity [4–6]. Since
the release of the first CVT tractor “926 Vario” by Fent in 1996, hydrostatic power-split
transmissions have gradually been applied to various pieces agricultural machinery [7].
Afterwards, transmission manufacturers began to introduce various concepts of tractor
CVTs [8,9], such as the Eccom produced by ZF and the Autopowr produced by John Deere.
The above-mentioned transmissions all adopt multi-range technology to achieve continu-
ous speed adjustment [10–12], so it is necessary to conduct research to improve the quality
of the shift [13–15], including changing the gear ratio, the clutch engagement time, and
the displacement ratio of the swash plate axial piston units. For tractors with heavy load
operations such as plowing as their main operating conditions, while paying attention to
their riding comfort we also need to consider issues such as power interruption and clutch
damage, all of which are important criteria for evaluating the shifting quality. Typically,
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cascading multiple planetary gears together to form a compound planetary gear set can
improve the shifting quality through speed synchronization [10]. This is currently the
mainstream strategy for CVT design, as its shifting logic is very simple. In this research
field, Bao et al. [16] constructed a clutch control system based on solenoid directional valves
and optimized the clutch pressure, the flow, and the displacement ratio of the pump to the
motor to improve the shifting quality of the power-split CVT. Chen et al. [17] proposed
a simulation model of a similar hydraulic control system, making it possible to further
study the shifting dynamics of CVT tractors through computer simulation. Iqbal et al. [18]
conducted similar work. Wang et al. [19] analyzed the reliability of clutch control systems
based on on–off logic and discussed the possible influence of hydraulic system failures on
the shifting quality. To further improve the shifting quality of this type of transmission, it is
necessary to use proportional pressure valves to accurately control the clutch action. For
example, Xiang et al. [20] proposed a control strategy for dual-clutch transmissions that can
maintain the sliding in the torque phase to improve the shifting quality. Li and Görges [21]
conducted similar work. Li et al. [22] used a PID controller to track the pressure of the
clutch to ensure the repeatability of proportional pressure control. Although a compound
planetary gear set can improve the shifting smoothness through speed synchronization,
its structure needs to fully consider support and load balance issues when applied, which
brings difficulties to its design, manufacturing, and assembly. In contrast, using a single
standard planetary gear to merge the power is simple and cost effective. Currently, some
companies such as Hofer have shown great interest in this new concept of transmission.
However, the shift logic of the transmission is complex, requiring the simultaneous adjust-
ment of multiple wet clutches and swash plate axial piston units during shifting, which is
much more difficult to control than traditional power-split CVTs. To improve the shifting
quality of this cost-effective power-split CVT with a single planetary gear set and promote
its application in tractors, a new strategy called the bridge-shift method is proposed in this
study.

2. Materials and Methods

2.1. Powertrain

The hydrostatic power-split transmission proposed in this study has two ranges, HM1
and HM2, in the forward direction, which can achieve a stepless speed regulation of the
tractor within a range of 0–30 km/h. The principle of the transmission is shown in Figure 1.
The engine power is divided into two parts on the input shaft, with part of the power being
transferred to the sun gear of the planetary gear set through the swash plate axial piston
units and the rest of the power entering the ring gear of the planetary gear set through the
gear train. The above two parts of power are marked as the hydraulic circuit power and
mechanical circuit power, respectively. The transmission ratio of the mechanical circuit
is fixed, so the output speed of the transmission only depends on the displacement ratio
of the pump to the motor, which is numerically equal to the actual displacement of the
pump divided by the rated displacement of the motor. Since the displacement of the pump
changes in two directions with the inclination angle of its swash plate, the displacement
ratio ranges from −1 to +1 (“+” indicates that the speed direction of the pump and motor
is the same, while “−” indicates the opposite). In each range, the displacement ratio
of −1 corresponds to the lowest speed of the tractor, while the displacement ratio of +1
corresponds to the highest speed of the tractor.
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Figure 1. Transmission scheme of hydrostatic power-split CVT. Note: the symbol g represents the
gear pair, and the symbol C represents the wet clutch.

Before starting the tractor, the transmission control unit (TCU) needs to adjust the dis-
placement ratio of the pump to the motor to −1 (i.e., the displacement ratio corresponding
to the minimum CVT output speed of the range HM1), engage clutches C1 and C3, and
separate clutches CR, C2, and C4. Then, the TCU slowly engages the clutch CF to bring the
tractor to its minimum operating speed.

After starting, the transmission operates in the range HM1. As the displacement ratio
changes in the direction of “−1→+1”, the tractor speed continuously increases. Once the
tractor reaches its predetermined speed, the TCU separates clutches C1 and C3, engages
clutches C2 and C4, and reversely adjusts the displacement ratio of the pump to the motor
to achieve the equal-speed shifting of the transmission, thereby switching the working
range of the transmission from HM1 to HM2. The speed adjustment process of the ranges
HM1 and HM2 is completely the same and will not be repeated here.

When clutches CR, C1, and C4 are engaged and clutches CF, C2, and C3 are separated,
the transmission operates in the reverse range HMR. The speed of the tractor in this
range covers two directions, and the displacement ratio corresponding to its zero speed is
approximately −0.9. When the displacement ratio changes from −0.9 to +1, the tractor can
achieve a stepless speed regulation within the range of 0–16 km/h in the reverse direction.

The clutch schedule of this transmission is shown in Table 1.

Table 1. Clutch schedule of the hydrostatic power-split transmission.

Working
Range

Clutches Displacement Ratio of
Pump to Motor

Tractor Speed at Rated
Engine Speed/(km/h)C1 C2 C3 C4 CF CR

HM1 • • • −1→+1 2→14
HM2 • • • −1→+1 12→30
HMR • • • −0.9→+1 0→−16

2.2. Control Strategies

The transmission involves the separation or engagement of four clutches during
shifting, and the action timing of each clutch will have a significant impact on the shifting
process. For example, after the separation of clutches C1 and C3, the speed of the tractor will
continuously decrease under the action of the load. If the engagement of clutches C2 and
C4 is slow, the driving and driven plates of the clutch will be in a continuous sliding state,
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which will burden the cooling system and shorten the service life of the clutch. In severe
cases, it can also directly cause power interruption. On the contrary, if the engagement
of clutches C2 and C4 is very fast, the speed difference between the driving and driven
plates of the clutch is quickly eliminated, which will cause severe speed oscillations and
significantly reduce the riding comfort of the tractor. The actual shifting process is very
complex, which requires precise control of the actions of each clutch in the time domain. To
solve this problem, two shifting strategies are proposed: the direct-shift and bridge-shift
strategies.

Taking the switching of range HM1 to range HM2 as an example, the former separates
clutches C1 and C3 while directly engaging clutches C2 and C4, while the latter needs to
insert a transitional state of C2 and C3 engagement during the aforementioned process, as
shown in Figure 2.

 
(a) (b) 

Figure 2. Shift process under different control strategies. (a) Direct-shift method. (b) Bridge-shift
method.

2.3. Modeling of the Swash Plate Axial Piston Units

The swash plate axial piston units are the core speed-regulating components of the
CVT, consisting of a variable-displacement pump and a fixed-displacement motor. Its
pressure, torque, flow, and speed meet the following equations:

Tp =
eΔPpVp

2π
(1)

Tm =
ΔPmVm

2π
(2)

Qp =
eVpnp

1000
(3)

Qm =
Vmnm

1000
(4)

where Tp and Tm are the theoretical torques of the pump shaft and motor shaft, respectively,
N·m; ΔPp and ΔPm are the pressure differences between the inlet and outlet of the pump
and motor, respectively, MPa; Qp and Qm are the theoretical flows of the pump and motor,
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respectively, L/min; np and nm are the rotation speeds of the pump shaft and motor
shaft, respectively, r/s; Vp and Vm are the rated displacements of the pump and motor,
respectively, cm3/r; and e is the displacement ratio of the pump to the motor.

In actual systems, it is necessary to consider the torque loss and flow loss caused by
mechanical friction and oil leakage:

Tpr =
Tp

ηmp
(5)

Tmr = Tmηmm (6)

Qpr = Qpηvp (7)

Qmr =
Qm

ηvm
(8)

where Tpr and Tmr are the real torques of the pump shaft and motor shaft, respectively,
N·m; ηmp and ηmm are the mechanical efficiencies of the pump and motor, respectively; Qpr
and Qmr are the real flows of the pump and motor, respectively, L/min; and ηvp and ηvm
are the volume efficiencies of the pump and motor, respectively.

2.4. Modeling of the Power-Shift System

The power-shift system consists of wet clutches and a corresponding hydraulic circuit.
The frictional torque that the clutch can transmit is:

Tc = μFnnp × 2
(
r3

o − r3
i
)

3
(
r2

o − r2
i
) tanh

(
2 × Rn

dv

)
(9)

where Tc is the frictional torque transmitted in the clutch plates, N; μ is the coulomb
friction coefficient; Fn is the normal force acting on the clutch plates, N; np is the number
of clutch contact faces; ro and ri are the outside radius and inside radius of the friction
plates, respectively, mm; Rn is the relative velocity, r/min; and dv is the rotary stick velocity
threshold, r/min.

The normal force Fn is determined by the combination of the oil pressure, centrifugal
force, and spring force:

Fn = Pc Ac + Fc − kc(xci + Δxc) (10)

where Pc is the oil pressure, MPa; Ac is the effective area of the piston, mm2; Fc is the
centrifugal force, N; kc is the stiffness of the spring, N/mm; and xci and Δxc are the initial
compression and relative displacement of the spring, respectively, mm.

The rotary hydraulic cylinder is a typical coupling element used in multi-plate wet
clutches in the transmission. Its rotational speed is high, so its oil chamber is subjected to
centrifugal acceleration. The structure of the clutch hydraulic cylinder is shown in Figure 3,
and the centrifugal force acting on its piston is calculated as follows:

Fc =
πρω2

[
r4

p − r4
r − 2 × r2

l

(
r2

p − r2
r

)]
4

(11)

where ρ is the bulk density of the hydraulic oil, kg·m3; ω is the angular velocity, r/min;
rp and rl are the outside radius and inside radius of the fluid volume acting on the piston,
respectively, mm; and rr is the inside radius of the piston, mm.
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Figure 3. Schematic diagram of the clutch hydraulic cylinder.

A proportional pressure valve is used to control the working pressure of the clutch,
consisting of a proportional electromagnet and a three-way spool valve, as shown in
Figure 4. When the electromagnetic force increases, the valve spool moves to the right
to increase the opening of the outlet port, causing the output pressure to increase. When
the electromagnetic force decreases, the valve spool moves to the left, causing the output
pressure to decrease. On this basis, when the output pressure increases, the valve spool
moves left to allow excess oil to flow back to the tank through the oil return port, thereby
reducing the output pressure. When the output pressure decreases, the piston moves right
to increase the output pressure. According to its working principle, the force equation of
the valve spool is expressed as:

As pout + Fjet + ks(xsi + Δxs) = Fg (12)

where As is the effective area of the valve spool, mm2; pout is the output pressure of the
valve, MPa; Fjet is the jet force, N; ks is the stiffness of the spring, N/mm; xsi and Δxs are
the initial compression of the spring and the displacement of the valve spool, respectively,
mm; and Fg is the electromagnetic force, N.

Figure 4. Schematic diagram of the proportional pressure valve.

The jet force is calculated using the following equation:

Fjet = 2CqπdsΔxs|Δpv|cos αjet (13)

where Cq is the flow coefficient; ds is the equivalent diameter of the valve spool, mm; Δpv
is the pressure difference between the inlet and outlet of the valve, MPa; and αjet is the jet
angle, rad.
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The displacement of the valve spool obtained by simultaneous Equations (12) and (13)
is as follows:

Δxs =
Fg − As pout − ksxsi

ks + 2Cqπds|Δpv|cos αjet
(14)

According to the above analysis, the output pressure of the proportional valve de-
pends on the electromagnetic force Fg, which is controlled by a current signal. To clarify
the corresponding relationship between the input current and output pressure, a signal
generator is used to calibrate the valve, and the results are shown in Figure 5. It can be
seen that within the current range of 4–20 mA, the input current of the proportional valve
exhibits a clear linear relationship with oil pressure. Therefore, we used the calibration data
to construct an electromagnetic model of the valve.

  
(a) (b) 

Figure 5. Calibration of the proportional pressure valve. (a) Hydraulic system used for calibration
testing. (b) Calibration results of the proportional valve.

The hydraulic circuit constructed based on clutches and proportional valves is the
core of the power-shift system and requires independent experimental verification of its
mathematical model. We closed the outlet of the proportional valve before the experiment,
and the PLC controlled its AD module to output a step signal corresponding to the rated
pressure of the clutch. Note that the output signal of the AD module used was the voltage,
which needed to be converted into a 4–20 mA current through a converter module to
control the proportional valve. At the same time, the Labview program controlled the data
acquisition card (NI USB-6009) to capture the output pressure of the proportional valve
feedback from the sensor. The input signal of the simulation model was consistent with
the experiment, that is, the input current was modulated from 0 to the maximum value
in the experiment in a very short time to observe the pressure response of the model. The
simulation and measurement results of the step response of the proportional pressure valve
are shown in Figure 6. From the figure, it can be seen that the simulation results of the
mathematical model constructed in this study were highly consistent with the experimental
results and could meet the needs of subsequent dynamic analysis.

We connected the model of the proportional valve with the model of the wet clutch,
further constructed the model of the power-shift system and conducted an experimental
verification of it. The simulation and measurement results are shown in Figure 7. The
figure shows that under the same input signal of the proportional valve, the clutch pressure
response of the simulation model was basically consistent with the experimental results,
thus proving the reliability of the constructed model.

The models of the proportional valve and wet clutch were relatively complex; for some
models not covered in this article, please refer to the AMESim manual. The key parameters
used in the simulation calculations are shown in Tables 2 and 3.
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Figure 6. Simulation and measurement results of step response of proportional pressure valve.

 
(a) (b) 

Figure 7. Experimental verification of the simulation model of the shift hydraulic system.
(a) Simulation model of shift hydraulic system. (b) Simulation and measurement results of the
response of clutch pressure to control signals. Note: the relief valve was designed for rapid pressure
relief and was consistent with the actual hydraulic circuit.

Table 2. Configuration parameters of proportional valves.

Input
Signal/mA

Output
Pres-

sure/MPa

Spring
Preload/N

Spring
Stiff-

ness/(N/mm)

Flow
Coefficient

Mass of
Spool/kg

Hole
Diame-
ter/mm

4~20 0~2 20.0 19.9 0.6 0.52 1.2

Table 3. Configuration parameters of wet clutches.

Clutch
Area of
Friction

Plate/(mm2)

Area of
Piston/(mm2)

Number of
Friction Plates

Spring
Stiffness/(N/mm)

Frictional
Coefficient

C1 7780 7210 7 19.6 0.12
C2 6900 6090 8 10.42 0.11

C3/C4 4780 3810 7 6.7 0.08

2.5. Modeling of Gears and Shafts

The torque and speed of the two meshing gears satisfy the following equations:
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n2 =
n1

i12
(15)

T2 = i12T1 (16)

where i12 is the transmission ratio of the gear pairs; n1 and n2 are the speeds of the two
gears, r/min; and T1 and T2 are the torques of the two gears, N·m.

The speed and torque between the three basic components of the planetary gear, the
sun gear, the ring gear, and the carrier satisfy the following equations:

ns + knr − (1 + k)nc = 0 (17)

Ts : Tr : Tc = 1 : k : (1 + k) (18)

where ns, nr, and nc are the speeds of the sun gear, ring gear, and carrier, respectively, r/min;
Ts, Tr, and Tc are the torques of the sun gear, ring gear, and carrier, respectively, N·m; and k
is the standing ratio of the standard planetary gear.

In this study, the moment of inertia of each component is calculated by the SolidWorks
2016 software and is equivalent to the transmission shaft. Its influence on the torque of
each shaft is as follows:

Ta = T0 + J
dω

dt
(19)

where Ta and T0 are the actual torque and theoretical torque of the shaft, respectively, N·m;
J is the moment of inertia, kg·m2; ω is the angular velocity of the shaft, rad/s; and t is the
time, s.

2.6. Modeling of Tractor

Based on the above equations, a shift dynamics model of the entire continuously
variable transmission tractor was constructed using AMESim, as shown in Figure 8.

 

Figure 8. Shifting dynamics model of continuously variable transmission tractor.

86



Agriculture 2023, 13, 1685

3. Results and Discussion

3.1. Evaluation Indicators

The speed drop is defined as the difference between the output speed of the transmis-
sion before the shift and the lowest output speed during the shift:

δ1 = ω1 − ω2 (20)

where δ1 is the speed drop, r/min; ω1 is the output speed before the shift, r/min; and ω2 is
the lowest output speed during the shift, r/min.

According to Duncan and Wegscheid [23], the peak acceleration of a tractor in the
longitudinal direction can well reflect its driving comfort during shifting. Therefore, this
study took the peak acceleration as one of the indicators for evaluating the shifting quality
of the CVT, and its expression is as follows:

δ2 = max
(

dv
dt

)
(21)

where δ2 is the peak acceleration of the tractor during the shift, m/s2.
When the clutch is engaged, a large amount of heat will be generated due to friction,

and in severe cases, it may burn out the clutch. The power loss during the aforementioned
process is as follows:

δ3 = max
(

Tc|Δω|
9550

)
(22)

where δ3 is the maximum power loss during the shift, kW; Tc is the friction torque, N·m;
and Δω is the difference in the angular speed of the clutch driving and driven disc, r/min.

On this basis, sliding friction work is defined as the integral of the power loss over
time:

δ4 =
∫ t2

t1

Tc|Δω|
9550

dt (23)

where δ4 is the sliding friction work, kJ; and t1 and t2 are the start and end times of the
shift, s.

3.2. Direct-Shift Method
3.2.1. Determination of Shift Points

The process of direct shifting is relatively simple, with clutches C1 and C3 being
separate while clutches C2 and C4 engage. During the shift process, the displacement
ratio is synchronously adjusted, and its initial and final values need to meet the following
relationship:

iHM1 =
i1i2i4i6(1 + k)
ki1i4 + ei2i6

(24)

iHM2 =
i1i3i5i6(1 + k)
ki1i5 + ei3i6

(25)

iHM1 = iHM2 (26)

where iHM1 and iHM2 are the transmission ratios in HM1 and HM2, respectively; and ix is
the transmission ratio of the gear pair gx.

From the perspective of transmission efficiency and energy consumption, the authors
have demonstrated in previous research that the optimal shift point for this CVT in the
range HM1 is e = 1. Based on the above equations, the displacement ratio after the shift
was calculated to be e = −0.8034.
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3.2.2. Optimization of Shifting Quality

The pressure control signal of the proportional valve based on the direct-shift method
is shown in Figure 9. If we define the pressure relief time of proportional valves 1 and 3 as
ts1 (i.e., reference time, 10 s), then ΔT is the start time of the pressure rise for proportional
valves 2 and 4 relative to ts1. T4 and T2 are the times corresponding to the two inflection
points in the pressure rise curve of proportional valve 2, respectively. T1 and T5 are the
times corresponding to the two inflection points in the pressure rise curve of proportional
valve 4, respectively. K2 and K1 are the percentages of the input signals corresponding
to the second inflection point in the pressure rise curve of proportional valves 2 and 4,
respectively. The starting time of T1 and T4 is the same, and the starting time and duration
of the reverse change in the displacement ratio are Ts and Td, respectively. On this basis,
we adopted an orthogonal experiment with nine factors and four levels to optimize the
above control parameters. The schedule of the experiment is shown in Table 4, and the
results are shown in Tables 5 and 6. Considering that the peak acceleration directly affects
the driving comfort, we only optimized the parameters for this indicator when designing
the orthogonal experiments, but we considered other indicators together when analyzing
the results.

 
Figure 9. Pressure control signal of the clutch under direct-shift strategy. Note: considering that the
rated pressure of the proportional valve and the clutch are not consistent, the input signal has been
redefined here, with the maximum signal corresponding to the rated pressure of the clutch.

Table 4. Factors and levels used for direct-shift optimization.

Level T1/ms T2/ms K1/% T4/ms T5/ms K2/% ΔT/ms Ts/s Td/ms

1 200 400 40 200 400 40 350 9.9 500
2 250 500 50 250 500 50 400 10 650
3 300 600 60 300 600 60 450 10.1 800
4 350 700 70 350 700 70 500 10.2 950
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Table 5. Orthogonal simulation sequence for direct-shift optimization.

Number

Factor
A B C D E F G H I

Peak
Acceleration

Test 1 1 1 1 1 1 1 1 1 1 2.754091
Test 2 1 2 2 2 2 2 2 2 2 2.218880
Test 3 1 3 3 3 3 3 3 3 3 0.746190
Test 4 1 4 4 4 4 4 4 4 4 1.523540
Test 5 2 1 1 2 2 3 3 4 4 1.526142
Test 6 2 2 2 1 1 4 4 3 3 1.028317
Test 7 2 3 3 4 4 1 1 2 2 2.135518
Test 8 2 4 4 3 3 2 2 1 1 2.862647
Test 9 3 1 2 3 4 1 2 3 4 1.061769

Test 10 3 2 1 4 3 2 1 4 3 0.627891
Test 11 3 3 4 1 2 3 4 1 2 3.136779
Test 12 3 4 3 2 1 4 3 2 1 0.614615
Test 13 4 1 2 4 3 3 4 2 1 2.631731
Test 14 4 2 1 3 4 4 3 1 2 3.048925
Test 15 4 3 4 2 1 1 2 4 3 1.001010
Test 16 4 4 3 1 2 2 1 3 4 0.674891
Test 17 1 1 4 1 4 2 3 2 3 1.952227
Test 18 1 2 3 2 3 1 4 1 4 2.758566
Test 19 1 3 2 3 2 4 1 4 1 0.501519
Test 20 1 4 1 4 1 3 2 3 2 0.814421
Test 21 2 1 4 2 3 4 1 3 2 0.627852
Test 22 2 2 3 1 4 3 2 4 1 0.584379
Test 23 2 3 2 4 1 2 3 1 4 2.766946
Test 24 2 4 1 3 2 1 4 2 3 1.894956
Test 25 3 1 3 3 1 2 4 4 2 0.901438
Test 26 3 2 4 4 2 1 3 3 1 1.022129
Test 27 3 3 1 1 3 4 2 2 4 1.486624
Test 28 3 4 2 2 4 3 1 1 3 2.839502
Test 29 4 1 3 4 2 4 2 1 3 2.871530
Test 30 4 2 4 3 1 3 1 2 4 1.853240
Test 31 4 3 1 2 4 2 4 3 1 0.999228
Test 32 4 4 2 1 3 1 3 4 2 0.398879

Table 6. Range analysis of orthogonal optimization for direct-shift strategy.

Factor T1 T2 K1 T4 T5 K2 ΔT Ts Td

1 1.569 1.791 1.644 1.502 1.467 1.628 1.502 2.880 1.496
2 1.678 1 643 1.681 1.573 1.731 1.626 1.613 1.848 1.660
3 1.461 1.597 1.411 1.609 1 518 1.767 1.510 0.872 1.620
4 1.685 1.453 1.747 1.799 1.768 1.463 1.859 0.883 1.706

Range 0.224 0.338 0.336 0.297 0.301 0.304 0.357 2.008 0.210

According to the results of the orthogonal range analysis, when switching from HM1
to HM2, the degree of influence of each factor on the direct-shift method was ranked as
follows: the reverse starting point Ts, the time difference ΔT, time T2, current K1, current K2,
time T5, time T4, time T1, and the reverse duration Td. The best combination of factors was
A3B4C3D1E1F4G3H3I1. By substituting the optimized parameters into the simulation model,
the various indicators for the direct-shift method were obtained as follows: the speed drop
was 30.67 r/min (no power interruption), the peak acceleration was 0.384535 m/s2, the
power loss of clutch C2 was 22.7383 kW, the sliding friction work of clutch C2 was 8.0752 kJ,
the power loss of clutch C4 was 18.1166 kW, and the sliding friction work of clutch C4 was
2.3906 kJ.

89



Agriculture 2023, 13, 1685

3.3. Bridge-Shift Method
3.3.1. Determination of Shift Points

The process of bridge shifting is divided into two stages. In the first stage, the trans-
mission shifts from the low-speed range HM1 to the transition range, where clutch C1
separates while clutch C2 engages. In the second stage, the transmission shifts from the
transition range to the high-speed range HM2, where clutch C3 separates and clutch C4
engages. During the shift process, the displacement ratio is synchronously adjusted, and
its initial and final values are the same as those of the direct-shift method. However, the
displacement ratio of the transition range will be used as an optimization variable, which
will be discussed later.

3.3.2. Optimization of Shifting Quality

The pressure control signal of the proportional valve based on the bridge-shift method
is shown in Figure 10. The factors T1, T2, K1, T4, T5, and K2 in the bridge-shift method are
the same as those specified in the direct-shift method. We define the pressure relief times
for proportional valves 1 and 3 as ts1 (10 s) and ts2 (10 s + ΔT3), respectively; then, ΔT1 is
the start time of the pressure increase for proportional valve 2 relative to ts1. ΔT2 is the
start time of the pressure increase for proportional valve 4 relative to ts2. The starting time
of the reverse change in displacement ratio is Ts. The duration of the two stages of the
reverse change in the displacement ratio are Td1 and Td2, respectively. The displacement
ratio of the transition range is et. On this basis, we adopted an orthogonal experiment with
thirteen factors and three levels to optimize the above control parameters. The schedule of
the experiment is shown in Table 7, and the results are shown in Tables 8 and 9.

Figure 10. Pressure control signal of the clutch under bridge-shift strategy. Note: considering that the
rated pressure of the proportional valve and the clutch are not consistent, the input signal has been
redefined here, with the maximum signal corresponding to the rated pressure of the clutch.
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Table 7. Factors and levels used for bridge-shift optimization.

Level T1/ms T2/ms K1/% T4/ms T5/ms K2/% ΔT1/ms ΔT2/ms ΔT3/ms Ts/s Td1/ms Td2/ms et/s

1 250 500 50 250 500 50 400 400 500 9.9 150 350 −1
2 300 600 60 300 600 60 450 450 750 10 200 500 −0.95
3 350 700 70 350 700 70 500 500 1000 10.1 250 650 −0.9

Table 8. Orthogonal simulation sequence for bridge-shift optimization.

Number

Factor
A B C D E F G H I J K L M

Peak
Acceleration

Test 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2.693358
Test 2 1 1 1 1 2 2 2 2 2 2 2 2 2 2.655476
Test 3 1 1 1 1 3 3 3 3 3 3 3 3 3 1.527961
Test 4 1 2 2 2 1 1 1 2 2 2 3 3 3 1.152763
Test 5 1 2 2 2 2 2 2 3 3 3 1 1 1 1.169344
Test 6 1 2 2 2 3 3 3 1 1 1 2 2 2 2.620924
Test 7 1 3 3 3 1 1 1 3 3 3 2 2 2 0.986310
Test 8 1 3 3 3 2 2 2 1 1 1 3 3 3 2.600973
Test 9 1 3 3 3 3 3 3 2 2 2 1 1 1 1.178958
Test 10 2 1 2 3 1 2 3 2 2 3 1 2 3 0.840597
Test 11 2 1 2 3 2 3 1 2 3 1 2 3 1 2.284741
Test 12 2 1 2 3 3 1 2 3 1 2 3 1 2 1.072096
Test 13 2 2 3 1 1 2 3 2 3 1 3 1 2 2.606293
Test 14 2 2 3 1 2 3 1 3 1 2 1 2 3 1.374078
Test 15 2 2 3 1 3 1 2 1 1 3 2 3 1 1.139140
Test 16 2 3 1 2 1 2 2 3 1 2 2 3 1 1.244164
Test 17 2 3 1 2 2 3 3 1 2 3 3 1 2 0.545924
Test 18 2 3 1 2 3 1 1 2 3 1 1 2 3 2.701621
Test 19 3 1 3 2 1 3 2 1 3 2 1 3 2 1.371793
Test 20 3 1 3 2 2 1 3 2 1 3 2 1 3 0.451569
Test 21 3 1 3 2 3 2 1 3 2 1 3 2 1 2.626360
Test 22 3 2 1 3 1 3 2 2 1 3 3 2 1 0.417362
Test 23 3 2 1 3 2 1 3 3 2 1 1 3 2 2.697961
Test 24 3 2 1 3 3 2 1 1 3 2 2 1 3 1.339399
Test 25 3 3 2 1 1 3 2 3 2 1 2 1 3 2.665314
Test 26 3 3 2 1 2 1 3 1 3 2 3 2 1 1.008765
Test 27 3 3 2 1 3 2 1 2 1 3 1 3 2 0.411107

Table 9. Range analysis of orthogonal optimization for bridge-shift strategy.

Factor T1/ms T2/ms K1/ms T4/ms T5 K2 ΔT1 ΔT2 ΔT3 Ts Td1 Td2 et

1 1.843 1.726 1.758 1.787 1.553 1.545 1.492 1.573 1.432 2.612 1.604 1.525 1.530
2 1.535 1.613 1.471 1.543 1.644 1.722 1.755 1.541 1.722 1.378 1.711 1.692 1.663
3 1.443 1.483 1.593 1.492 1.624 1.555 1.575 1.707 1.667 0.832 1.506 1.605 1.628

Range 0.400 0.243 0.287 0.295 0.091 0.177 0.263 0.166 0.290 1.780 0.205 0.167 0.133

According to the results of the orthogonal range analysis, when switching from
HM1 to HM2, the degree of influence of each factor with the bridge-shift method was
ranked as follows: the reverse starting point Ts, time T1, time T4, time difference ΔT3,
current K1, time difference ΔT1, time T2, the reverse duration Td1, the reverse duration Td2,
current K2, time difference ΔT2, displacement ratio et, and time T5. The optimum level
combination was A3B3C2D3E1F1G1H2I1J3K3L1M1, and after substituting the parameters
into the simulation model, the various indicators for the bridge-shift method were obtained
as follows: the speed drop was 16.035 r/min (no power interruption), the peak acceleration
was 0.385807 m/s2, the power loss of clutch C2 was 17.5495 kW, the sliding friction work of
clutch C2 was 6.8700 kJ, the power loss of clutch C4 was 4.6241 kW, and the sliding friction
work of clutch C4 was 0.5775 kJ.
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The shifting results under the two control strategies are shown in Figure 11. Compared
to the direct-shift method, the shifting quality of the tractor based on the bridge-shift
method was greatly improved: the speed drop was reduced by 47.72%, the peak acceleration
was increased by 0.33% (which can be ignored), the power loss of clutch C2 was reduced by
22.82%, the sliding friction work of clutch C2 was reduced by 14.92%, the power loss of
clutch C4 was reduced by 74.48%, and the sliding friction work of clutch C4 was reduced
by 75.84%.

(a) (b) 

(c) (d) 

Figure 11. Comparison of shifting quality under different control strategies. (a) Output speed of the
transmission during shift. (b) Acceleration of the tractor during shift. (c) Power loss of the clutches
during shift. (d) Sliding friction work of the clutches during shift.

3.4. Discussion

Due to the involvement of multiple clutch actions, the generation of parasitic power
is inevitable. To determine the direction of the power flow, we observed the power loss
of all the clutches during shifting, as shown in Figure 12a,b. The figure shows that in
the direct-shift method, parasitic power mainly flowed back along clutch C3, while in
the bridge-shift method, parasitic power mainly flowed back along clutch C1. However,
compared to the power flowing in the forward direction in clutches C2 and C4, the parasitic
power generated under both shifting strategies was not significant, so the energy loss of
clutches C1 and C3 was not discussed in this study.

Tractors can operate within a larger range of loads, so it was necessary to further
analyze the shifting quality of the tractor under different tractive forces, as shown in
Figure 13.
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(a) (b) 

Figure 12. Power loss of clutches. (a) Power loss in direct-shift method. (b) Power loss in bridge-shift
method.

Figure 13. Shifting quality under different tractive forces. (a) Speed drop of the transmission during
shifting. (b) Peak acceleration of the tractor during shifting. (c) Power loss of the clutches during
shifting. (d) Sliding friction work of the clutches during shifting. Note: The clutch still loses energy
under no load because the model takes into account the effects of cab air resistance and tire rolling
resistance. Moreover, inertial loads can also cause energy losses.

From Figure 13a,b, it can be seen that when the tractive force was less than 20,000 N,
the speed drop and peak acceleration both rapidly decreased with the increase in the load.
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When the tractive force was greater than 20,000 N, the speed drop no longer changed
significantly, while the peak acceleration still decreased slightly with the increase in the
load. Figure 13c shows that the power loss of clutch C4 decreased with increasing the
load, while the variation law of clutch C2 was opposite. However, the above law was
very insignificant, especially since the variation in clutch C2 with the load was very small.
Figure 13d shows that the sliding friction work of clutch C2 increased with increasing the
load, while clutch C4 showed the same law but was not significant.

In response to the above laws, we provide the following explanation: the speed impact
and energy losses were mutually affected and formed a causal relationship, that is, the
clutch absorbed the speed and acceleration impact of the transmission system through its
sliding process. Therefore, the load reduced the speed impact, and its cost was the severe
sliding of the clutch friction plates and high energy losses.

In addition, by comparing the response of the two shifting strategies to the load, it
was found that bridge-shift method had a significantly lower speed drop, power loss, and
sliding friction work than the direct-shift method, except for its peak acceleration, which
was comparable to that of the direct-shift method. It should be further emphasized that the
tractor did not experience power interruption in all the simulation results. Therefore, the
bridge-shift method proposed in this study is widely applicable to various load conditions
of tractors.

4. Conclusions

This study conducted a shift dynamics analysis of a hydrostatic power-split tractor
transmission with a single standard planetary gear set. Two power-shift strategies were
proposed and compared, and the conclusions obtained are as follows:

(1) The degree of influence of each factor with the direct-shift method is ranked as follows:
the reverse starting point Ts, the time difference ΔT, time T2, current K1, current K2,
time T5, time T4, time T1, and the reverse duration Td. The best combination of factors
is A3B4C3D1E1F4G3H3I1.

(2) The degree of influence of each factor with the bridge-shift method is ranked as
follows: the reverse starting point Ts, time T1, time T4, time difference ΔT3, time dif-
ference ΔT1, time T2, the reverse duration Td1, time difference ΔT2, displacement ratio
et, swash plate axial piston unit’s reversal start point, current K2, the reverse duration
Td2, and time T5. The optimum level combination is A3B3C2D3E1F1G1H2I1J3K3L1M1.

(3) Compared with the direct-shift method, the bridge-shift method reduces the speed
drop by 47.72%, the power loss of clutch C2 by 22.82%, the sliding friction work of
clutch C2 by 14.92%, the power loss of clutch C4 by 74.48%, and the sliding friction
work of clutch C4 by 75.84%. In addition, the influence of the two control strategies
on the peak acceleration can be ignored.

(4) Under different tractive forces, the quality of the bridge-shift method is better than
that of the direct-shift method, and no power interruption phenomenon was observed
in all the simulation calculations.
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Abstract: In order to solve the problem of uniform and precise fertilizer discharge, based on ex-
perimental analysis of the uneven nature of single-screw fertilizer discharge, a double arc groove
screw fertilizer discharger was designed based on the principle of the half-cycle superposition of the
fertilizer discharge curve. The fertilizer discharge amount and the instantaneous fertilizer discharge
characteristics of the double arc groove screw fertilizer discharger were theoretically analyzed, and
the factors affecting the fertilizer discharge uniformity of the double arc groove screw fertilizer dis-
charger were obtained, taking the pitch S, arc groove radius Rp and center distance as the test factors.
Using the uniformity variation coefficient and fertilization accuracy as test indexes, the experimental
indicators were evaluated through a quadratic universal rotation combination design experiment
with three factors and five levels. The optimal parameters were pitch S = 35 mm, arc groove radius
Rp = 17 mm and center distance a = 40 mm. The fertilizer discharger was produced based on the
optimal parameter combination, and a bench verification test and a comparative test were carried
out. The test results show that the uniformity variation coefficient of the bench test and the relative
error between the fertilization accuracy and the simulation test are 5.60% and 5.52%, respectively,
and there is little difference between them, which verifies the correctness of the simulation. The
comparative test results show that the uniformity variation coefficient of the optimized double arc
groove screw fertilizer discharger is 7.16%, the fertilization accuracy is 3.44% and the fitting curve
equation R2 of fertilizer discharge flow is 0.998, all of which are significantly better than in the single-
screw fertilizer discharger. We developed an electronic fertilizer discharge controller and conducted
bench verification tests on it. The test results show that the average deviation between the measured
fertilizer discharge capacity and the preset value of the double arc groove screw fertilizer discharger
based on our self-developed controller is 2.78%. This fertilizer discharge device can precisely control
fertilizer discharge, effectively solving the problem of uneven fertilizer discharge in single-screw
fertilizer dischargers.

Keywords: single screw fertilizer discharger; double arc groove screw fertilizer discharger; precision
fertilization; structural optimization; discrete element

1. Introduction

China is one of the leading countries in fertilizer applications, but the utilization rate
of domestic fertilizer is only 33% [1–3]. Precision fertilization is a method of precise and
efficient fertilization according to the supply and demand relationship of crop nutrients [4].
It is of great significance to improve the fertilizer utilization rate and reduce the amount of
fertilizer application [5] since the fertilizer discharger is a vital part of precision fertilization.
Therefore, improving the accuracy and uniformity of the fertilizer discharged from a
fertilizer discharger is significant for achieving precise fertilization [6–8].

At present, the fertilizer dischargers on the market are mainly divided into screw
fertilizer dischargers and external groove wheel fertilizer dischargers. As a common
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fertilizer discharger, screw fertilizer dischargers have the advantages of a simple structure,
adjustable fertilizer discharge amount and low price [9–11]. In recent years, relevant
scholars have carried out a great deal of research on improving the precision and uniformity
of fertilizer discharged from traditional single-screw fertilizer dischargers. Xue et al. [12]
conducted simulation and bench experiments on the stability and uniformity of fertilizer
discharge via fertilizer dischargers, and they optimized the optimal rotating speed of the
fertilizer discharger. However, it is not suitable for situation where the fertilizer output
is adjusted by changing the rotational speed. Kretz et al. [13] carried out simulation and
bench tests on the influence of screw design parameters and installation inclination angle
on the stability of the material flow rate at the screw outlet, and the optimization resulted in
the flow rate at the screw outlet being more uniform. Li et al. [14] designed a vertical helical
quantitative fertilizer discharger for operating environments in hilly and mountainous
areas, and they optimized the structural parameters of the helical blade through theoretical
calculations and experiments. With the development of computer technology, the discrete
element method and its numerical simulation software EDEM have been widely used in the
field of agricultural engineering. Yang et al. [15] used the Hertz–Mindlin Contact Model to
simulate the fertilization process by changing the structure size of the sheave and optimized
the sheave. Song et al. [16] optimized the screw conveyor mechanism based on the EDEM
simulation method using a double-line helical structure at the entrance, and the pulsation
peak value of the material flow at the outlet was reduced. However, the ratio between
the pulsation amplitude and the average value was still significant, which is not suitable
for precision fertilization scenarios. The above research is mainly aimed at single-screw
precision fertilization to meet the need for uniform fertilization. However, there are few
reports on the optimization of precision fertilization in double-screw fertilizer dischargers.

Our team previously studied and designed a double arc-groove screw fertilizer dis-
charger (DAGSFD). Through optimization, it was determined that its optimal structure is a
pitch of 35 mm, arc groove radius of 17.5 mm and center distance of 35 mm. But we did
not explore the essence of improving the uniformity and accuracy of fertilizer discharge
via the double arc groove screw fertilizer discharger. Therefore, based on the previous
analysis, our team calculated and measured the fertilizer output of a single-screw fertilizer
discharger (SSFD) through a combination of theoretical analysis and modeling software
based on the reasons for uneven fertilizer discharge. We further optimized its factor range
through EDEM simulation experiments and three-factor five-level quadratic universal
rotation combination design experiments. Three-dimensional-printing technology was
used to process the optimized double arc groove screw fertilizer discharger, and a bench
test was carried out to verify the correctness of the simulation results. Simultaneously,
we designed an electronic fertilizer discharge control system that accurately adjusts the
discharge flow rate of the double arc groove screw fertilizer discharger by controlling the
rotational speed. We also provide a reference for the optimization design of the double arc
groove screw fertilizer discharger.

2. Materials and Methods

2.1. Design and Working Principle of Double Arc Groove Screw Fertilizer Discharger
2.1.1. Structure and Working Principle of Double Arc Groove Screw Fertilizer Discharger

The structure of the double arc groove screw fertilizer discharger is shown in Figure 1.
It consists of a pair of gears, a pair of fertilizer discharge wheels, a shell and an end cover.
A pair of mutually meshing gears rotate in the center to drive a pair of fertilizer discharge
wheels to rotate in the center. The fertilizer enters from the fertilizer inlet due to its own
gravity and the centering and mixing action of the double fertilizer discharge wheels.
Under the combined action of the double fertilizer discharge wheels and the shell, the
fertilizer is transported to the fertilizer outlet. The fertilizer falls into the fertilizer discharge
pipe due to gravity, and the fertilizer discharge process is completed.

97



Agriculture 2023, 13, 1866

Figure 1. Schematic diagram of the double arc groove screw fertilizer discharger: 1. Fertilizer inlet.
2. Shell. 3. Left-handed fertilizer discharge wheel. 4. Bolt fertilizer discharge wheel. 5. End cover.
6. Gear. 7. Fertilizer outlet. 8. Direction of rotation. 9. Right- handed fertilizer discharge wheel.
10. Motor.

2.1.2. Research on Fertilizer Discharge Characteristics of Single-Screw Fertilizer Discharger

In order to study the transition to fertilizer discharge characteristics of the single-
screw fertilizer discharger, EDEM 2018 discrete element simulation software was used to
simulate and analyze the fertilizer discharge process of the single-screw fertilizer discharger
(rotating speed 30 r/min [17]). We determined the parameters of the fertilizer discharge
wheel according to the commonly used amount of fertilizer [18]. The large radius of the
screw blade is R = 25 mm; the small radius of the screw blade is r = 7.5 mm; the pitch is
S = 35 mm; and the thickness of the screw blade is b = 2 mm. The test fertilizer particles
were made of Stanley compound fertilizer (average radius, 1.64 mm; density, 1.86 g/cm3).
Consulting the relevant literature [19–21], the simulation parameters are set according to
Table 1.

Table 1. Global variable parameter settings.

Project Attributes Value

Fertilizer granules
Poisson’s ratio 0.25

Shear modulus Pa 1.0 × 107

Density kg·m−3 1861

Fertilizer discharge wheel, shell
Poisson’s ratio 0.394

Shear modulus Pa 3.18 × 108

Density kg·m−3 1240

Granules—Granules
Coefficient of restitution 0.11
Static friction coefficient 0.3

Rolling friction coefficient 0.1

Granules—Fertilizer discharge
wheels, Housings

Coefficient of restitution 0.41
Static friction coefficient 0.32

Rolling friction coefficient 0.18

The change in fertilizer flow with the opening and closing of the fertilizer outlet in
one rotation cycle is shown in Figure 2. By analyzing the instantaneous fertilizer flow
at the fertilizer outlet during the single-cycle fertilizer discharge process, it is found that
the transient fertilizer discharge amount of the fertilizer outlet changes periodically. The
periodic opening and closing of the fertilizer outlet are reasons for the uneven fertilizer
discharge of the screw fertilizer discharger.
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(a) (b) 

  
(c) (d) 

Figure 2. Opening size of fertilizer discharge outlet in different phases: (a) 0◦, (b) 90◦, (c) 180◦,
(d) 270◦.

2.1.3. Design of Double Arc Groove Screw Fertilizer Discharger

The fertilizer discharge curve of the single-screw fertilizer discharger changes periodi-
cally. The fertilizer discharge curve is idealized as a sinusoidal function. According to the
properties of the sinusoidal function of Formula (1), it can be known that increasing the
number of fertilizer discharge wheels and adjusting the installation angle can achieve the
purpose of a uniform fertilizer discharge.

Each time a fertilizer discharge curve is added, the number of corresponding trans-
mission gears, fertilizer discharge wheels, and cavities are all increased, which reduces
the reliability of the system and increases the manufacturing costs. Therefore, under com-
prehensive consideration, a fertilizer discharger is manufactured by superimposing two
fertilizer discharge curves. However, the single-screw fertilizer discharge curve is not a
strict sinusoidal curve, so it is necessary to optimize the structure of the double-screw
fertilizer discharger to further improve its precise fertilization.

⎧⎪⎪⎪⎨
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Asint + Asin

(
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3 π
)
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Asint + Asin
(
t + π

2
)
+ Asin(t + π) + Asin

(
t + 3

2 π
)
= 0

. . . . . .

(1)

In the formula: t—rotation time of the fertilizer discharger, s; A—coefficient of the
fertilizer discharge curve, g.

2.2. Double Arc Groove Screw Fertilizer Discharger
2.2.1. Theoretical Fertilizer Discharge Amount of Double Arc Groove Screw Fertilizer
Discharger

The theoretical fertilizer discharge amount of the double arc groove screw fertilizer
discharger is mainly determined by the difference between the volume of the inner cavity
and the volume of the fertilizer discharge wheel in a single rotation cycle (hereinafter
referred to as the volume difference). The volume difference in a single rotation cycle is
shown in Figure 3.
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Figure 3. Schematic diagram of the difference in volume: 1. Shell. 2. Fertilizer discharge wheel.
3. Pitch. 4. Pitch length inner cavity volume. 5. Volume difference.

The traditional method for calculating volume difference is to calculate the difference
between the volume of the double-screw cavity with a single pitch length and the volume
of the fertilizer discharge wheel with a single pitch length. As shown in Figure 4, its volume
can be calculated according to Formula (4).

α = arccos
a

2R
(2)

Sshell= 2πR2
(

1 − α

360

)
+

R
2

√
R2 − a2

4
− 2πr2 (3)

Vshell= Sshell × S (4)

 

Figure 4. Schematic diagram of the inner cavity area.

In the formula: Sshell—circumferential cross-sectional area of shell, mm2; R—outer
radius of helical vane, mm; r—inner radius of helical vane, mm; S—pitch, mm; α—included
angle of 1/2 coincidence zone, ◦; a —center distance, mm.

The cross-section of the screw blade of the fertilizer discharge wheel is shown in
Figure 5, and its area can be divided into the sum of the volume V1 of the black area and
the volume V2 of the shaded area.

V1= 2
∫ S−b
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2
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√
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)2

dx (5)
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)
3

(
(S − b)2

4
− Rp(S − b)

) 3
2

(6)

V2 = π
(

R2
1 − r2

1

)
b (7)

Vblade = (V1+V2) (8)
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Figure 5. Screw blade section.

In the formula: Vblade —volume of the helical blade in one revolution, mm3;
V1—volume of the black area in one revolution, mm3; V2—volume of the shadow area in
one revolution, mm3; x—horizontal arc groove curve in the xy coordinate system coordi-
nate, mm; y—ordinate of the arc groove curve in the xy coordinate system, mm; Rp—arc
groove radius, mm; b—thickness of the helical blade, mm.

Because manual calculation of theoretical fertilizer volume is cumbersome and com-
plicated, the combined-delete command in the computer software SolidWorks was used to
solve 4 (pitch length inner cavity volume) in Figure 3, the main entity; 2 (fertilizer discharge
wheel) in Figure 3, the entity to be combined; and 5 in Figure 3 (volume difference) is
obtained. The mass attribute (Figure 6) command is used in the evaluation to obtain the
volume difference, which is simple and convenient.

Figure 6. Volume recognition.

The theoretical fertilizer discharge amount of the double arc groove screw fertilizer
discharger can be calculated according to Formula (9).

Q =(Vshell − Vblade)ωtϕρ (9)

In the formula: Q—fertilizer discharge amount, mm3/s; ω—fertilizer rotating speed,
r/min; ρ—fertilizer bulk density, g/cm3; ϕ—fertilizer filling factor (0.7) [22].

In order to prevent the occurrence of gaps in the arc of the groove, resulting in residual
fertilizer particles, and because the arc groove radius must meet the structural design
constraints, as shown in Figure 5, the pitch S, the thickness of the screw blade b, and the arc
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groove radius Rp should satisfy Formula (10); the large and small radius s R and r of the
helical blade and the arc groove radius Rp should satisfy Formula (11).

S ≤ 2Rp+b (10)

Rp ≤ R − r (11)

From Formulas (10) and (11), the arc groove radius is 16.5 ≤ Rp ≤ 17.5 mm, so the
experimental optimization interval of the arc groove radius Rp is set as 16.5 ≤ Rp ≤ 17.5 mm.

2.2.2. Uniformity Analysis of Double Arc Groove Double-Spiral Fertilizer Discharger

Since the fertilizer granules are not fully filled in the fertilizer discharger [23], the
effective fertilizer volume ΔV will fluctuate when the screw blades are in different positions,
and the variation in the effective fertilizer volume ΔV determines whether the fertilizer
discharge amount is uniform.

As shown in Figure 7, when there is a large and small radius R and r of the screw blade,
the thickness b of the screw blade and the rotational speed ω of the fertilizer discharger
are constant values. Therefore, reducing the fluctuation of effective fertilizer discharge
volume ΔV can be realized by increasing the circumferential cross-sectional area Saxial of
the fertilizer discharger and reducing the axial cross-sectional area Swheel of the screw blade.
The fluctuation in the effective fertilizer discharge volume ΔV can be reduced. It can be
seen from Formula (12) that the circumferential cross-sectional area Saxial of the fertilizer
discharger is only related to the center distance a, the screw pitch S, and the arc groove
radius Rp.

Saxial =
(S·Sshell − Vblade)

S
(12)

 
Figure 7. Circumferential section of fertilizer ejector.

In the formula: Saxial—the circumferential cross-sectional area of the fertilizer dis-
charger, mm2.

Center distance a should ensure that the screw blades coincide with each other without
collision. The center distance a should satisfy Formula (13), 35 ≤ α ≤ 40 mm.

R+
r
2
≤ α ≤ 2R (13)

In the studies of [11,18], it can be seen that the optimal range of the pitch S is between
(0.5~0.7) 2R, but if the pitch S is too small, the rotating speed ω of the fertilizer discharger
needs to be increased to increase the fertilizer discharge amount. However, the increase
in the rotating speed ω of the fertilizer discharger will aggravate the wear of the fertilizer
discharger and reduce the service life of the fertilizer discharger. So, the pitch S should not
be too small, and 32 ≤ S ≤ 35 mm should be taken into comprehensive consideration.
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3. Simulation Test of Double Arc Groove Screw Fertilizer Discharger

3.1. Simulation Test

In order to determine the optimal structural parameters of the double arc groove
screw fertilizer discharger, parameter optimization of the double arc groove screw fertilizer
discharger is implemented through simulation experiments. As shown in Figure 8, we
constructed a simulation model of the double arc groove screw fertilizer discharger and
simplified its unnecessary structure. The structure is simplified, and after the simplification,
the fertilizer discharger is mainly composed of five parts: the shell, fertilizer box, double-
fertilizer discharge wheel, particle factory and fertilizer collection tank. The fertilizer
particles used in the experiment were selected from the Stanley fertilizer particles selected
in Section 2.1.2 above. The contact model between particles and the fertilizer discharger
in the EDEM was set as the built-in contact model Hertz Mindlin (no slip). Two fertilizer
factories are set up at the inlet of the double arc groove screw fertilizer discharger. The
fertilizer particles generated in the factory are all the same. After the simulation starts,
the fertilizer particles naturally fall into the fertilizer discharger along the negative Z-axis
direction. Because the fertilizer has the same motion law in each fertilizer discharge cycle
of the fertilizer discharger, in order to facilitate the parameter setting and the extraction of
data from the simulation monitoring area, and to compare and analyze the data with the
single-screw fertilizer discharger above, the rotating speed of the fertilizer discharge wheel
is set to 60 r/min, the moving speed of the fertilizer discharger is 0.2 m/s, the simulation
step size is 9.25 × 10−6s and the data recording interval is 0.01 s. The total simulation
process is set to 5S. We also set up a monitoring area at the fertilizer collection tank and
fertilizer outlet below the fertilizer discharger to monitor the trend of the particle flow rate
per second and the trend of the particle total quality changes.

v

 

Figure 8. EDEM simulation: 1. Shell. 2. Left arc-groove-type fertilizer discharge wheel. 3. Fertilizer
box. 4. Left fertilizer particle factory. 5. Right fertilizer particle factory. 6. Fertilizer particles. 7. Right
arc-groove-type fertilizer discharge wheel. 8. Fertilizer collection tank 9. Monitoring area. Note: vx is
the movement direction of the fertilizer discharger.

3.2. Experimental Factors

Since the center distance, arc groove radius and screw pitch are important parameters
that affect the working performance of the fertilizer discharger, they play a decisive role in
the fertilization accuracy and uniformity. This studies [24,25] have adopted three factors
and five levels of quadratic universal rotation combination in their design tests. The table
of test factor levels is shown in Table 2. Design-expert8.0.6 software was used for data
processing and statistical analysis.
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Table 2. Test factor level table.

Level Pitch S/(mm)
Center Distance

a/(mm)
Arc Groove Radius

Rp/(mm)

1.682 35.00 40.00 17.50
1 34.39 38.99 17.25
0 33.50 37.50 17.00
−1 32.61 36.01 16.70

−1.682 32.00 35.00 16.50

3.3. Analysis of Fertilizer Discharge Performance

To facilitate the observation of the mixing process of fertilizer particles, as shown in
Figure 9, a timing chart is used to display the fertilizer discharge process of the double arc
groove screw fertilizer discharger. We established a fertilizer quality monitoring area at the
fertilizer outlet of the fertilizer discharger to monitor the quality of red and blue fertilizer
particles. The results are shown in Figure 10. We calculated the average, standard deviation
and coefficient of variation of particle mass at each monitoring point, as shown in Table 3.

 

Figure 9. Time sequence diagram of working simulation status of double arc groove screw fertilizer
discharger: 1. Fertilizer discharge flow monitoring area. 2. Particle quality monitoring area.

 
(a)  (b)  

Figure 10. Particle mass change trend chart: (a) Trend of quality change per second; (b) Trend of
overall quality change.
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Table 3. Particle quality results.

Project Red Particle Blue Particle Total Particle

average mass/g·s−1 1.839 1.729 3.568
standard deviation/g·s−1 0.800 0.967 0.837
coefficient of variation/% 43.52 55.93 23.46

Figure 9 shows that the blue particles generated by the left fertilizer box and the red
particles generated by the right fertilizer box are alternately discharged under the action of
the left and right arc groove fertilizer spirals. As shown in Figure 10a, the mass of blue and
red particles fluctuates in a wavy pattern over time. When the mass of blue particles is the
highest, the mass of red particles is the lowest. When the mass of blue particles rises, the
mass of red particles declines, and vice versa. Figure 10b shows that there are significant
fluctuations in the total mass of both red and blue particles, and the overall particle mass
fluctuation decreases significantly after the combination of the two types of particles. The
results from Table 3 show that the variation coefficients of red particle mass, blue particle
mass and total particle mass are 43.52%, 55.93% and 23.46%, respectively, indicating that
this fertilizer discharge method ensures uninterrupted fertilizer discharge and improves
the uniformity and precision of fertilizer particle discharge.

3.4. Test Indicators

The grid method [26] was used to conduct statistics on the uniformity of fertilization.
As shown in Figure 11, the smaller the coefficient of variation of fertilizer uniformity
between grid units, the better the uniformity of fertilization [27].

 
Figure 11. Schematic diagram of grid division.

In fertilizer discharge processes of different rotating speeds for any single cycle of a
fertilizer discharge wheel, the fertilizer particles have the same motion characteristics. To
analyze the uniformity of fertilizer discharge during a single fertilizer discharge cycle, the
experimental index was determined as the coefficient of variation of fertilizer discharge
uniformity, referring to NY/T1003-2006 “Technical Specification for Fertilization Machinery
Quality Evaluation” [28]. According to the fertilizer discharge time of a single cycle and the
total length of the grid, the forward rotating speed of the fertilizer discharger is calculated,
the grid is divided into 10 parts and the quality of the fertilizer in each grid is counted.
The following steps are undertaken: change the grid position, measure the quality of
fertilizer particles in the grid at the same rotating speed and different fertilization time
and repeat the steps three times. The uniformity coefficient of variation is obtained via
Formulas (14) and (15).

mu =

10
∑

i=1
mi

n
(i =1, 2, · · · , 10) (14)
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σu =

√√√√√
10
∑

i=1
(m i − mu)

2

mu
2(n − 1)

× 100% (i = 1, 2, . . . , 10) (15)

In the formula: mi—total mass of fertilizer particles in the i-th grid cells, g; n—number
of grid cells, n = 10; mu—average mass of fertilizer particles in the grid cells, g; σu—each
grid’s uniformity coefficient of variation between grid cells.

The fertilization accuracy represents the difference between the theoretical fertilization
amount and the actual fertilization amount. The higher the fertilization accuracy, the higher
the fertilization accuracy of the fertilizer discharger [28]. The experiment was repeated
three times. The fertilization accuracy is calculated using Equation (17).

mreality =
10

∑
i=1

mi(i =1, 2, · · · , 10) (16)

σ =

∣∣∣∣∣mtheory−mreality

mtheory

∣∣∣∣∣× 100% (17)

In the formula: mtheory—the theoretical fertilization amount in a single circle, g; mreality
—the actual simulated fertilization amount in a single circle, g; σ—the fertilization accuracy.

3.5. Test Results and Analysis

The test results are shown in Table 4, where x1, x2 and x3 represent the factor code values.

Table 4. Test and results.

Serial
Number

Factor Level Test Results

x1 x2 x3

Uniformity
Coefficient of

Variation y1/%

Fertilization
Accuracy y2/%

1 −1.000 −1.000 −1.000 18.32 3.15
2 1.000 −1.000 −1.000 14.69 2.14
3 −1.000 1.000 −1.000 18.41 3.86
4 1.000 1.000 −1.000 12.46 3.63
5 −1.000 −1.000 1.000 13.95 2.28
6 1.000 −1.000 1.000 14.73 1.68
7 −1.000 1.000 1.000 12.43 2.33
8 1.000 1.000 1.000 13.01 2.58
9 −1.682 0.000 0.000 17.36 2.76
10 1.682 0.000 0.000 14.15 2.03
11 0.000 −1.682 0.000 13.37 1.85
12 0.000 1.682 0.000 12.22 3.33
13 0.000 0.000 −1.682 16.58 3.76
14 0.000 0.000 1.682 15.33 2.63
15 0.000 0.000 0.000 23.74 3.17
16 0.000 0.000 0.000 24.16 3.11
17 0.000 0.000 0.000 23.76 2.7
18 0.000 0.000 0.000 23.57 2.93
19 0.000 0.000 0.000 23.94 2.88
20 0.000 0.000 0.000 25.86 3.07

3.6. Influence of Test Factors on Test Indicators

The variance analysis of the uniform coefficient of variation of the model is shown in
Table 5. The model significance test shows that F = 61.48, p < 0.01, the regression model is
extremely significant and the lack of fit test results are not significant (p > 0.05), indicating
that the regression model fits well in the test range.
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Table 5. ANOVA for coefficient of variation of uniformity.

Evaluation
Indicators

Source of Variance Sum of Square DF Mean Square F Value p Value

Coefficient of
variation for
uniformity

Model 425.46 9 47.27 61.48 <0.0001
x1 13.58 1 13.58 17.66 0.0018
x2 3.92 1 3.92 5.09 0.0476
x3 10.30 1 10.30 13.40 0.0044

x1x2 0.79 1 0.79 1.03 0.3335
x1x3 14.96 1 14.96 19.46 0.0013
x2x3 0.15 1 0.15 0.20 0.6668
x1

2 119.05 1 119.05 154.83 <0.0001
x2

2 221.53 1 221.53 288.11 <0.0001
x3

2 113.26 1 113.26 147.31 <0.0001
Residual 7.69 10 0.77

Lack of fit 4.07 5 0.81 1.12 0.4510
Pure error 3.62 5 0.72

Total
variation 433.15 19

For the uniform coefficient of variation model, x1, x3, x1x3, x1
2, x2

2 and x3
2 had

extremely significant effects on the equation (p < 0.01), and x2 had a significant effect on
the equation (0.01 < p < 0.05). The other factors had no effect on the equation (p > 0.05),
and the factors that had no significant effect on the coefficients in the regression equation
were excluded. The regression equation of each factor and the coefficient of variation of
uniformity are the following:

y1 = −1265.39 + 153.28x1 + 132.71x2 + 902.71x3 + 5.16x1x3 − 3.61x1
2 − 1.77x2

2 − 31.72x2
2 (18)

The variance analysis of the fertilization accuracy model is shown in Table 6. In the
model significance test, F = 32.62, p < 0.01, the regression model is extremely significant
and the lack of fit test result is not significant (p > 0.05), indicating that the regression model
fits well in the test range.

Table 6. ANOVA for fertilization accuracy.

Evaluation
Indicators

Source of
Variance

Sum of
Square

DF
Mean

Square
F Value p Value

Fertilization
accuracy

Model 6.99 9 0.78 32.62 <0.0001
x1 0.58 1 0.58 24.41 0.0006
x2 2.33 1 2.33 97.75 <0.0001
x3 2.47 1 2.47 103.78 <0.0001

x1x2 0.33 1 0.33 13.94 0.0039
x1x3 0.10 1 0.10 4.16 0.0688
x2x3 0.20 1 0.20 8.20 0.0169
x1

2 0.62 1 0.62 25.86 0.0005
x2

2 0.27 1 0.27 11.49 0.0069
x3

2 0.08 1 0.08 3.50 0.0908
Residual 0.24 10 0.02

Lack of fit 0.09 5 0.02 0.57 0.7252
Pure error 0.15 5 0.03

Total
variation 7.23 19

For the fertilization accuracy model, x1, x2, x3, x1x2, x1
2 and x2

2 had extremely signif-
icant effects on the equation (p < 0.01), and x2x3 had a significant effect on the equation
(0.01 < p < 0.05). The other factors had no effect on the equation (p > 0.05), and the factors
that had no significant effect on the coefficients in the regression equation were excluded.
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The regression equation of each factor and the coefficient of variation of uniformity are
as follows:

y2 = −402.49+ 12.06x1 + 6.07x2 + 11.83x3 + 0.15x1x2 − 0.35x2x3 − 0.27x1
2 − 0.07x2

2 (19)

By analyzing the response (Figure 12) of the pitch and the arc groove radius to the
fertilization accuracy, it can be seen that when the pitch S is at a low level, the uniformity
variation coefficient y1 first increases and then decreases with the increase in the arc groove
radius Rp. When the pitch S is at a high level, the uniformity variation coefficient y1 first
increases and then decreases with the increase in the arc groove radius Rp.

Figure 12. Response surface of arc groove radius and center distance to uniformity variation coefficient.

By analyzing the response (Figure 13) of the center distance and the pitch to the
fertilization accuracy, it can be seen that when the center distance a is at a low level, the
fertilization accuracy y2 decreases with the increase in the pitch S, and when the center
distance a is at a high level, the fertilization accuracy y2 increases with the increase in the
pitch S, which first increases and then decreases.
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Figure 13. Response surface of center distance and screw pitch on fertilization accuracy.

When the pitch S is at a high level, the fertilization accuracy y2 increases with the
center distance a; when the pitch S is at a low level, the fertilization accuracy y2 increases
with the center distance, first as an increase and then a decrease.

By analyzing the response (Figure 14) of the center distance and the arc groove radius
on the fertilization accuracy, it can be seen that when the center distance a is at a low level,
the fertilization accuracy y2 slightly increases with the increase in the arc groove radius Rp;
when a is at a high level, the fertilization accuracy y2 increases with the increase in the arc
groove radius Rp.
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Figure 14. Response surface of arc groove radius and center distance on fertilization accuracy.

When the arc groove radius Rp is at a high level, the fertilization accuracy y2 first
increases and then decreases slightly with the increase in the center distance a; when the
arc groove radius Rp is at a low level, the fertilization accuracy y2 increases as the center
distance a increases.

When the center distance a is large, the fertilizer discharger is equivalent to two
independent fertilizer discharge systems. Therefore, the screw blade has little effect on
fertilizer mixing and high fertilization accuracy. When the center distance is small, the
overlapping screw blades are equivalent to the screw blades with half the pitch reduced, so
the fertilization accuracy is high.

When the arc groove radius Rp is at a low level, the uniformity variation coefficient
y1 first increases and then decreases slightly with the increase in the pitch S; when the arc
groove radius Rp is at a high level, the uniformity variation coefficient y1 increases as the
pitch S increases.

3.7. Parameter Optimization

Since the material of the fertilizer discharger is mostly plastic, under the same fertilizer
volume, the larger the center distance is, the larger the fertilizer volume is, so the smaller the
required rotation speed and the smaller the wear of the fertilizer discharger, meaning that
the center distance is set to 40 mm. In order to obtain a parameter combination of the best
combination of fertilizer spreaders when the center distance is the largest, a multi-objective
optimization method is used in Design-Expert. The objective functions y1, y2 are Equations
(18) and (19), and the optimization equation is shown in Equation (20):

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

32 ≤ x1 ≤ 35
x2 = 40
16.5 ≤ x3 ≤ 17.5
y1 = f (x1, x2, x3)
y1 ≤ 10%
y2 ≤ 3%

(20)

Based on the above optimization (Equation (20), the yellow shadow optimization
interval is obtained, as shown in Figure 15. The optimization interval obtained is that when
the pitch is within a range of 32–35 mm and the arc groove radius is within a range of
16.83–17.5 mm, the fertilization accuracy is less than 3%, and the coefficient of variation of
uniformity is less than 10%. The larger the pitch and the larger the arc groove radius, the
smaller the volume of the fertilizer discharge wheel and the lower the manufacturing costs.
Based on the optimization results, the selected parameter combination is that the center
distance a is 40 mm, the pitch S is 35 mm and the arc groove radius Rp is 17 mm.
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Figure 15. Parameter optimization analysis.

4. Bench Verification and Comparison Test

4.1. Bench Test

The experiment was carried out in July 2021 at the 200 Experimental Center of the
Banking School of Northeast Forestry University in Heilongjiang Province. In this experi-
ment, the fertilizer granules used Stanley compound fertilizer (average radius 1.64 mm,
density 1.86 g/cm3), and the parameters were a center distance a of 40 mm, a pitch S of
35 mm and an arc groove radius Rp of 17 mm. In a range of 30~105 r/min (excluding
the case of low rotating speed), the precise fertilization performance of different types of
fertilizer discharger was tested under the condition of a gradient of 15 r/min. After the
fertilizer discharge was stable, the motor was started to control the conveyor belt to move
at a speed of 0.2 m/s. The length of the fertilizer collecting box was 20 mm. The fertilizer
discharger collects 10 copies in a single discharge cycle. The fertilizer was weighed using a
precision electronic scale. We replaced the single-screw fertilizer for the comparative test.
The same method as the simulation test was used for data statistics. In the bench test, a
single grid was replaced by a fertilizer collecting box with a width of 20 mm. Each group
of tests was repeated five times to obtain the average value. The test is shown in Figure 16.

Figure 16. Bench test. 1. Motor controller. 2. Drive motor. 3. Conveyor belt controller. 4. Precision
electronic scale. 5. Optimized arc groove screw fertilizer discharge wheel. 6. Fertilizer collection box.
7. Fertilizer discharger. 8. Conveyor belt. 9. Single screw fertilizer discharger.
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4.2. Test Results

According to the test results (Figures 17–19), it can be seen that the optimized double
arc groove screw fertilizer discharger has a fertilization accuracy of 3.15% at 60 r/min,
which is a relative error of 5% compared to the optimization validation requirements. And
within a rotating speed range of 30~105 r/min, the fertilization accuracy is significantly bet-
ter than that of the single-screw fertilizer discharger at different speeds, and the coefficient
of variation of fertilization uniformity is less than 10%, which meets the requirements of
fertilization uniformity and precision listed in NY/T1003-2006 “Technical Specification for
Fertilization Machinery Quality Evaluation” [28]. The fitting functional equation of the fer-
tilizer discharge flow rate of the optimized double arc groove screw fertilizer discharger is
y = 1.084x − 5.076, and the coefficient of determination R2 is 0.998. The fitting equation for
the fertilizer discharge flow rate of the single-screw fertilizer discharger is y = 0.797x − 7.275,
and R2 is 0.982. By analyzing Figures 15–17, it can be seen that the fertilizer discharge
performance of the optimized double arc groove screw fertilizer discharger is better than
that of the single-screw fertilizer discharger.

Figure 17. Uniformity coefficient of variation comparison test.

Figure 18. Fertilization accuracy comparison test.

Table 7 shows that the uniformity variation coefficient of the bench test, the uniformity
variation coefficient of the simulation test and the relative error of the fertilization accuracy
are 5.60% and 5.52%, respectively, indicating that the simulation optimization result is
correct. Moreover, the main cause of the error is that spherical fertilizer granules are used in
the simulation test, but the sphericity of the compound fertilizer in the bench test is less than
100%, and there is occasionally agglomerated fertilizer. There is an error in the distribution
characteristics of fertilizer particles in the bench test compared to the simulation test, but
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the error is small. This proves that factors such as agglomerated fertilizer and sphericity can
have a negligible impact on the optimized double arc groove screw fertilizer discharger’s
fertilizer discharge performance.

y x
R

y x
R

Figure 19. Fertilization discharge flow rate comparison test.

Table 7. Bench verification and comparison test results.

Fertilizer Type Test Type

Test Index

Uniformity Coefficient
of Variation/%

Fertilization
Accuracy/%

Optimized DAGSFD Simulation test 6.78% 3.26%
Bench test 7.16% 3.44%

SSFD Bench test 21.66% 4.28%

From the data in Table 7, it can be seen that the fertilization accuracy of the optimized
double arc groove screw fertilizer discharger is 3.44%, and the fertilization accuracy is
higher. The coefficient of variation for uniformity is reduced by 14.50% on average, and
the optimized double arc groove screw fertilizer discharger has good fertilizer discharge
uniformity, which effectively solves the problem of uneven fertilizer discharge of a single-
screw fertilizer discharger.

To achieve precise control of the fertilizer discharge flow rate, based on equation
y = 1.084x − 5.076, an electrically controlled fertilizer discharge system was developed and
designed to adjust the speed according to the required fertilizer amount accurately. As
shown in Figure 20, the electrically controlled fertilizer discharge system was tested and
verified in the bench test. We randomly selected rotational speeds of 35, 49, 57, 75, 82 and
108 r/min from 30 to 105 r/min. We then carried out three-fold repetition tests. After stable
fertilizer discharge, we recorded the data, measured the mass of fertilizer particles in the
fertilizer collection box within 5 s, calculated the fertilizer discharge flow rate and compared
it with the preset values of the electrically controlled fertilizer discharge system. The results
are shown in Figure 21. Analysis shows that the average error between the discharge flow
rate and the preset value of the optimized double arc groove screw fertilizer discharger
controlled by the electric-controlled fertilizer discharge system is 2.78%, achieving the goal
of automatically adjusting the rotational speed through the electronic control system to
achieve precise fertilization.
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Figure 20. Bench test of electronic fertilizer discharge system. 1. Fertilizer collection box. 2. Optimized
arc groove screw fertilizer discharge wheel. 3. Fertilizer box. 4. Motor controller. 5. GPS receiver.
6. Electronic fertilizer discharge system.

Figure 21. Comparison curve of fertilizer discharge flow rate in electric control fertilizer discharge test.

5. Conclusions

(1). Through the bench test of the single-screw fertilizer discharger, the uneven fertilizer
discharge phenomenon of the single-screw fertilizer discharger was analyzed, and an
improvement plan for the double arc groove screw fertilizer discharger was put for-
ward. The instantaneous fertilizer discharge characteristics of the fertilizer discharger
were theoretically analyzed, and the factors affecting the fertilizer discharge unifor-
mity of the double arc groove screw fertilizer discharger were obtained, respectively,
as the pitch S, the center distance a and the arc groove radius Rp.

(2). Taking the pitch S, the center distance a and the arc groove radius Rp as the test
factors, and the uniformity coefficient of variation as the test index, the three factors
and five levels of quadratic universal rotation combination design test were carried
out. According to the established uniformity coefficient of variation, fertilization
accuracy regression model and the use of Design-expert8.0.6 software to obtain the
relationship between the influence of test factors on test indicators, the effect of
the screw pitch and arc groove radius on the uniformity coefficient of variation
is extremely significant (p < 0.01). The effect of center distance on the uniformity
variation coefficient was significant (0.01 < p < 0.05). The effect of screw pitch, center
distance and arc groove radius on the fertilization accuracy was extremely significant
(p < 0.01), and in the center distance 40 mm, y1 ≤ 10%, y2 ≤ 3%. On the basis of
the minimum manufacturing cost, the optimal parameters of the fertilizer discharger
were optimized as a pitch S of 35 mm and an arc groove radius Rp of 17 mm.
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(3). In order to verify the accuracy of the optimized analysis results, a bench verification
test was carried out with Stanley compound fertilizer as the test material. The test
results show that the coefficient of variation of uniformity, fertilization accuracy of
bench test and the relative error of simulation test are 5.60% and 5.52%, respectively.
The optimized fertilization accuracy of the double arc groove screw fertilizer dis-
charger is 3.44%, and the fertilization accuracy is high. The coefficient of variation of
the uniformity of the double arc groove screw fertilizer discharger is 14.50% lower
than that of the single-screw fertilizer discharger. Moreover, the fitting equation of
the fertilizer discharge flow rate of the double arc groove screw fertilizer discharger
is significantly better than that of the single-screw fertilizer discharger. Therefore,
an electric control fertilizer discharge system was designed based on the optimal
parameter fertilizer discharge flow rate fitting equation. The bench test results show
that the electric control system can accurately adjust the double arc groove screw
fertilizer discharger fertilizer discharge flow rate by adjusting the rotational speed.
The double arc groove screw fertilizer discharger controlled by an electronic control
fertilizer discharge system has good uniformity in fertilizer discharge and a control-
lable fertilizer discharge flow, which effectively solves the problem of the uniformity
of the fertilizer discharged by the single-screw fertilizer discharger.
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Abstract: Wheat sowing has the characteristics of wide and short sowing periods, and there are
situations in which the suitable sowing period is missed. In order to meet the needs of high-speed
sowing, a centrifugal wheat strip seeding device was designed, the principle of which is that rotating
parts were mainly composed of centrifugal concave plate and guide strip rotating in the shell to
provide the mechanical force and drive the airflow and then realize high-speed seeding. The influence
of the rotational speed of the seed discharging plate, the seed feed rate, and the dip angle of the
guide strip on the distribution of the flow field and trajectory of seeds in the device was analyzed.
The aerodynamic characteristics of seeds and the distribution of the gas-phase flow field inside
the seed displacer under airflow were analyzed by CFD–DEM coupled simulation. The effects of
three operating parameters on the coefficient of variation of sowing uniformity (CVSU) and the
row-to-row seeding amount coefficient of variation (RSCV) were clarified, and the simulation results
were verified by bench experiments after secondary optimization. When the centrifugal concave
plate rotational speed, seed feed rate, and guide strip angle were 408 rpm, 4938 grains/s, and 69◦, the
results showed that CVSU and RSCV were 1.12% and 2.39%, respectively, which was in line with the
standards for grain strip seeders stipulated. The designed seed discharge device can sow 3.4 ha per
hour. This study provides a reference for research of centrifugal airflow-assisted high-speed seeding
devices for wheat.

Keywords: wheat seeding; high-speed seeding; centrifugal; CFD–DEM coupling

1. Introduction

The sowing period is the first part of the wheat production process, the optimization
of which improves sowing speed, ensures sowing quality, and plays a very important
role in increasing and stabilizing the yield of a crop. China has a large wheat planting
area; the planting area of winter wheat in 2022 was about 23,518,500 hectares [1]. Sowing
wheat during the appropriate sowing period can make full use of heat resources, cul-
tivate strong seedlings, ensure the formation of robust large tillers and developed root
systems, manufacture and accumulate more nutrients, and enhance resistance to adversity
to improve the rate of spikes and cultivate strong stalks and large spikes to lay a sound
foundation. However, the suitable sowing period for wheat is short [2], and there are
cases when wheat sowing is not carried out within the suitable sowing period due to the
efficiency of seed dischargers, affecting the wheat yield. At present, the wheat seeders
are mainly mechanical and pneumatic. Mechanical seeders are mainly external groove
wheel seeders, the advantage of which is a stable and adjustable sowing volume, and the
disadvantage of which is the existence of pulsation, which can easily produce uneven
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sowing, crowded seedling growth, lack of seedlings, and the broken ridge phenomenon.
In addition, there are also problems such as difficult seed filling, uneven seed filling, and
a high leakage rate arising from high-speed seeding. The adopted pneumatic seeder is a
high-speed and precision pneumatic seed discharger, and the seed filling method is mainly
through the equipped fan, which rotates to generate negative pressure airflow: the seed is
sucked into the seed disk hole when the seed moves to the negative pressure domain [3–5].
However, the increase in the total negative pressure required for seed filling will cause an
increase in the rotational speed of the fan system in the wide operation mode, resulting in
increased vibration and a substantial increase in energy consumption. At the same time,
the pneumatic seed dispenser has poor stability of instantaneous speed of seed drop in the
seed dispensing process, which leads to poor grain spacing [6–8].

The quality of seed sowing is related to the performance of the seed discharger. The
seed filling process determines the quality and speed of seed discharge. Lei et al. [9]
designed a Venturi-based airflow collector-exhaust seed discharger to improve the seed
filling rate by driving the seeds into the centrifugal mixer through a fan blast. Liao et al. [10]
designed a double-cylinder seed discharger to accomplish high-speed seed discharging of
six rows by negative pressure filling and positive pressure discharging. This method can
meet the agronomic requirements of rapeseed and wheat seeds.

During the working process of a seed discharger, the seed-to-seed and seed-to-guide
strip interactions are a more complicated seed flow problem than a discontinuous medium
problem. Deng et al. [11] simulated wheat seed movement characteristics under different
guide strips of a centrifugal seed discharger using EDEM; Liu et al. [12] designed a cone-
guided horizontal plate wheat seeder and conducted a one-way experiment on the effect
of no guide strip, a straight guide strip, and an involute guide strip on the seeding effect
using EDEM; Xu et al. [13] analyzed the performance of four structures of slotted-wheel
seed dischargers for discharging rice seeds using EDEM simulation. At the same time, the
rotation of the centrifugal concave plate and the guide strip causes airflow and the role of
the airflow in the complex area of the aerodynamic characteristics of the seeds is routinely
difficult to calculate. Cheng et al. [14] optimized the precision seeding performance of
the seed discharger by analyzing the flow field conditions at different seed suction ports
using the FLUENT 2020R2 software. Xing et al. [15] designed and optimized the negative
pressure duct of the rice seed discharger and optimized the duct structure by analyzing the
suction hole configuration on the duct using the FLUENT 2020R2 software.

In this study, a centrifugal wheat strip seeding device was studied to address the
above problems, including the design of a centrifugal force-based combination of seed
plate and dip guide wheel. The flow field characteristics of the seed discharge device
were simulated following the following steps: (1) selecting reasonable parameter intervals
by using ANSYS-FLUENT. (2) The motion characteristics of seeds and the consistency of
seed discharge under different guide strips, rotational speeds, and seed feed rates of a
centrifugal concave plate were simulated using a CFD–DEM coupled analog simulation.
(3) Experiments were conducted on a seed rowing experimental bench and the simulation
results were verified with data collected by a multichannel real-time weighing device, and
finally design parameters were optimized to improve the performance of the system for
seed discharging to meet the production requirements of high-speed seed discharge.

2. Materials and Methods

2.1. Structure and Principle of Centrifugal Wheat Strip Seeding Device

The structure of the centrifugal wheat strip seeding device is shown in Figure 1.
This device consists of seed feed tubes, centrifugal concave plates, dip guide strips, seed
discharge notches, a shell, shell outlets, and inoculation capsules. Among them, the dip
guides make an angle of θ with the centrifugal concave plate. There is an airflow channel
outside seed feed tube, and the centrifugal concave plate rotates to create a negative
pressure inside seed discharger. When the seeding device works, the seed flows from
the seed box into the seed feed tube and is then accelerated under the effect of gravity

117



Agriculture 2023, 13, 1883

and negative pressure to fall onto the centrifugal concave plate in the cone angle for seed
distribution. Seeds in the cone angle are evenly distributed and accelerated away from
the wheat seed feed gap between seed tube and cone angle by the combined effect of the
support force of guide strips and concave plate and airflow drag force. At the end of the
centrifugal concave plate set seed notch, with the fluid phase of the forces, the ends of
guide strips on the seed support force seeds through the shell outlet into the inoculation
capsule. The seed decelerates and relieves pressure in the inoculation capsule and leaves
the seed dispenser after the direction changes toward the ground, completing a uniform
12-row row. The CFD–DEM coupled [16–19] simulation simulates the movement of seeds
during the seed discharge work, as shown in Figure 2.

 

Figure 1. Structure of the centrifugal wheat strip seeding device and seed feeding device: (a) is a
perspective view, where 1—seed feed tube; 2—dip guide strip; 3—seed outlet notch; 4—centrifugal
concave plate; 5—shell outlet; 6—inoculation capsule; 7—shell; (b) is a sectional view; (c) is a seed
feeding device.

Figure 2. Schematic diagram of the seed filling and discharging process.

2.2. Mathematical Modeling Analysis of CFD–DEM Coupling

Air conveying can be categorized into dilute-phase flow and dense-phase flow based
on the gas–solid mass ratio (ψ), and the ψ of the centrifugal wheat strip seeding device
is less than 10%, which belongs to dilute-phase flow. The coupled CFD–DEM simulation
method [20–22] was used to investigate the motion characteristics and distribution process
of wheat seeds.

The gas motion in the CFD part was analyzed in the Eulerian framework of ANSYS-
FLUENT and the effect of gas phase was analyzed by adding a void fraction αg to the conser-
vation equation. The gas-phase fluid dynamics was expressed in terms of a continuity equa-
tion and the momentum conservation equation, as shown in Equations (1) and (2) below:

∂

∂t
(
ρgαg

)
+∇(

ρgαgug
)
= 0 (1)
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∂

∂t
(
ρgαgug

)
+∇(

αgρgugug
)
= −αg∇pg +∇(

αgτg
)
+ αgρgg − FP (2)

where ρg, ug, pg, t, g, αg are gas-phase density, gas-velocity vector, gas-phase pressure,
instantaneous time, gravitational acceleration, and void fraction, respectively. FP is the
gas–solid two-phase flow resistance, which is the exchange of momentum between the
solid and gas phases. τg represents the fluid stress tensor, calculated as:

τg = μg∇ug + μg
(∇μg

)T (3)

where μg is the dynamical viscosity,
(∇μg

)
and

(∇μg
)T are the gradient matrix of the

velocity field and its transpose matrix, respectively.
In the DEM model, real-time information about the position and velocity of particles is

explicitly tracked by Newton’s second law of motion in a Lagrangian manner. Considering
particle–particle and particle–excluder collisions, the collision force term (FC,ij) is added for
solving the momentum exchange. The translational and rotational equations of motion for
a single particle i are given by:

mi
dui

dt
= mig + Fd,i + FMag,i + FSaff,i +

m

∑
j

Fc,ij (4)

Ii
dωi

dt
= Ti =

ni

∑
j=1

(Tt + Tr + Tn) (5)

where mi, ui, and ωi are the particle mass, translational velocity, and rotational velocity
of particle i. Fd,i is the drag force on particles in a gas–solid two-phase flow. FMag,i is the
Magnus lift generated by the rotation of the particles. FSa f f ,i is the Saffman lift force on
particles in a gas–solid two-phase flow. ΣFc,ij is the collision force between particles and
between particles and the seed discharger. ni denotes the number of particles interacting
with particle i, Ii and Ti represent the moment of inertia and total torque of particle I,
respectively, Tt and Tr are rolling friction moments, generated by the moment of particle j
acting on particle i and the tangential force. Tn is the moment, which is generated by the
normal force when it is not directed towards the center of mass of the particle.

The gas-particle interaction is mainly calculated numerically through the momentum
exchange between the gas and solid phases, where the trailing force plays an important
role in the momentum exchange between the two phases. In this paper, the interaction
between gas and particles is simulated by the Di Felice drag model, Equation (6):

Fd,i =
1
8

ρgCdπd2
i αg

2−β
(
ug − ui

)∣∣ug − ui
∣∣ (6)

where di is the diameter of the wheat seed particle.
∣∣ug − ui

∣∣ is the slip velocity between
the gas and the particles Cd is the drag coefficient, β is the model coefficient described by
the following equation:

Cd =

⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

24
Rep

(stokes)
(
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)
24

Rep

(
1 + 0.1875Rep

)(
1 < Rep ≤ 5

)
24
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(
1 + 0.15R0.687

ep

)(
5 < Rep ≤ 800

)
24

Rep

(
1 + 0.167R0.667

ep

)(
800 < Rep ≤ 1000

)
0.4392

(
1000 < Rep ≤ 30000

)
(7)

Rep =
ρgdiαg

∣∣ug − ui
∣∣

μg
(8)
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where μg is the airflow viscosity and Rep is the Reynolds number, which is taken as 1600
for this experiment [16]. The remaining force in Equation (4) can be expressed as:

FMag,i =
π

8
Clρgd2

i
∣∣ui − ug

∣∣2 ωi −∇× (
ui − ug

)∣∣ui − ug
∣∣∣∣ωi −∇× ug

∣∣ (9)

Fsaff,i = 1.615d2
i
√

ρgμg
(
ug − ui

)√∣∣∣∣dug

dy

∣∣∣∣ (10)

ΣFc,ij = ΣFd
n,ij + ΣFd

t,ij (11)

where Cl is an empirical coefficient, related to Rei . Fn
d is the damping force of the particles

against the wall and the wheat seed; Ft
d is the tangential damping force.

2.3. Mechanical Analyses of Wheat Seeds during Operation of Seed Discharging Equipment
2.3.1. Theoretical Analysis of Wheat Seed Particle Filling Process

Seed flow from the wheat feeding tube falls on the cone angle of the centrifugal
concave plate and is evenly diverted to the gap of the guide strip to achieve seed filling.
Seeds at the top of the guide strip are subjected to gravity, gas-phase drag force, Magnus
lift force, collision force between the seed particles, the support force of the guide strip, etc.,
among which the Magnus force has much less effect on the particles than the other forces,
so it is ignored [23–25]. In addition, the gas-phase drag force is related to the velocity and
density of fluid affected by the air pressure, and the drag force is related to the air pressure.
The barometric pressure formula is as follows:

Pr = sρgωarccosθ(l2V2 − l1V1) (12)

where Pr is the theoretical pressure at the inlet. s is the correction coefficient, related to
the cross-sectional area between adjacent guide strips. ω is the angular velocity of the
centrifugal concave plate, rpm. θ is the tilt angle of the guide strip. l1 and l2 are the
distances of the first section of the guide strip and the end of the guide strip from the
center of the axis, m, and V1 and V2 are the radial airflow velocities at the inlet and the
outlet, m/s, respectively.

The velocity of seed particles is lower than the airflow velocity during seed filling, and
the direction of trailing force Fd is the reverse of the relative motion of seed particles and
airflow, N; as shown in Figure 3a, the forces in each direction on the seed particles are:

X : FN1 sin θ + Fc cos ϕ = Fsaff sin β (13)

Y : Fd + Fα + Fsaff cos β > FN2 sin γ + Ff + Fc sin ϕ (14)

Z : mg + FN1 cos θ = FN2 cos γ (15)

where FN1 is the support force of the guide strip on the seed, N; FN2 is the support force
of the centrifugal concave plate on the seed, N; Ff is the friction force of seed, N; Fa is the
centrifugal force of seed, N; m is the mass of seed, Kg; θ is the installation angle of the guide
strip (◦): ϕ is the angle of collision force, Fc, with the positive X direction in the XY plane
(◦); β is the angle of Saffman lift force with positive Y direction (◦). γ is the angle between
concave disk support force FN2 and Z axis positive direction in the YZ plane (◦).

From Equations (13)−(15), the seed moves along the guide strip with variable acceler-
ation from the end of the guide strip to the seed exit notch area.
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(a) (b) 

Figure 3. Schematic diagram of the seed filling and discharge process: (a) seed filling process; (b) seed
discharge from the centrifugal concave plate.

2.3.2. Theoretical Analyses of the Wheat Seed Particle Discharge Process

Wheat seed particles rise along the guide strip on the centrifugal concave plate due to
gas-phase drag force, centrifugal force, and Saffman lift. After reaching the notch area of
the seed discharge device, the gas flow rate decreases because of the pressure relief and
deceleration effect of the inoculation capsule. At this time, the gas-phase resistance is in
the opposite direction to the movement of the seed particles. The end of the guide is bent
in the opposite direction of rotation to provide outward support to the seed, as shown in
Figure 3b, and the forces in all directions on the seed particles are:

X : Fsaff = Fc sin δ + FN + Fa sin α (16)

Y : Fa cos α ≥ Ff + Fd + Fc cos δ (17)

where FN is the support force of the guide strip on the seed particles, N; δ is the angle
between the collision force Fc and the forward direction of the seed in the XY plane, α is the
phase angle between the centrifugal force and the forward direction of the seed (◦); Ff is
contact drag (the component of the combined force of gravity mg, the supporting force of
the centrifugal concave plate on the seed FN3, and the friction force in the Y direction in the
YZ plane).

The influence of each parameter on the seed combined force during the process of
wheat seed filling and discharging, in which the guide strip inclination θ affects both gas-
phase drag force and support force and friction force of the guide strip on the seeds and the
rotational speed ω affects gas-phase drag force and centrifugal force, was analyzed. The
amount of seed per unit cross-section of the wheat seed delivery tube (i.e., seed delivery
volume) affects the thickness of the seed layer, the collision force between the seed particles,
and the support of seed by the guide strip. The results concluded that the rotational speed
of the centrifugal concave plate, the seed feed rate, and the inclination of the guide strip
had the greatest influence on the seed filling effect of the seed dispenser. Among them, the
gas-phase drag force is affected by the airflow and varies in real time, so the influence of
rotational speed, guide strip dip angle, and seed feed rate on the working performance of
the seed discharger is investigated by coupled DEM-CFD calculation and optimization.

2.4. Materials and Methods for CFD–DEM Coupled Simulation
2.4.1. Modeling of Centrifugal Wheat Strip Seeding Device and Seed Modeling

The 3D model of the seed dispenser was drawn using the 3D drawing software UG
NX 10.0. The simplified version was imported into the EDEM (v2020.2) in STP format and
the rotation of the centrifugal concave plate and guide bar assembly was set by Addin
Motion. A particle plant for seed generation was provided in the wheat feeding tube. The
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seed dispenser was assembled using 3D printing in ABS material, and the Hertz–Mindlin
(no slip) standard rolling friction contact model was chosen as the contact model. The three-
dimensional physical parameters of wheat seeds (Jiemai 22) were measured and modeled
using the bonded particle modeling (BPM) method (Figure 4a). The static and dynamic
friction coefficients between seed particles and seed discharger were verified experimentally
by the stacking angle of wheat, and the modulus of elasticity was determined by the straight
shearer, which had a small error and ensured the high accuracy of the simulation model.
The parameters are shown in Table 1. The geometry bin group was placed at the outlet of
the inoculation capsule to collect the real-time seed output of each capsule.

Figure 4. CFD model grid and DEM model of wheat seeds: (a) wheat seed modeling in EDEM;
(b) FLUENT delineation of the model grid; (c) dynamic mesh through UDF-driven centrifugal
concave plate and dip angle guide strip.

Table 1. Simulation parameters of ANSYS-FLUENT and EDEM.

Project Research Target Parameter Numerical Value

EDEM solid phase Wheat seed Three-axis dimensions (mm) 5.99 × 3 × 3
Thousand-grain weight (g) 43.6

Poisson’s ratio 0.42
Shear modulus (PA) 5.1 × 107

Equivalent diameter (mm) 3.83
Densities/(Kg·m−3) 1.35 × 103

Seed–seed Crash recovery factor 0.42
Coefficient of static friction 0.35

Coefficient of kinetic friction 0.05
Seed–seed dispenser Crash recovery factor 0.75

Coefficient of static friction 0.4
Coefficient of kinetic friction 0.05

Seed dispenser made of ABS Poisson’s ratio 0.384
Shear modulus/PA 2.2 × 106

Densities (Kg·m−3) 1050

ANSYS-FLUENT gas phase Atmosphere Gravitational acceleration (m/s2) 9.81
Densities (Kg·m−3) 1.225

Stickiness (kg·m−1·s) 1.789 × 10−5

The UG model was imported into ANSYS Workbench through an x_t file, and the
tetrahedral meshing was carried out, in which the mesh encryption at the inlet and outlet is
3 mm, the mesh encryption at the interface between the rotating body and FLUENT is 6 mm,
and the rest of the area is 9 mm, as shown in Figure 4b. The number of grids is 22,593. The
minimum mesh size is 3 mm and the maximum mesh size is 9 mm, both of which are three
times larger than the diameter of particles. To compile the UDF, DEFINE_CG_MOTION is
used to control the centrifugal concave plate and the dip guide strip (Figure 4c) to rotate
around the Y axis at a set speed, defining it as the solid phase and the rest of it as the
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fluid phase. The fluid phase material is defined as air. The inlet of the model was set
as the pressure inlet and the pressure was set to standard atmospheric pressure (101.325
kPa), the outlet was set as the pressure outlet. A k-epsilon viscous model, standard wall
functions, and no-slip boundary conditions were used with a time step of 0.0002 and a step
size of 20,000.

From Equations (6) and (10), it is deduced that the drag force and Saffman force in the
gas phase are affected by the flow velocity, pressure of flow field, etc. Flow field simulations
were performed using ANSYS-FLUENT 2020R2 software to analyze the effect of flow field
on each of the flow field forces in the gas phase [26–28]. Different rotational speeds guide
strip dip angles were set (Table 2), with the same inclination of different rotational speeds
as a group, for a total of 5 groups of 105 tests, through the anemometer measurement
experiment to verify the simulation results.

Table 2. Simulation experiments for flow field analysis of FLUENT.

Parameter Numerical Value

Rotational speed (rpm) 200, 220, 240, 260, 280, 300, 320, 340, 360, 380, 400, 420, 440, 460,
480, 500, 520, 540, 560, 580, 600

Guide strip dip angle (θ)/(◦) 50, 60, 70, 80, 90

EDEM simulation experiments are carried out to study the amount of congestion of
the seed feed rate at different speeds [29]. In conjunction with the speed ranges in Table 2,
21 sets of 105 experiments were carried out with different seed feeds at the same speed,
with EDEM material properties as in Table 1, with a time step of 0.000001 s and a total
time of 4 s.

2.4.2. CFD–DEM Coupled Seeding Simulation Experiment Based on Dense Discrete Phase
Model (DDPM)

EDEM turns on the coupling switch and FLUENT selects a transient model and reads
the DDPM coupling interface for CFD–DEM coupling [30]. To achieve a coupled simulation,
the principle of the DDPM coupling interface is to exchange information between two
mathematical models, CFD and DEM. In order to ensure calculation accuracy, after the
successful connection between FLUENT and EDEM, the input mesh > reorder > rd > rd is
used until the output of rd = 1 in the coding window of FLUENT, the calculation method
of the coupled model is phase coupled SIMPLE, the time step is 0.00004 s, and the number
of steps is 100,000. The EDEM has a time step of 0.000001 s and saves data every 0.01 s.

According to the flow distribution of FLUENT pre-experiment, combined with ex-
perimental analysis of EDEM’s rotational speed and seed feed rate (Table 3), the flow
field is stable at 200–600 rpm, and the seed feed does not block the seed inlet at the rate
of 6000 grains/s or less. The independent variables of the Design-Expert 13 orthogonal
experiment were selected to analyze the effects of three factors, namely, rotational speed
(x1), guide strip dip angle (x2), and seed feed rate (x3), on CVSU and RSCV through the
results of three-factor, three-level orthogonal experiments, and the factors and levels of
orthogonal experiments are shown in Table 4.

Table 3. Simulation experiments for seed feed analysis of EDEM.

Parameter Numerical Value

Rotational speed (rpm) 200, 220, 240, 260, 280, 300, 320, 340, 360, 380, 400, 420, 440, 460,
480, 500, 520, 540, 560, 580, 600

Seed feed rate (grain/s) 3000, 4000, 5000, 6000, 7000
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Table 4. Factors and levels of orthogonal experiments.

Level
Rotational Speed

A (rpm)
Guide Strip Dip Angle

B (◦)
Seed Feed Rate

C (Grain/s)

1 200 60 4000
2 400 70 5000
3 600 80 6000

The real-time seed output of each outlet was counted by geometry bin group at the
outlet of the inoculation capsule, and the seed output of individual outlets from 1–4 s was
divided into 3 equal parts by time. The seed output of each seed outlet in each period
Qij (i = 1, 2, 3, j = 1~12, j ε N*) was counted. The expressions for evaluation indicators of
CVSU and RSCV are:

CVSU =
12

∑
j=1

√
1

i−1 · 3
∑

i=1

(
Qij − Qij

)2

Qij
× 100% (18)

RSCu =
3

∑
i=1

√
1

j−1

12
∑

j=1

(
Qij − Qij

)2

Qij
× 100% (19)

where Qij is the average amount of seed discharged at a particular output or at a particular
time (i = 1, 2, 3, j = 1~12, j ε N∗).

3. Results and Discussion

3.1. Analysis of the Results of the Coupling Experiment

The results and evaluation metrics of the orthogonal experiment are shown in Table 5.

Table 5. Results of orthogonal experimental design and evaluation indicators.

Lab Number
Rotational

Speed A (rpm)

Guide Strip
Dip Angle B

(◦)

Seed Feed
Rate C

(Grain/s)
CVSU (%) RSCV (%)

1 200 60 5000 4.78 3.25
2 600 60 5000 2.31 3.65
3 200 80 5000 10.18 3.92
4 600 80 5000 7.82 3.23
5 200 70 4000 8.00 3.98
6 600 70 4000 6.24 3.68
7 200 70 6000 6.44 3.96
8 600 70 6000 3.21 4.17
9 400 60 4000 2.66 3.58
10 400 80 4000 9.62 3.73
11 400 60 6000 1.31 3.61
12 400 80 6000 6.89 3.9
13 400 70 5000 1.03 2.17
14 400 70 5000 1.37 2.32
15 400 70 5000 1.04 2.42
16 400 70 5000 1.31 2.28
17 400 70 5000 1.26 2.23

3.2. Analysis of the Effect of Factors on CVSU

The variance results (Table 6) showed that the effects of rotational speed, guide strip
dip angle, and seed feed rate were all highly significant for CVSU. The effects of three
factors on the CVSU all tend to decrease and then increase with the increase in factor
values, and the order of priority was B > A > C. The three factors had the same trend of
influence on CVSU. For example, with a guide strip dip angle of 60◦ and a seed feed rate
of 5000 grains/s, the rotational speed was increased from 200 rpm to 600 rpm, and the
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CVSU decreased from 4.78% to 1.82% and then rose from 1.22% to 2.31%, which on the
one hand means that the time for the end of the guide strip to sweep over the two adjacent
seed outlets becomes shorter with the increase in rotational speed and on the other hand
means that the increase in rotational speed also accelerates the air-phase force, which was
dominated by a drag force, as shown by Equation (13) and CFD–DEM coupling results,
which leads to change in flow field and the shell seed outlet, as indicated by the coupling
results as well.

Table 6. Analysis of variance of three factors of orthogonal experiments.

Norm Source F-Value p-Value Significant

CVSU (%)

A—Rotational
speed 180.72 <0.0001 ***

B—Guide strip
dip angle 1030.54 <0.0001 ***

C—Seed feed
rate 140.87 <0.0001 ***

AB 0.0454 0.8374
AC 8.10 0.0248 *
BC 7.14 0.0319 *
Lack of fit 4.95 0.0782 Not significant
Primary and secondary factors B > A > C

RSCV (%)

A—Rotational
speed 5.91 0.0454 *

B—Guide strip
dip angle 8.36 0.0233 *

C—Seed feed
rate 13.29 0.0082 **

AB 49.72 0.0002 ***
AC 23.03 0.002 **
BC 2.02 0.198
Lack of fit 0.5272 0.687 Not significant
Primary and secondary factors C > B > A

Note: “*” denotes significant (p < 0.05); “**” denotes very significant (p < 0.01); “***” denotes extremely significant
(p < 0.001).

From Equation (13) and the coupling results of CFD–DEM, it can be seen that the
increase in rotational speed causes changes in the flow field, the pressure difference at the
inlet increased as the rotational speed increased, and an unstable high-pressure region
gradually appeared at the guide strip and the shell seed outlet, which affects the flow field
velocity. The difference in flow velocity between the shell seed outlet and the guide strip
is shown in Figure 5d–f, and the variation of flow field pressure is shown in Figure 5a–c.
Seeds were dispersed away from the seed inlet in a more orderly manner by airflow forces,
which was due to uniform airflow velocity and smooth pressure favoring smooth seed
discharge [31]. And then the CVSU rises with the increase in rotational speed, one reason
being that the increase in rotational speed increases the seed pickup frequency of the guide
strip, which makes the difference in seed pickup between the guide strips increase. Another
factor was that (Figure 6d) under the influence of higher rotational speed, a small number
of seeds left the guide strip after impact and stayed between the outside of the guide strip
and the shell and then entered into the inoculating capsule under the effect of airflow drag
force, which affected the orderly discharge of seeds.
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Figure 5. Flow velocity and pressure plots of the coupled CFD–DEM flow field: (a,d) for the 200 rpm
condition; (b,e) for the 400 rpm condition; (c,f) for the 600 rpm condition.

 

 

Figure 6. CFD–DEM coupled seed distribution and seed velocity: (a) shows the variation of seed
velocity under each condition, where A, B, C, and D are the four stages of the seed discharging
process, respectively; (b–d) are the simulation results of seed distribution in the seed discharger
under the rotational speeds of 200 rpm, 400 rpm, and 600 rpm, respectively.

In addition, the effect of seed feed rate on CVSU is illustrated by an example. At
a rotational speed of 400 rpm and a guide strip dip angle of 60◦, the seed feed rate was
increased from 4000 grains/s to 6000 grains/s, and the CVSU was reduced from 2.66% to
1.22% and then increased to 1.31%. Referring to Figure 7, it can be seen that the thickness of
the seed layer diverted at the centrifugal spin cone angle of the concave plate increased
with the increase in the seed feed rate, which improves the scattered seed diversion effect.
However, as the seed feed rate continues to increase, the thickness of seed layer on the
centrifugal spin cone angle increases, and, at the same time, the flow field changes as
the amount of seed becomes larger (Figure 8), which leads to a deterioration in the seed
dispersion effect. A guide strip dip angle is mainly a centrifugal concave plate tilted to the
plate on the guide strip and the plate surface of different dip angles will affect the gas flow
rate. A tilted guide strip is conducive to compression of air and acceleration of the speed of
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airflow. Through analysis, it can be seen that when the guide strip dip angle was too small,
the role of seed in the airflow was strong, the airflow was low, and the seeds dispersed.
When the guide strip dip angle was too large and the airflow was slightly less concentrated,
the role of seed force was smaller.

 

Figure 7. CFD–DEM coupling of seed distribution and seed velocity: (a) shows the variation of
seed velocity under each condition; (b–d) are the simulation results of seed distribution in the seed
discharger under the seed feed rate of 4000 grains/s, 5000 grains/s, and 6000 grains/s, respectively.

 

Figure 8. CFD–DEM coupled velocity and pressure maps of flow field: (a) velocity and pressure cloud
of the flow field for a feed rate of 4000 grains/s; (b) velocity and pressure cloud of flow field for a feed
rate of 5000 grains/s; (c) velocity and pressure cloud of flow field for a feed rate of 4000 grains/s.

3.3. Analysis of the Row-to-Row Seeding Amount Coefficient of Variation (RSCV) across Rows
of Displacement

The experimental (Table 5) and variance results (Table 6) showed that the effect of
rotational speed and guide strip dip angle on RSCV was significant, and the effect of
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seed feed rate on the RSCV was extremely significant, with the degree of influence being
C > B > A in that order. As shown in Figure 9d–f, the trend of three factors for RSCV was
the same as that for CVSU (Figure 9a–c), but in a slightly different way. RSCV decreases
and then increases as the three factors increase. The increase in rotational speed, dip angle,
and seed feed rate caused orderly increases in airflow velocity, seed layer thickness, and
seed taking uniformity, and the wheat seeds taken between 12 guides at the same time
moved to the inoculation capsule on the centrifugal concave plate by the airflow-assisted
force, and at this time, the RCV had a decreasing trend. Then, as the rotational speed, dip
angle, and seed feed rate increased continuously, there were some problems as the effect
of scattering seed diversion became weaker and the drag force of airflow became weaker,
resulting in the phenomenon that the seeds left the guide strip and were discharged by
drag force alone, and the RSCV rose gradually.

 

 

Figure 9. Two-dimensional contours of speed effects, guide strip dip angle, and seed feed rate for
CVSU and RSCV: (a–c) are for CVSU; (d–f) are for RSCV.

3.4. Quadratic Optimization
3.4.1. Model Tuning and Parameter Optimization

The two-dimensional contour plots were plotted by Design-Expert to co-ordinate and
analyze the pattern and degree of influence for rotational speed, guide strip dip angle, and
seed feed rate on CVSU and RSCV (e.g., Figure 9). It can be seen from (a), (b), (d), and
(e) that the increase in RPM favors the decrease in both metrics, and the CVSU reaches
the optimal solution region in preference to the RSCV, but both metrics increase as the
RPM continues to increase. As the guide strip dip angle increased, the CVSU was in an
upward trend, and the RSCV showed a decreasing and then increasing trend as shown in
Figure 9a,c,d,f.

According to the influence analysis of the three factors (speed, guide angle, seed feed
rate) in Figure 9 on the two indicators (CVSU and RSCV), combined with the rationality
analysis of the optimal value given by Design-Expert (Table 7), the rotational speed was
408 rpm, the dip angle was 69◦, and the seed feed was 4938 grains/s, which was in the
optimal solution area. The 1000-grain weight of wheat seed is 43.6 g, the sowing amount
per hectare is 228 KG, and the optimized seeding device can sow 3.4 hectares per hour,
which was determined to be the optimal solution. The parameters were modified and
the optimized CFD–DEM coupled simulation experiments were carried out. The results
showed that the flow velocity was increased, the flow field was stable, and the internal
pressure was more uniform, as shown in Figure 10a,b.
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Table 7. Optimal values given by the optimization function analysis of Design-Expert 13 software.

Name Goal Lower Limit Upper Limit Lower Weight Upper Weight Importance

A: Rotational
speed In range 200 600 1 1 3

B: Guide strip dip
angle In range 60 80 1 1 3

C: Seed feed rate In range 4000 6000 1 1 3

CVSU Minimize 1.03 10.18 1 1 3

RSCV Minimize 2.17 4.17 1 1 3

Solutions

1 solution

Rotational speed Guide strip dip
angle Seed feed rate CVSU RSCV Desirability

408.788 69.274 4938.038 1.025 2.276 0.973 Selected

 

 

Figure 10. Comparison of flow rate graphs, pressure graphs, experimental results, and bench experi-
ment results of simulation under optimal parameter conditions: (a) flow rate graphs; (b) pressure
graphs; (c) comparison of simulation experiments and bench experiments in terms of seed yield;
(d) comparison of simulation experiments and bench experiment results for CVSU, RSCV.

3.4.2. Bench Experiment Results

To verify the accuracy of optimized simulation results, a centrifugal concave plate
with 69◦ tilted guide strips was printed by a 3D printer for bench-top experiments. The
bench experiment is shown in Figure 11. The bench experiment was unable to show the
internal flow field, so the simulation results were verified by measuring the flow velocity
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and pressure at the center of the inoculation capsule utilizing a hand-held wind speed,
volume, and pressure measuring instrument. Because of the shielding of tilting guide strips,
it was not possible to collect seed distribution shapes at the same time by the high-speed
camera, so the choice was made to collect the real-time seed yield results from 12 ports
through multiple real-time weighing devices to compare with the simulation results. Nine
groups with large differences were selected from the CFD–DEM coupled simulation results
of optimal values and the bench experiment results, as shown in Figure 10c. Comparing the
seed yield of the simulation experiment, the evaluation index is shown in Figure 10d. The
experimental results show that the flow field effect of the bench experiment was consistent
with that of simulation experiment, and the difference between the number of seeds
collected by the multichannel real-time weighing device and the simulation seed discharge
effect was small. Due to the large radius of the centrifugal concave plate (265 mm), the
slight shaking of the bench at high speeds affects the perpendicularity between the motor
and centrifugal concave plate, which ultimately affects the seed discharging effect.

Figure 11. Diagram of bench-top experimental equipment.

4. Conclusions

In this study, a centrifugal wheat strip seeding device was designed to meet the
demand for high sowing operation speed in sustainable agriculture. The magnitudes
of effects for guide strip dip angle, centrifugal concave plate speed, and seed feed rate
on the internal flow field, seed movement characteristics, and sowing performance were
investigated using CFD–DEM coupled simulation based on the DDPM interface. The
conclusions were as follows:

(1) ANSYS-FLUENT was used to simulate the flow field characteristics of the seeding
device, the effects of different parameters on the distribution of the flow field, flow
velocity, and pressure at the seed inlet, inside the device, and on the inoculation
capsule were analyzed, and the rotational speed, the guide strip dip angle, and the
seed feed rate were determined to be the main parameters. As a result of the coupled
CFD–DEM simulation, it is observed that the flow field velocity increases with the
speed of rotation and guide strip dip angle and decreases with the seed feed rate.
As the flow rate increases, local turbulence occurs in the flow field, which affects
seed discharge.

(2) The orthogonal experimental design was chosen to obtain the primary and secondary
factors affecting the seeding performance indexes of the centrifugal wheat strip seed-
ing device, and the reliability of the influence of rotational speed, guide strip dip
angle, and seed feed rate on the seeding indexes CVSU and RSCV was verified. The
optimal solution for quadratic optimization was determined: 408 rpm, 4938 grains/s,
and 69◦ guide strip angle.

(3) Bench experiments were conducted to verify the simulation results by collecting
real-time seed output from each port through the multichannel real-time weighing
device. The optimized simulation results were CVSU of 1.022% and RSCV of 2.27%
and the bench experiment results were CVSU of 1.12% and RSCV of 2.39%.
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Abstract: In the context of automatic driving, the analysis of the steering motion characteristics
is critical for enhancing the efficiency of crawler harvesters. To address issues such as the low
transmission efficiency and the large steering radius encountered by traditional crawler harvesters
featuring hydrostatic drives, a driven steering crawler harvester chassis was designed. This involved
analysis of the chassis transmission system structure and its steering characteristics under several
conditions, including differential steering, differential direction reversal, and unilateral braking
steering. The steering parameters were determined based on real-time kinematic positioning–global
navigation satellite system (RTK-GNSS) measurements, and they were compared with theoretical
predictions based on the crawler harvester steering kinematics. The slip rates and modified models
of the crawler chassis for various steering modes were then obtained. The results indicated that
the increase in the ratio between the running input and steering input speeds led to larger track
steering radii and smaller average rotational angular velocities. Remarkably, the slopes of the linear
fits of the tracked chassis steering parameters varied significantly under differential direction reversal
and differential steering modes. Compared with the actual results, the correlation coefficient of the
tracked chassis steering parameters fitting model is close to 1. The steering parameter model was
deemed suitable for actual operational requirements. The results provide a valuable reference for
designing navigation and steering models of crawler harvesters operating on different road surfaces.

Keywords: crawler harvester; steering mode; kinematics; steering parameters; slip rate

1. Introduction

The crawler harvester plays an unparalleled role in modern-day harvesting owing
to its attributes such as small ground pressure, a tight turning radius, and a characteristic
adaptability to a varied terrain [1,2]. With regard to autonomous navigation of the crawler
chassis, the steering system’s performance directly affects the harvester’s navigation effi-
ciency and quality [3–5]. The preeminent crawler harvester chassis traditionally employs
the hydrostatic transmission system (HST), which faces such limitations as an unvarying
steering mode, augmented turning radius, and limited transmission efficacy [6,7]. Further-
more, the steering process of a crawler vehicle is both dynamic and intricate, given that
crawler harvesters exhibit track sag, slip, and sliding during operation [8,9]. Therefore, the
differences between the practical steering radius and steering angular velocity from the
theoretical values severely curtails the operational accuracy and control reliability of the
crawler harvester in an autonomous scenario [10,11].

In Europe and the United States, hydraulic drive chasses have been extensively em-
ployed in self-propelled combines, which can effectively circumvent the limitations of a
mechanical drive [12–15]. There are three main driving forms: a single hydraulic pump with
a single hydraulic motor and a gearbox, a single hydraulic pump with double hydraulic
motors, and double hydraulic pumps with double hydraulic motors [16,17]. Present-day
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domestic harvesters generally utilize the HST and conventional mechanical transmission
systems to achieve chassis drive operations. Liu et al. [18] designed a planet-tracked agri-
cultural power chassis with a suspension composed of parallel springs and shock absorbers
that can be freely retractable in a vertical direction. Notably, Sun et al. [19] integrated
the drive wheel gear transmission and cutting platform gear transmission portions into a
shared box, forming a densely packed, effective closed system to enhance the transmission
efficiency, built upon traditional HST methods. Establishing a vehicle steering model forms
the foundation for designing tracked vehicle navigation control systems. However, early
tracked vehicle steering models failed to consider track sag [20,21]. Thus, as research pro-
gressed, scholars globally began factoring in track sag, slip, roll, centroid deviations, and
other factors related to the coordination between the ground and the track, ultimately estab-
lishing steady-state and transient steering models for tracked vehicles [22–26]. Fu et al. [27]
studied the effects of the height, thickness, inclination Angle and spacing of track teeth
on the adhesion between track soil and black soil, and optimized the design parameters
of track teeth. Liu et al. [28] established a soft ground steering model for tracked vehicles
and studied the influence of track and ground on the driving force. Yokoyama et al. [29]
analyzed the influence of track plate spacing on the settlement, traction effect and shear
deformation of tracked vehicles in dry sand soil, and designed a flexible track in the form
of a grid. Nakajima et al. [30] predicted the total tractive force of a rubber track system and
developed and refined an internal 2D DEM program for analyzing the total tractive force
generated by a single rigid grip tooth.

After analyzing, comparing, and examining the structural principles of the prevailing
steering mechanisms, a drive steering crawler harvester chassis was designed in this study.
The structure and principles of the drive steering crawler chassis transmission system were
determined, kinematic analysis was performed, and steering kinematic models accounting
for the track and the ground were established for three steering modes, namely differential
steering, differential direction reversal, and unilateral braking steering. The interplay
between the steering parameters and the slip rate on both sides of the tracks was analyzed,
and a model relating the slip rate, steering radius, and steering angle was established
through actual real-time kinematic positioning–global navigation satellite system (RTK-
GNSS)-recorded data. Finally, the offset and correction factors induced by the track chassis’
skid were derived, serving as a foundation for designing the navigation and steering model
of tracked vehicles.

2. Materials and Methods

2.1. Basic Structure of Driven Steering Crawler Harvester Chassis

Figure 1 shows the detailed structure of the driven steering crawler’s chassis. Com-
pared to traditional crawler chassis design, the driven steering crawler features a dual-
channel HST drive and a two-channel walking–steering gear transmission, establishing the
chassis transmission system. The chassis relied on diesel engines to perform operations,
and belt transmissions drove the transmission. The power was transferred to the left and
right driving wheels of the chassis via double HST hydraulic and internal transmission gear
transmission. The movement of the driving wheels propelled the track to coil around the
track frame. The tensioning wheel provided tension to the track and precisely guided the
track’s rotation direction alongside the supporting wheel while taking the driving direction
provided by the ground into account.

Figure 2 displays the all-encompassing structure of the chassis transmission system
of the driven steering crawler harvester. The combination of a fixed-shaft gear pair and a
planetary gear group mechanism designed with two power flows, walking and steering,
enabled the operation and switching of various steering modes, including differential-
reverse, differential-speed, and unilateral-braking modes. The engine’s power output
was transmitted to the gearbox through belt wheel 5, and input shaft 6 was divided into
two power flows, namely the walking power source running in a straight line and the
steering power source, causing a speed difference between the left and right tracks. The
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HST hydraulic stepless transmission device enabled independent speed control for walking
and steering. Power sources on both sides input power to planet gear 12 via the internal
drive shaft’s gear transmission, steering power input to left and right internal gear 15, and
walking power input to central gear 18. Through the planetary rack, the left and right solar
gears transmit the final output power, which ultimately achieves different speeds of the left
and right tracks, facilitating tracked vehicle driving and steering. The transmission system
integrates the high efficiency of a mechanical transmission and the continuously variable
speed of a hydraulic transmission, enabling the system to realize continuous steering at any
steering radius. Consequently, the transmission performance exceeds that of the traditional
transmission system.

Figure 1. Schematic diagram of chassis structure. 1. Transmission, 2. Double HST assembly, 3.
Driving wheel, 4. Track, 5. Return roller, 6. Engine, 7. Frame, 8. Belt wheel, 9. Tension wheel.

(a) (b)

Figure 2. Schematic diagram of the transmission system. (a) Schematic diagram of transmission
mechanism; (b) Schematic diagram of planetary transmission. 1. Steering drive shaft 2, 2. Steering
drive shaft 1, 3. Reversing shaft, 4. Reduction shaft, 5. Belt pulley, 6. Input shaft, 7. Walking drive
shaft 2, 8. Walking drive shaft 1, 9. Walking drive shaft 3, 10. Steering drive shaft 3, 11. Steering drive
shaft 4, 12. Planet gear, 13. Travel drive shaft 4, 14. Pinion, 15. Internal gear, 16. Planet rack, 17. Sun
gear, 18. Center gear, 19. Half shaft. In the figure, n represents the speed of the shaft, r/s; ω is the
angular velocity of this axis, rad/s.

2.2. Analysis of Speed of Drive and Steering Transmission System

During straight and turning movements of tracked vehicles, the walking power source
imparts various linear speeds to different gears, while the steering power source provides a
speed differential between the left and right tracks. The subsequent analysis pertains to the
kinematic features of these two sources in the fixed-shaft gear pair and planetary gear set.

The rotational speed of the fixed-shaft gear pair corresponds to the number of primary
and secondary gear teeth and the transmission characteristics of the gears. The rotational
speed of the fixed-shaft gear pair is represented by Equation (1):

nm+1 =
nm · zm

zm+1
= nm · im,m+1, (1)

where nm denotes driving gear speed of the fixed-shaft gear pair (r/s), nm+1 denotes the
fixed-shaft gear pair passive gear speed (r/s), zm denotes the number of driving gear teeth
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of the fixed-shaft gear pair, zm+1 denotes the number of main and passive gear teeth of the
fixed-shaft gear pair, and im denotes ratio of the main and passive gears.

According to the transmission characteristics of the planetary mechanism, the output
speed of the planet is related to the radii of the inner gear and the solar gear, and the
rotational speed of the left and right output shafts is as follows:

ωo =
2πne · ri + 2πnc · r

ri + r
, (2)

where ωo denotes the angular velocity of the output axis (rad/s), ri denotes the radius of
the inner gear assembly (m), r denotes the radius of the solar gear (m), ne denotes the left
and right planetary gear speed (r/s), and nc denotes the planet central gear speed (r/s).

Similarly, the rotational speed of the output shaft of the left and right hemispheres of
the planet via the reduction shaft and the sprocket shaft can be calculated, i.e., the rotational
speed of the driving wheel:

ωd =
ωo · zr

zs
, (3)

where zr denotes the number of gear teeth of the reduction shaft, zs denotes the number of
gear teeth of the sprocket shaft, and ωd denotes drive wheel speed (r/s).

2.3. Analysis of Steering Characteristics of Driven Steering Crawler Harvester

The chassis transmission system of the driven steering crawler harvester enables the
modification of the left and right driving wheel speeds by utilizing the fixed-shaft gear pair
and planetary gear group mechanisms. Consequently, the crawler harvester accomplishes
linear walking and steering in three modes: differential direction reversal, differential
steering, and unilateral braking steering, as shown in Figure 3. The subsections below
comprehensively analyze and delineate various linear and steering movements.

(a) (b) (c) (d)

Figure 3. Schematic diagram of linear and steering motions of track chassis. (a) Straight-line driving;
(b) Differential direction reversal; (c) Unilateral braking steering; (d) Differential steering.

During straight-line motion of the tracked vehicle, the fixed-shaft gear pair and
planetary gear group mechanism create rotational speeds of equal magnitude and direction
for the left and right driving wheels. Equations (1)–(3) show that ωR = ωL. At this moment,
the central gear’s speed is nc �= 0, and the planetary gear’s speed is ne = 0. Only the
traveling drive from the central gear emits power, and the steering power source lacks any
power input.

When the tracked vehicle reverses in differential mode, the fixed-shaft gear pair and
planetary gear group mechanism generate opposing speeds for the left and right driving
wheels. This condition indicates that ωLω < 0. Moreover, the output shaft of the left and
right wheels rotate in opposite directions, causing the outer track to rotate forward and
the inner track to rotate backward. In Figure 4, which provides the steering radius and
input speed diagram (R = f (nc|ne)), the blue line represents a reversal when the ratio of
the central gear’s rotational speed to the planetary gear’s speed is less than the ratio of the
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radius of the internal gear to the radius of the sun gear ( nc
ne

<
∣∣± ri

r

∣∣). This condition results
in a turning radius R < B/2.

Figure 4. Relationship between steering radius and input speed.

In particular, when ωR = ωL, signifying an equal but opposite direction for the
rotational speed of the left and right half shafts, the entire vehicle pivots in place. At this
point, the traveling power source lacks any power input to the planet’s central gear, leading
to a rotational speed (nc) of 0. Only the steering drive from the internal gear assembly
provides a power output, nc

ne
= 0, resulting in a steering radius R = 0.

During differential steering of a tracked vehicle, the fixed-shaft gear pair and planetary
gear group mechanism generate motion in the same direction but with different speeds of
the left and right driving wheels. This condition is indicated when ωLωR > 0, leading to
the same directional rotation of the inner and outer tracks, with the latter experiencing a
faster speed than the former, as illustrated by the green line segment in Figure 4. At this
stage, the ratio of the central gear speed to the planetary gear speed surpasses the ratio of
the radius of the inner gear to the radius of the sun gear ( nc

ne
>
∣∣± ri

r

∣∣), resulting in a steering
radius of R > B/2. The walking drive from the central gear and steering drive from the
internal gear assembly simultaneously emit power output. The steering movement of the
entire vehicle represents a synthesis of the two movements.

During unilateral braking steering of a tracked vehicle, the fixed-shaft gear pair and
planetary gear group mechanism generate a singular side speed for the left and right
driving wheels, while the other side lacks speed, with ωL = 0 or ωR = 0. Consequently,
tracked vehicles steer around tracks on the no-speed side, as depicted by the red dot in
Figure 4. At this point, the ratio of the rotational speed of the central gear to that of the
planetary gear equals the ratio of the radius of the internal gear to the radius of the solar
gear ( nc

ne
=
∣∣± ri

r

∣∣), resulting in a steering radius of R = B/2.

2.4. Kinematics Analysis of Tracked Vehicle Steering

The motion of a tracked vehicle on horizontal ground can be regarded as a combination
of the relative movement between the vehicle and ground track alongside the sliding or
rolling movement of the ground track. It is presumed, at this point, that the axes of the
driving wheel, guide wheel, support wheel, and sprocket remain stationary. The track
winds around these wheels at a certain speed propelled by the driving wheel. Obtaining
this parameter is challenging and requires indirect calculation through other monitored
quantities. The velocity can be expressed as follows:{

vR = zKltnR = zKltωR
60

vL = zKltnL = zKltωL
60

, (4)

where vR and vL denote the average speeds of left and right track winding motions (m/s),
respectively, zK denotes the effective number of meshed gear teeth of the driving wheel, lt
denotes the chain rail pitch (m), ωL and ωR denote the left and right driving wheel angular
speeds (rad/s), respectively, and nL and nR denote the left and right driving wheel speeds
(r/s), respectively.
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On level terrain, a tracked vehicle attains stable steering around the steering center O,
as shown in Figure 5. It is observable that precarious steering of the tracked vehicle on both
track sides yields differences in the turning speeds (|vR−vL|), leading to a smaller tracked
vehicle steering radius R for larger steering angular velocities of α. The mathematical
formulas for calculating steering parameters R and α are as follows:

R = 0.5B
vR + vL
vR − vL

, (5)

α =
vL

R − 0.5B
=

vR
R + 0.5B

, (6)

ω =
α

t
, (7)

where B denotes the track gauge (m), R denotes the theoretical turning radius of the tracked
vehicle (m), α denotes the vehicle theoretical steering angle (rad), and ω denotes the average
theoretical steering angular velocity (rad/s).

(a) (b) (c)

Figure 5. Schematic diagram of tracked vehicle steering movement. (a) Unilateral braking steering
(b) Differential steering (c) Differential direction reversal.

During vehicle operation, despite not surpassing the traction force capacity of the
track-ground adhesion, there remained a slight level of sliding between the track and
the ground due to track shear or soil deformation caused by track compression. Figure 5
displays the scenario of track slippage, wherein the vehicle speed v denotes the actual speed,
defined as the relative driving speed of the track landing zone versus the vehicle body. It
combines the sliding speed of the track with the relative speed between the frame and the
ground track. In cases where the steering radius R fell between B/2, the distance between
the centers of the tracks, and the free steering radius, sliding of the outer track occurred,
with its actual speed lower than the theoretical speed, while the inner track experienced
skidding, with its actual speed greater than the theoretical speed. When the steering
radius was less than B/2, a track sliding phenomenon occurred on both sides. This led to
deviations of the actual instantaneous steering center from the theoretical one, causing the
actual steering radius RS to surpass the theoretical steering radius R. The actual steering
angular velocity never exceeded the theoretical steering angular velocity. The sliding and
skidding of the track are represented by the slip coefficients σ1 and σ2, respectively.

{
σ1 = SS−S

SS
= 1− n·lt ·zk/2π

(RS−0.5B)ωS

σ2 = S−SS
S = 1− (RS+0.5B)ωS

n·lt ·zk/2π

, (8)

where SS denotes the actual traveling distance of the track (m), S denotes the track the-
oretical traveling distance (m), l denotes the pitch of the track plate (m), RS denotes the
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theoretical turning radius of the tracked vehicle (m), and ωs denotes the vehicle theoretical
steering angular velocity (rad/s).

3. Results and Discussion

3.1. Test Conditions and Process

The tests conducted involved the linear movement of the chassis transmission system
and steering performances for the three steering modes on both concrete pavement and a
harvested field using a driven steering crawler harvester. The trial was conducted on 15
November 2022 at the Baima Agricultural Base in Nanjing. The RTK-GNSS antenna was
installed on either side of the harvester’s top in order to collect GNSS position information.
Additionally, a speed sensor was installed within the transmission to gauge the speeds of
the planetary gear and the central gear. Table 1 displays the various parameters associated
with the entire machine, including the antenna position parameters.

Table 1. Crawler harvester and antenna position parameters.

Parameter Numerical Value

Machine size (length × width × height)/(mm) 5640 × 2600 × 2800
Weight/(kg) 4030

Track grounding length/center distance/(mm) 2300
Track gauge/(mm) 1200

Mean ground voltage (kPa) 19.1
Track pitch × number × width 90 mm × 58 segment × 550 mm
Number of driving gear teeth 8

Spacing between antenna and central axis/(mm) 740
Spacing between antenna and track axis/(mm) 420

The actual steering radius and average steering angular velocity of a tracked vehicle
can be calculated based on the position and azimuth information collected by the RTK-
GNSS. The vehicle’s steering trajectory was obtained by calculating the differences between
the global latitude and longitude coordinates, and the actual average steering angular
velocity was obtained through an integral calculation. The actual turning radius RGNSS at
the RTK-GNSS receiver is presented in Figure 6.

RGNSS =
1
m

m

∑
i=1

√
(xi − u1)

2 + (yi − u2)
2, (9)

where m denotes the quantity of data collected by the RTK-GNSS (each). [u1, u2] are the
least-squares-fitted center coordinates of the trajectory:

[
u1
u2

]
=

⎡
⎢⎢⎣

m−1
∑

i=1
b2

i ·
m−1
∑

i=1
aici −

m−1
∑

i=1
bici ·

m−1
∑

i=1
aibi

m−1
∑

i=1
a2

i ·
m−1
∑

i=1
bici −

m−1
∑

i=1
aici ·

m−1
∑

i=1
aibi

⎤
⎥⎥⎦ ·

⎡
⎢⎢⎢⎣ 1

m−1
∑

i=1
a2

i ·
m−1
∑

i=1
b2

i − (
m−1
∑

i=1
aibi)2

⎤
⎥⎥⎥⎦, (10)

⎧⎨
⎩

ai = 2(xi+1 − xi)
bi = 2(yi+1 − yi)

ci = x2
i+1 + y2

i+1 − x2
i − y2

i

, (11)

where x and y denote the position information collected by the RTK-GNSS in the universal
transverse Mercator grid system (UTM) coordinate system (m).
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Figure 6. Steering diagram of crawler harvester. Note: UTM denotes a universal transverse Mercator
grid system, where UTM-E is the projected distance from the central meridian of the longitude region
and UTM-N is the projected distance from the equator. Point P is the installation position of the global
navigation satellite system (GNSS). Point Os is the center of the turning moment. d is the distance
between point P and the central axis. u is the distance between the antenna and the caterpillar axis.
Rs is the turning radius at the central axis.

The actual turning radius RS at the center of gravity of the harvester is calculated as
follows:

RS =
√

RGNSS
2 − u2 + d, (12)

where u denotes the distance between the antenna and the caterpillar axis (m), and d
denotes the distance between the antenna and the central axis (m).

3.2. Test Data

The harvester had three gears: high speed, middle speed, and low speed. The walking
speed is determined by the position of the variable-speed operating lever. During the
test, the harvester selected the moderate-speed gear when driving on concrete pavement
and the low-speed gear when driving in a field. The turning radius of the combine was
controlled by the steering wheel. During the test, the steering wheel was set to a fixed angle
and driven at a constant speed. At the same time, the GNSS position information, heading
angle, speed of the walking shaft, and speed of the steering shaft were recorded. The
theoretical turning radius, turning angular velocity, actual turning radius, actual turning
angular velocity, and slip/slip rate were calculated according to Equations (1)–(12). The
motion parameters and test results are shown in Tables 2 and 3.

Table 2. Test results of steering motion parameters and corrected parameters of crawler harvester on
concrete pavement.

No. nc ne vR vL nc/ne R RS ω ωs σ1 σ2
Steering

Type

1 157.065 7.584 2.087 1.892 20.71 15.036 19.643 0.57 0.523 0.193 0.97 a
2 161.92 13.574 2.223 1.875 11.929 7.559 9.262 1.016 0.904 0.362 0.962 a
3 122.065 14.76 1.738 1.359 8.27 5.016 5.836 1.112 1.079 0.364 0.962 a
4 80.632 16.557 1.234 0.809 4.87 3.091 4.741 1.176 1.102 0.241 0.972 a
5 101.377 42.352 1.83 0.743 2.394 1.429 2.201 3.178 3.079 0.25 0.976 a
6 111.033 49.126 2.045 0.772 2.26 1.328 1.875 3.723 3.602 0.306 0.973 a
7 92.258 68.187 2.046 0.296 1.353 0.803 1.368 5.116 4.69 0.282 0.987 a
8 61.939 68.293 1.662 −0.09 0.907 0.538 1.2 5.124 4.886 0.158 0.995 a
9 66.749 74.471 1.802 −0.109 0.896 0.532 1.17 5.588 5.359 0.162 0.994 a

10 61.872 69.309 1.674 −0.104 0.893 0.529 0.99 5.36 5.19 0.215 0.992 a
11 40.452 51.422 1.171 −0.146 0.787 0.468 0.818 3.85 3.983 0.232 0.973 b
12 45.893 85.762 1.676 −0.516 0.535 0.318 0.554 6.408 6.2 0.379 0.721 b
13 17.754 92.978 1.418 −0.968 0.191 0.113 0.244 6.98 6.757 0.36 0.604 b
14 7.283 63.55 0.908 −0.721 0.115 0.068 0.343 4.758 4.402 0.272 0.743 b
15 2.839 108.739 1.424 −1.352 0.026 0.015 −0.248 8.119 8.955 0.151 0.629 b
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Table 3. Test results of steering motion parameters and correction parameters of field crawler harvester.

No. nc ne vR vL nc/ne R RS ω ωs σ1 σ2
Steering

Type

1 163.68 20.645 2.343 1.812 7.928 4.704 5.904 1.549 1.486 0.343 0.963 a
2 150.544 26.819 2.254 1.566 5.613 3.487 4.052 2.012 1.982 0.349 0.964 a
3 143.934 33.654 2.258 1.395 4.279 2.634 3.651 2.525 2.499 0.251 0.971 a
4 118.982 38.798 2.008 1.012 3.067 1.883 2.644 2.911 2.878 0.26 0.973 a
5 115.349 42.982 2.015 0.912 2.684 1.59 2.139 3.225 3.117 0.326 0.97 a
6 107.416 53.816 2.053 0.672 1.996 1.192 1.74 4.038 3.911 0.291 0.976 a
7 77.24 65.102 1.815 0.148 1.186 0.704 1.48 4.884 4.685 0.145 0.994 a
8 69.457 73.186 1.82 −0.058 0.949 0.564 1.097 5.491 5.265 0.219 0.996 a
9 63.411 74.089 1.755 −0.146 0.856 0.508 1.011 5.559 5.398 0.211 0.99 b

10 60.572 74.668 1.727 −0.189 0.811 0.481 0.961 5.603 4.701 0.324 0.982 b
11 34.408 54.348 1.134 −0.261 0.633 0.377 0.563 4.078 3.692 0.397 0.917 b
12 28.561 80.591 1.396 −0.672 0.354 0.21 −0.159 6.047 6.155 0.691 0.357 b
13 11.897 49.918 0.791 −0.49 0.238 0.147 −0.245 3.745 3.293 0.44 0.62 b
14 14.27 86.73 1.294 −0.931 0.165 0.097 −0.486 6.508 6.684 0.906 0.87 b

Note: nc is the average speed of the central gear (r/s), ne is the average speed of the planetary gear (r/s), vR is
the average left-winding speed (m/s), vL is the right winding average speed (m/s), R is the average theoretical
turning radius (m), Rs is the average actual turning radius (m), ω is the theoretical average rotational angular
velocity (rad/s), ωs is the actual average rotational angular velocity (rad/s), σ1 is the average slip rate of the
high-speed side track, and σ2 is the average slip rate of the side track at low speeds, a is the differential steering, b
is the differential direction reversal.

3.3. Test Analysis
3.3.1. Relationship between Input Speed and Steering Parameters

The actual turning radius and the actual turning angular velocity of the crawler
harvester on concrete pavement and in a field for various input speeds are shown in
Figures 7 and 8, respectively. As the transmission system of the harvester could realize
differential direction reversal, differential steering, and unilateral braking steering, it could
realize any turning radius. When the harvester was in the same gear and at the same speed,
the larger the ratio between the running input speed and the steering input speed was, the
larger the track steering radius and the smaller the average rotation angular velocity were.
When the ratio was close to 1, the steering radius was close to half of the track gauge. On
the concrete pavement, the slope of the linear fit of the theoretical turning radius was 0.707,
whereas the slopes of the linear fits of the actual data were 0.913 during differential steering
and 0.8 during differential direction reversal. On the field, the slope of the linear fit of the
theoretical steering radius was 0.622, whereas the slopes of the linear fits of the actual data
were 0.692 during differential steering and 2.129 during differential direction reversal.

(a) (b)

Figure 7. Variations of steering radius with input speed. (a) Concrete pavement (b) Field.

141



Agriculture 2024, 13, 65

(a) (b)

Figure 8. Average rotation angular velocity variations with input speed. (a) Concrete pavement
(b) Field.

When the crawler harvester steered on the concrete pavement and the field, the
relationship between the low-speed side track slip rate σ1 and the high-speed side track
slip rate σ2 with the ratio of the input speed and the fitted curve is shown in Figure 9.
For the crawler harvester during differential steering (nc/ne > 1), with the decrease in the
input speed ratio, the slip rate of the low-speed side track increased and approached 1.
At this time, the walking input speed nc was close to the steering input speed ne, and
the winding speed of the low-speed side decreased and approached 0. The displacement
between the track and ground came from the implicated movement of the vehicle on the
ground, and the track was in a state of sliding, while the slip rate of the high-speed side
track was between 0.2 and 0.4. When the crawler harvester underwent differential direction
reversal (nc/ne < 1), the low-speed side track began to reverse, the traction decreased, and
the motion of the track changed to skidding.

(a) (b)

Figure 9. Sliding rate variations with input speed. (a) Concrete pavement (b) Field.

3.3.2. Correction Calculation of Steering Parameters

As can be seen from the previous analysis, the actual steering radius was larger than
the theoretical steering radius due to the slip of the track, that is, the steering radius of the
tracked vehicle increased. At the same time, the slip rate of the differential direction reversal
and differential steering track were different for the concrete pavement and the field due to
the different shear stresses, so the variation trends of the radius in the different steering
modes were also different. Figures 10 and 11 show the actual turning paths of the harvester
and the fitted paths of the driving wheel of the harvester at different steering angles.
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(a) (b)

Figure 10. Differential steering path trajectory. (a) Concrete pavement (b) Field.

Figure 11. Trajectory of differential reversal path. (a) Concrete pavement (b) Field.

In an automatic driving scenario of a crawler harvester, the steering mode of the
harvester determines the accuracy of operation and the control reliability. Reasonable
analysis of the motion characteristics of different steering modes is the key to improving
the working efficiency of the harvester. Due to the influence of track slippage, the actual
steering motion parameters of the crawler harvester differed greatly from the theoretical
values. Therefore, correction parameters of the steering radius and average steering angular
velocity need to be calculated to correct the theoretical values. Figures 12 and 13 show the
fitted curves of the correction parameters of the steering radius and the average steering
angular velocity.

(a) (b)

Figure 12. Correction parameters of steering radius. (a) Error reversal radius correction parameter
(b) Differential steering radius correction parameter.
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Figure 13. Average steering angular velocity correction parameters.

A linear function was used to fit the correction parameters of the steering radius and
average steering angular velocity. It can be seen from the Figure 12 that the correction
parameters of the steering radius differed greatly for the different road surfaces and steering
modes, so they were calculated separately under the different conditions. However, the
average steering angular velocities had little difference, so the fitting calculation was
carried out for all the data combined. On the concrete pavement, the fitted formula of the
differential turning radius was Rs = 1.206R + 0.408, with R2 = 0.997. The fitted formula of the
differential reversing turning radius was Rs = 1.807R − 0.027, with R2 = 0.871. On the field,
the fitted formula of the differential turning radius was Rs = 1.114R + 0.506, with R2 = 0.986.
The fitted formula of the differential reversing turning radius was Rs = 3.703R − 0.849, with
R2 = 0.994. The fitted formula of average turning angular velocity was αs = 1.009α − 0.17,
and the R2 value was 0.981.

4. Conclusions

In this paper, the transmission system structure of a driven steering crawler harvester
chassis was analyzed, the speed relationship and steering characteristics under conditions
of differential steering, differential direction reversal, and unilateral braking steering were
analyzed. Based on a comparative study of the steering parameters obtained by RTK-GNSS
measurements and the calculation results from a theoretical steering kinematics model of a
crawler harvester, the mathematical expressions relating the walking power source and the
steering power source to the winding speed, steering radius, and steering angle on both
sides of the track were determined. Finally, the slip rate and the modified model of the
track chassis slippage under different steering modes on concrete pavement and a field
were obtained.

The experimental results showed that the larger the ratio of the running input speed
to the steering input speed was, the larger the track steering radius and the smaller the
average rotation angular velocity were under differential direction reversal and differential
steering modes. There was a linear relationship between the actual steering parameters
and the theoretical values. Compared with the actual results, the correlation coefficient of
the tracked chassis steering parameters fitting model is close to 1. In the normal running
state of the harvester, the theoretical steering parameters can be calculated and corrected in
real time based on the input speed of the moving steering of the gearbox, which provides a
reference for the study of the steering characteristics of tracked vehicles for different road
surfaces and steering modes and the verification of the theoretical steering model.
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Abstract: The development of an automatic seedling planting system for micro-farms requires
testing under laboratory conditions to verify the theoretical relationships between essential functional
parameters, working speed and planting time. The constructive dimensional values of the prototype,
the results measured in stationary mode directly on the transplanter and the auxiliary equipment
and the direct determinations of the working parameters on the soil bin are used. Depending on the
characteristics of the soil bin trolley, a range of speeds is chosen at which the machine is tested. The
data obtained validate the correct operation of the prototype at speeds close to those determined
theoretically for the following indicators: distance between plants per row, planter wheel slippage,
misplanted seedlings rate and seedling frequency, with results comparable to existing agronomic
standards. Once the appropriate operating speeds of the machine have been obtained, between
0.304 and 0.412 m/s, with planting frequencies between 0.899 and 1.157 s−1 (respectively, 53.94 and
69.42 seedlings per minute), optimizations and adjustments of some machine components can be
made, for subsequent testing in real field conditions.

Keywords: planting machine; seedling; working speed

1. Introduction

All over the world, the automation of seedling planting aims to reduce the shortage
of skilled labor, to fit the planting operation into the optimal period and to obtain higher
quality indicators than manual planting.

The trend is underlined by intensive research and planting machines introduced on
horticultural farms in the last 20 years.

There are currently several directions for automated seedling planting. The first is the
development of complex, high-productivity, towed or self-propelled automatic machines by
companies from Australia, the US, Great Britain, Italy and Sweden. Characteristic of these
machines is their low service staff, high travel speed, long autonomy between feedings and
adaptability to different planting schemes; purchase and operating prices are high.

The underlying principles of these machines are air-pruning technology for growing
seedlings [1,2] and extraction based either on vacuum from the growth cells of the trays [3]
or by finger, needle, or combination systems [4,5].

Another direction of research was initiated in Japan by the agricultural divisions of
Yanmar Noki, Co., (Osaka, Japan) Kubota Co., Ltd. (Osaka, Japan) and Iseki Noki Co.,
Ltd. (Matsuyama-shi, Japan), which developed self-propelled automatic seedling planters
derived from rice planters for small and medium-sized Japanese farms. They were designed
to be serviced by the machine’s sole operator, have a stock of pulp mold cell seedlings trays,
use a holding claw seedling extractor and perform a reduced range of planting schemes [6].

The latest approach to plantation automation can be found in research from China
and India. Basically, the aim is to use robotic technology to perform the various operations
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required for planting: seedling extraction from the growing cell [7], seedling distribution [8],
selection before planting [9] and guidance of planting machines in greenhouses [10]. Charac-
teristically, in parallel with equipping these planting machines with high-tech components
that can be integrated into precision farming, the primary goal remains the trend to develop
small-farm-oriented planting systems to achieve better quality and productivity indicators,
as illustrated in the mentioned research in India [8] and China [10].

Meanwhile, vegetable farms in Romania are characterized by a preponderance of
subsistence micro-farms, of which more than 70% have areas of less than 5 ha; they face a
decline in specialized labor and insufficient financial resources for investments on the scale
of automatic planting machines and the related standardized seedling production system.

These considerations argue for the need to obtain a seedling technology accessible
to small farmers in terms of price and complexity of use, with low and unskilled labor,
comprising a simple construction transplanting machine with gravitational extraction,
transport and distribution of seedlings with prefabricated Jiffy-type substrate, grown in
rigid original plastic trays, in protected shelters. The planting machine is set up as a mono-
section, fed with trays of seedlings by an operator, who also drives the aggregate formed
by the machine with a walking-behind tractor.

Although it is still aimed at small farms, in comparison with the other approaches
presented above, the main feature of the prototype, constructive and functional simplicity,
is characterized by certain particularities in all the segments that define the interdependent
system of an automatic planting technology: seedling with nutrient substrate, growing
medium and automatic planting machine.

1. Jiffy pellets seedling growing media have been used for decades for a diverse range of
plants for the definite advantages of good workability, compatibility with almost all
growing trays, high germination rate and shock-free transplanting. They have been
utilized for automated transplanting of seedlings into pots or other growing media in
greenhouses, but in this technology, they are intended for obtaining seedlings directly
into the tray, used then for direct transplanting in the field. In addition to the constancy
of dimensional parameters, an essential advantage for the horticultural micro-farm is
the elimination of obtaining different recipes for substrate mixture [8,11,12], with all
the inherent difficulties: disinfection of the components, dosing, substrate formation;
the first stage is more difficult, due to the thermal or chemical operations required,
which sometimes also affect the viability of the seedlings [13].

2. The use of the aforementioned mechanically, pneumatically or electrically driven
robotic systems for the extraction of seedlings with needles and push forks [7], with
L-shaped rotating fingers [8], with clamp-type devices [14], as well as distribution de-
vices with belt-conveyor type with cups [9,15], controlled by an electronic module [16],
lead to high qualitative and functional parameters of planting, but with difficulties in
operation and maintenance. In the case of the prototype intended for micro-farms in
Romania, the solution to eliminate complicated and error-prone seedling extraction
and transport systems was the use of exclusively gravitational extraction and multi-
stage transport of seedlings with nutrient substrate. Due to the limits to which the
substrate can withstand different stresses [17], the verification of Jiffy substrates to
transport shocks validates the choice of this simplifying solution.

3. Compared to feeding systems from existing high-productivity automatic planters
with extraction from universal (Ferrari Growtech, Guidizzolo, Italy) [18] or specialized
(Williames Pty Ltd., Warragul, VIC, Australia) [19] trays and transport with different
types of conveyors belt types [20,21], the prototype under study comprises a rigid
alveolar tray, constructively correlated with the distribution apparatus for simulta-
neously gravitational discharge of a whole row of seedlings. Thus, intermediate
operations performed by third-party systems between the tray and the distribution
device are eliminated.

4. Existing automatic planters have either a conventional wheel-linked distribution
mechanism [7] or an electronically controlled and electrically driven seedling feeding
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system, independent of the machine’s movement relative to the ground, based on
RTK-GPS technology [22]. In both cases, a slip of the machine’s transport system
relative to the ground occurs [23], which implies a variation in the distance between
plants per row, greater in the first category. The slippage results in non-zero seedling
velocities at soil entry, resulting in altered planting depth [24,25] tilting or damage.
The designed transplanter has a planting apparatus drive system allowing the zero-
speed seedling’s planting in relation to the soil, correlated with the slipping of the
planting wheel [26].

5. Unlike duckbill [27] or dibble [28]-type planters with an external control mechanism,
the system designed for the prototype has seedling release flaps from the planting
device, controlled by a cam under the action of its own weight force.

The achievement of this integrated technology for planting seedlings comprises five
stages, presented in Figure 1:

– Determining the need for automated seedling planting technology adapted for Romania;
– Design and construction of the machine;
– Laboratory verification of its operation and preliminary calibration of the main work-

ing parameters (working speed and planting time);
– Testing under real conditions in the field, with determination of qualitative, energy

and economic parameters, for comparison with current agronomic standards;
– Technology implementation in practice.

Figure 1. The stages of the automatic seedling planting technology development.
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After the design and construction of the prototype, the operating process of the
planting machine must be analyzed in terms of two phenomena that take place over
interdependent periods of time: the time required to carry out the different operating
phases of the feeding system and the time required for the seedling to complete all the
stages, from removal from the tray until the entrance into the planting hole. The time
intervals involved in the different stages of the planting process are intrinsically linked with
the working speed of the machine, which is a defining parameter for machine performance.

These theoretically determined functional characteristics must be verified in practice
through calculations and measurements, both at stationary and when operating in the soil
bin, to validate the optimum operating values for real operation.

The aim of this paper is to fulfill the second stage of the research:

1. Verification of the actual performance of the main operations of the machine: seedling
feeding, distribution, insertion and fixing of the seedlings in the soil;

2. To determine the range of feasible working speeds and to check that certain quality
and energy indicators are within the agronomic limits.

2. Materials and Methods

2.1. Seedling Feeding Times

The schematics of the prototype of the planting machine [26], working at speed Vm,
which is planting Jiffy nutritive substrate seedlings at distance dp between the plants on a
row, in a time tp, is shown in Figure 2.

Figure 2. Schematics regarding the constructive and functional parameters of the automatic trans-
planter [26]: (1) planting driving wheel; (2) oscillating lever; (3) control rod; (4) spur; (5) sliding rods;
(6) planting device; (7) cam guide; (8) seedling; (9) fixed winged skids; (10) return springs; (11) ratchet
system; (12) holding-release screen; (13) receiving tube of the distribution apparatus; (14) seedlings
tray; A—position of the control rod at the previous planting stroke; B—position of the control rod
at the next planting stroke; C—position of the planting device on the cam guide at the planting
stroke start; D—position of the planting device on the cam guide at the end of the planting stroke;
X—oscillating lever position at the start of the planting stroke; Y—oscillating lever position at the end
of the planting stroke; dp—distance between plants on the row; BX and XY circle arcs.

The machine is shown in the operating position when the feed tube of the planting
device (6) is at rest and fed with a seedling from the receiving tube of the distribution
apparatus (13). At this moment, when the axis of the planting hole formed in the soil by
the spur coincides with the axis of the planting device (6), the control rod (3) actuates the
oscillating lever (2) on the portion corresponding to the transport stroke of the AB arc;
thus, the sliding rods (5) actuate the planting device (6), which is rolling on the CD curve
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of the cam guide so the seedling is released when it reaches zero relative speed to the
ground (Appendix A). The curve CD equals the fraction of the arc AB corresponding to
the transport action (XY arc). The rest of the AB arc corresponds to the pause (BX arc) and
return times (AYX arc), respectively; these intervals can be determined according to the
position of the control rod on the planter wheel.

Figure 3 shows two combined movements: the distribution apparatus (rotational move-
ment of the distribution apparatus disc with receiving tubes) and the planting device (recip-
rocating rectilinear movement). The seedling planter travels the corresponding distance dp
between two seedlings in a row while the planting device performs two movements:

– Movement I is the return action of the planting device from the seedling release
position to the rest position for feeding (under the slot of the holding-release screen of
the distribution apparatus), partially deployed during the return time (YX arc);

– Movement II is transporting the seedlings by the planting machine over the same dis-
tance during transport time and during the period of initiation of the return movement
of the planting device (YA arc).

Figure 3. Aspects of distribution and planting movements: (1) distribution apparatus disc; (2) receiving
tube; (3) planting device; I—return stroke; II—planting stroke; Ra—the radius of the distribution
apparatus at the centers of the receiving tubes Φ—the angle at the center corresponding to the arc θ1θ2

described by the distribution apparatus disc for supplying a seedling to the planting device.

Between these two movements, the planting device comes to rest in relation to the
machine frame (pause time) until the planter wheel control rod comes into contact with the
oscillating lever drive profile, initiating the transport stroke (planter wheel XY arc) (Figure 1).

It should be noted that to avoid damaging the seedling, it is necessary that the seedling
complete at least part of the gravity fall trajectory from the receiving tube into the planting
device tube by the time the seedling transport stroke starts.

To obtain different planting patterns, the planting machine adjustment by mounting
an appropriate equidistantly number of spurs on the planting wheel is based on the fact
that the pause time determined by the position of the adjustable control rods on the wheel
provides the appropriate time interval for correlating the theoretical distance between plants
on ra ow with the interval required for the planting device seedling feeding operation.

These considerations indicate that these times overlap at certain stages of the planting
device and distribution apparatus operating process, in varying proportions, depending
on the working parameters: distance between plants per row and working speeds.

In conclusion, the following times can be defined as being characteristics of the
operation of the planting machine described:
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– Return time trev, in which two separate movements occur: that of the drive rod of the
planter wheel, with Vm speed on the YA arc, and the completion of the YX arc by the
oscillating driving lever, in the opposite direction relative to the wheel movement;

– Pause time t0, corresponding to the control rod peripheral movement on the BX arch,
with Vm speed;

– Transport time tt corresponds to the movement of the control rod and oscillating lever
on the XY arc, with a peripheral velocity equal to the Vm speed.

As a result, the planting time tp is given by the relation:

tp = trev + t0 + tt (1)

Planting Device Supplying Time

There are two aspects of the seedlings supply to the planting device: the operation
of supplying the planting device with a single seedling from the distribution apparatus
and, for every four such supplies, the operation of replenishing the distribution apparatus
sectors with sets of four seedlings from each row of the tray (Appendix B). Since the second
operation overlaps periodically with the first, only this feeding of the planting device is of
interest in determining the planting time.

The planting device supplying time tal is given by:

tal = tper + tcd (2)

where:

– tper—The permutation time of the seedling receiving tube from position θ1 to θ2 (Figure 2);
– tcd—Time of gravitational fall of the seedling from the receiving tube into the planting device, s.

The correct supplying condition is as follows: at the end of the permutation stroke of
the seedling receiving tube from position θ1 to θ2, the planting device should be at rest
position under the slot of the holding-release screen of the distributor; i.e., the return time is
lower than the permutation time of the receiving tube, and practically, the planter waits for
the gravitational feeding of the seedling during the pause time of the transmission system.
The conditions imposed by these factors can be expressed by the relations:

trev ≤ tper (3)

tcd ≤ t0 (4)

The return trev and permutation times are determined experimentally by an electronic
control block mounted on a planting section operated in stationary conditions.

The gravitational fall time tcd was determined with the same electronic control block
mounted on an auxiliary installation [26]. The destination of the auxiliary installation is
the measurement of the gravitational feed times for the stages of operation of the planting
equipment and for simulating the deformation of the substrates during these operations,
thus determining the validity of the choice of such transportation, which is the basis of the
simple operation of the machine (Appendix C).

The schematic of the electronic system used to measure the components of planting
time is shown in Figure 4.

For these determinations, XNote Stopwatch V 1.63 [29] timing software was used,
commanded by the micro-switch of the electronic control block, which also allows the
measured times to be recorded.

The return time trev diagram of the measuring installation, presented in Figure 5, is
based on the reciprocating rectilinear movement of the planting device. It is determined by
measuring the time from the triggering of the micro-contact by the scotch-yoke device to the
shut-off of the infrared beam between the infrared LED and the infrared phototransistor by
the same part’s lever returns, which has a synchronous movement with the planting device.
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Figure 4. Electronic control block: R1—2 kΩ electrical resistance; R2—8 kΩ electrical resistance;
R3—0.560 kΩ electrical resistance; R4—2 kΩ electrical resistance; LED 1—light in infrared emis-
sion; LED 2—light in infrared phototransistor; MSW—micro-contact; TC—control transistor;
ND1—normally open contact; ND2—normally open contact; S—solenoid; PS9—PC nine-pin serial port.

Figure 5. Installation diagram for measuring the return time of the planting device: (1) planting device;
(2) distribution apparatus; (3) scotch-yoke device; (4) infrared phototransistor; (5) data acquisition board;
(6) micro-switch; (7) DC power supply; (8) computer; (9) serial port; (10) infrared LED.

The measurement of the permutation time tper was based on the step-by-step move-
ment of the distribution apparatus, operated by a ratchet system, as shown in Figure 6.
The start of the timer was triggered by the micro-switch through a receiving tube until the
infrared beam between the infrared LED and the infrared phototransistor was interrupted
by a shutter mounted on the periphery of the distribution apparatus disc.

Figure 6. Installation diagram for measuring the distribution device permutation time: (1) data acquisition
board; (2) infrared phototransistor; (3) shutter; (4) infrared LED; (5) ratchet system; (6) distribution apparatus;
(7) micro-switch; (8) DC power supply; (9) computer; (10) serial port.

153



Agriculture 2024, 14, 388

The seedling’s fall time was measured by triggering a computer timer with a micro-
switch when the lever system was actuated, releasing the seedling simulacrum [3]; the
timer was stopped when the substrate passed between the infrared LED and photoreceptor,
thus interrupting the IR beam. The auxiliary installation is presented in Figure 7.

Figure 7. Test rig for measuring fall times for gravitational transport and substrate deformation:
(1) seedling simulacrum foliage; (2) seedling substrate; (3) guide tube; (4) infrared LED; (5) impact
surface; (6) infrared phototransistor; (7) data acquisition board; (8) DC power supply; (9) computer;
(10) serial port; (11) micro-switch; (12) lever system; (13) trap door; ↓—the dropping direction of the
seedling simulacrum; →—the trap door direction of opening; �—the lever system direction of rotation.

2.2. Working Speed

Expressing the pause time t0 as a function of the arc BX leads to:

t0 =
BX
Vm

⇒ Vm =
BX
t0

(5)

where Vm is working speed, m/s, t0 is pause time, s and the arc length BX, m.
Operating condition (5) allows the determination of the planter’s working speed limit:

Vlim ≤ BX
tcd

(6)

where Vlim is the theoretical maximum working speed of the machine, m/s.
To calculate the actual range of working speeds of the planting machine, bounded

by the theoretically determined speed limit, the definitions of the times mentioned in
Section 2.1 were corroborated with the experimentally determined values on the said
installations and with the measured constructive parameters of the planter wheel equipped
with four spurs.

For the last-mentioned measurement, the arcs BX and XY (Figure 2) were determined
with the machine at rest and the wheel immobilized immediately after the control rod
released the oscillating lever, which reached the end of the return stroke.

2.3. Soil Bin Studies

The prototype was tested on a soil bin in order to verify the correct functioning of the
component systems and to evaluate the constructive, functional and energetic parameters;
one of the parameters investigated was the working speed of the equipment. The speed
values for which planting of the seedlings is performed properly can be compared with the
current values for existing automatic and semi-automatic planting machines; in particular,
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the maximum value at which proper planting can be performed may provide information
regarding the assumptions that led to the theoretical determination of the maximum
working speed.

The soil bin shown in Figure 8 [30] was equipped with a trolley on which the tested
prototype was mounted. The horizontality and working depth of the planting equipment
may be adjusted using screw mechanisms.

Figure 8. Soil bin test rig: (1) soil channel frame; (2) planting machine; (3) trolley; (4) control panel;
(5) sensors for measuring the pulling force; (6) electric motor for driving the trolley; (7) pulling
cable; (8) vertical loading mechanism on the roller; (9) vertical loading mechanism on the wheel;
(10) mechanism for vertical adjustment of the machine’s clamping support.

The towing cable is coupled to the trolley by two LAUMAS Model SL C3 1000 daN
tension load cells, allowing for an average tensile force value to be displayed by a controller.

The rotation speed of the electric motor (5.5 kW and 1000 rpm) may be adjusted by
means of a frequency converter (type OMRON Hitachi JX Inverter) to vary the frequency
of the supply current between 3 Hz and 50 Hz, allowing the working speed to be modified
within wide limits, from 0.1 m/s to 1.55 m/s (0.36. . .5.58 km/h); it is also possible to control
the return movement of the trolley for a new test run on the channel [30].

All these adjustment possibilities will allow the determination of preliminary speeds
for prototype testing.

Four indicators were analyzed, with a direct correlation with working speed:
1. A first quality indicator, the relative deviation of the distance between seedlings per

row, by measuring the distance between the seedlings on the row’s axis, between the stems
points of insertion in the substrate, with a roller; the arithmetic mean was taken:

dpm =

y
∑

i=1
dpi

y
(7)

where:

– y = z − 1 is the number of intervals between z planted seedlings.
– dp—Distance between plants per row, m.

The relative deviation of the distance between plants from the arithmetic mean Ad was
calculated with the usual relation:

Ad =

√
y
∑

i=1
(dpm−dpi)

2

y−1

dpm
· 100 (8)
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2. A second qualitative index, the misplanted rate; seedlings that do not survive
after planting are in one of the following situations: broken at the stem insertion into
the substrate, with the substrate not inserted into the soil, buried in the soil and sloped.
Regarding the simulacrum seedlings, these situations are similar, except that the real stem
breaking is replaced by stem wire bending. The percentage of misplanted Ms seedlings is:

Ms =
sw

s
· 100 (9)

where:

– sw is the number of the misplanted seedlings.
– s is the total number of planted seedlings.

3. An energetic indicator, the slip coefficient of the planter wheel; knowing the
theoretical value between plants per row dpt (for four spurs on the planter wheel), the
wheel slip α was calculated with the relation:

α =
dpm − dpt

dpm
· 100 (10)

4. A qualitative economic exploitation indicator, planting frequency; Fs represents the
number of seedlings distributed per second and is determined by the speed of the machine
traveling the average distance between seedlings per row:

Fs =
Vm

dpm
(11)

The agronomic indicators of automatic seedling planting to be met by the four men-
tioned indicators are taken from the literature and are presented in Table 1.

Table 1. Agronomic requirements for seedling planting.

Agronomic
Planting
Indicator

Relative
Deviation

Ad (%)

Misplanted
Rate

Ms (%)

Planter Wheel
Slippage

α (%)

Planting
Frequency

Fs (s−1)

Value 5–10 1 6–10 2 10–15 3 0.83–5 4

1 Maximum values [8,10,31–35]; 2 Maximum values [24,35–37]; 3 Maximum values [36,38]; 4 Extended values
range [10,24,31,33,35,39].

Due to the relatively small number of seedlings planted along the active length of the
soil channel (10 seedlings), three repetitions were performed for each selected speed.

3. Results

3.1. Stationary Collected Data

In order to determine the return time of the planting device and the permutation
time of the distribution apparatus, the transplanter prototype was mounted on a suitable
stationary stand, which allowed the planter wheel to be driven, with the rotational speed
measured by means of a version of the same electronic control block, with the micro-
switch triggered by the control rods of the wheel. The rotational speeds of the planter
wheel, ranging from 0.47 to 2.38 rev/s, correspond to the calculated working speeds of the
transplanter between 0.1 and 0.5 m/s, by the relation:

V = ω · R (12)

where:

– V is the working transplanter speed, m/s;
– ω is the rotational speed, rev/s;
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– R is the planter wheel radius, m.

Since the planter wheel has four spurs for making planting holes, eight complete wheel
rotations are required to make a number of repetitions equal to the number of seedlings
contained in a planting tray (32 seedlings).

3.1.1. The Planting Device Return Time Determination

The return times of the planting device for each machine’s working speed and planter
wheel rotational speed, determined on installation shown in Figure 9, were processed by
calculating the standard deviation from the arithmetic mean (Table 2).

Figure 9. Installation configuration used to determine the return time of the planting device:
(1) planting device; (2) oscillating sliding bar; (3) oscillating scotch-yoke lever; (4) micro-switch;
(5) infrared LED; (6) infrared phototransistor; (7) data acquisition board.

Table 2. Planting device return time *.

Return Time
Speed

Rotational/Working

trev1

(s)
trev2

(s)
trev3

(s)
trev4

(s)
trev5

(s)

ω1 = 0.47 rev/s
V1 =0.1 m/s

ω2 = 0.95 rev/s
V2 = 0.2 m/s

ω3 = 1.42 rev/s
V3 = 0.3 m/s

ω4 = 1.90 rev/s
V4 = 0.4 m/s

ω5 = 2.38 rev/s
V5 = 0.5 m/s

X = x ± σx 0.3506 ± 0.0025 0.3496 ± 0.0035 0.3478 ± 0.0021 0.3406 ± 0.0018 0.3328 ± 0.0027

* The table with all measured data can be found in Appendix D, Table A4.

3.1.2. The Distribution Apparatus Permutation Time Determination

The distribution apparatus permutation time was determined, as shown in Figure 10, at the
same working and rotational speeds; the measured and processed values are shown in Table 3.

Table 3. Distribution apparatus permutation time **.

Permutation
Time Speed

Rotational/Working

tper1

(s)
tper2

(s)
tper3

(s)
tper4

(s)
tper5

(s)

ω1 = 0.47 rev/s
V1 = 0.1 m/s

ω2 = 0.95 rev/s
V2 = 0.2 m/s

ω3 = 1.42 rev/s
V3 = 0.3 m/s

ω4 = 1.90 rev/s
V4 = 0.4 m/s

ω5 = 2.38 rev/s
V5 = 0.5 m/s

X = x ± σx 0.7784 ± 0.0052 0.7762 ± 0.0050 0.7765 ± 0.0067 0.7734 ± 0.0070 0.7718 ± 0.0055

** The table with all measured data can be found in Appendix D, Table A5.

157



Agriculture 2024, 14, 388

Figure 10. Installation configuration used to determine the distribution apparatus permutation time:
(1) distribution apparatus disc; (2) receiving tube; (3) shutter; (4) acquisition data board; (5) Infrared
LED; (6) micro-switch; (7) infrared phototransistor.

3.1.3. The Gravitational Fall Time Determination

To avoid growing a large number of seedlings for experiments, Jiffy’s substrate
seedling simulacrum is used, consisting of a real Jiffy substrate and a wire stem with
plastic leaves imitation seedling, presented in Figure 11, made according to the model
exposed by Hallonborg, U. [3]. The parameters of a 32-simulacrum set are measured after
two-phase watering of the substrate according to the Jiffy manufacturer’s instructions [40]
and are presented in Table 4.

Figure 11. Substrate seedling simulacra: 1. plug; 2. stem; 3. leaves.
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Table 4. Seedling simulacra mean parameters *.

Seedling
Height
[mm]

Stem
Height
[mm]

Substrate
Height
[mm]

Substrate
Diameter

[mm]

Weight
[g]

Foliage
Diameter

[mm]

Leaves
Number

[pcs.]

157 ± 0.1045 79 ± 0.1254 40.28± 0.1411 41.11 ± 0.2374 58 ± 0.3236 45 ± 1.175 2–4

* The data are the parameters of seedling simulacra after the first gravitational transport presented in Appendix C.

The auxiliary system, shown in Figure 12, was adjusted to measure the gravitational
fall time of the seedling simulacrum for the distribution apparatus supply stage from the
lower end of the receiving tube (13) into the planting device (6) (as shown in Figure 2),
where at the bottom end of the tube, a retention system keeps the substrate seedling
until the last operation, the gravitational transport to the planting hole in the soil. The
exact height of the tube of the planting device (6), which is 228 mm, represents the actual
gravitational fall height for this stage of the planting machine supply operation.

Figure 12. Auxiliary installation for seedling’s fall time determination adjusted for the height of
228 mm: (1) receiving tube; (2) trapdoor; (3) planting device tube; (4) plate for stopping the seedling;
(5) infrared phototransistor; (6) electronic device (with Infrared LED); (7) micro-switch; (8) lever.

The values determined, and the results regarding the standard deviation from the
arithmetic mean are shown in Table 5.

Table 5. Seedlings fall time values.

No.
tcd
(s)

No.
tcd
(s)

No.
tcd
(s)

No.
tcd
(s)

1 0.27 9 0.22 17 0.29 25 0.26
2 0.22 10 0.29 18 0.29 26 0.21
3 0.25 11 0.25 19 0.28 27 0.25
4 0.22 12 0.27 20 0.31 28 0.28
5 0.22 13 0.28 21 0.29 29 0.28
6 0.29 14 0.27 22 0.22 30 0.29
7 0.29 15 0.24 23 0.25 31 0.24
8 0.24 16 0.22 24 0.28 32 0.23

X = x ± σx 0.2590 ± 0.045
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3.2. Soil Bin Test Data

After the soil preparation operations in the bin with the plow attached to the trolley
and by processing with the mini-tiller, the degree of soil granulation was analyzed using
a metric frame, a set of sieves and a precision balance to determine the percentages of soil
components, as shown in Figure 13a. The determinations of the degree of soil compaction and
soil moisture at the planting depth of 0–0.150 m were made using the handheld Eijkelkamp
cone penetrometer, with humidity electrical conductivity soil sensor ThetaProbe type ML2x
(using the software mentioned in Supplementary Materials), as illustrated in Figure 13b.

(a) (b)

Figure 13. Aspects of the determinations of soil characteristics in the test bin: (a) soil particle size
analysis: (1) metric scale; (2) soil sieves set; (3) precision balance; (b) penetration resistance and soil
moisture determinations are cited.

Following the two types of determinations, the soil in the test bin can be described
as a chernozem having a loam-clay texture with 38% clay, 32% silt and 30% sand, with
aggregates below 20 mm, moisture content of 19% and compaction of 0.28–0.32 MPa.

During several runs of the soil bin trolley with the planting machine mounted and
performed at different speeds without seedling planting, time was measured and divided
by the active length of the stand; the speeds obtained are listed in Table 6.

Table 6. Soil bin speed selection.

Parameters/Runs 1 2 3 4 5 6 7 8 9

Frequency (Hz) 10 14.6 19.9 21.7 28.3 31.5 35.4 40.3 48.2
Electrical resistance (KΩ) 1.0 3.0 4.5 5.0 6.5 7.0 7.5 8.0 8.5

Speed Vm (m/s) 0.102 0.150 0.208 0.227 0.285 0.304 0.353 0.412 0.528

With the machine mounted on the soil bin trolley, with the planting wheel engaged
into the soil and with the same adjustment of the fixing skids, at speeds close to those
used to determine the planting time components, planting runs were executed (Figure 14).
The distances between the planted seedlings simulacra were then measured, as shown in
Figure 15; both raw and processed data are presented in Table 7 and Figure 16.
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Figure 14. Planting machine run in the soil bin (video capture).

(a) (b)

Figure 15. Seedlings simulacra in the soil bin: (a) planted in a row at the run end; (b) measuring the
distance between seedlings: (1) planted seedling; (2) measuring tape; (3) towing cable.

Table 7. Measured and calculated indicators.

No.
Working

Speed
Vm (m/s)

Seedlings Distance Per Row
dp (m)

Relative
Deviation

Ad (%)

Misplanted
Rate

Ms (%)

Wheel
Slip
α (%)

Planting
Frequency

Fs (s−1)Min Max Mean St Dev

1 V1 = 0.102 0.308 0.396 0.333 0.0151 4.534 10 3.60 0.306

2 V2 = 0.208 0.323 0.352 0.335 0.0080 2.388 0 4.179 0.620

3 V3 = 0.304 0.324 0.356 0.338 0.0086 2.544 3.33 5.029 0.899

4 V4 = 0.412 0.331 0.382 0.356 0.0141 3.960 3.33 9.831 1.157

5 V5 = 0.528 0.333 0.394 0.370 0.0160 4.324 13.33 13.24 1.427

Underlined values: exceeded agronomic limits.
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(a) (b)

(c) (d)

(e)

Figure 16. Distances measured between seedlings on the row. (a) Results for V1; (b) results for V2;
(c) results for V3; (d) results for V4; (e) results for V5. Errors due to: � distribution apparatus
blockages, �� unfixed seedling, ��� wrongly planted seedling.

3.3. Wheel Planter Construction Parameters

Measuring the circle arcs of the planting driving wheel (with diameter D = 0.420 m)
under the conditions mentioned in Section 2.2 produced the following results:

XY = 0.085; BX = 0.138 (13)

where the length of the arc XY, m.
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Based on experimental results, it was possible to use the arithmetic mean of the fall
time corresponding to transport II from Table 3, i.e.,

tcd = t2 = 0.2590 (14)

It therefore follows:

Vlim ≤ BX
tcd

⇔ Vm ≤ 0.533 (15)

Thus, for the theoretical maximum limit speed obtained (without slip) of 0.533 m/s
(1.918 km/h) and for the theoretical distance between plants per row dpt = 0.321 m, de-
termined for the mentioned planting wheel configuration, the planting time tp can be
calculated with the relation:

tp =
dp

Vm
(16)

The resulting planting time is greater than or at most equal to the minimum limit
value, obtained as follows:

tp ≥ tplim = 0.602 (17)

The relationship (1) of the seedling planting time allows the study of the component
times.

Thus, the trev return times obtained from the experimental tests (Table 1) have very
close values, with arithmetic averages differing by a few tenths of a second, indicating
that the recovery springs provide sufficient force to overcome resistances that arise during
machine operation at different speeds; the fact that the times are inversely proportional to
the five rotational speeds of the planting wheel shows that, at very low speeds, the fraction
of the return time corresponding to running the YA arc at the planting wheel speed for a
correspondingly longer time changes the composition of the planting time. This influence
is less pronounced at high speeds, given the small size of the said arc.

For the calculation of the planting time, the measured return time corresponding to the
working speed close to the calculated maximum speed Vlim shall be chosen,
i.e., trev = trev5 = 0.3328 s.

The pause time t0, corresponding to the XB arc preceding the operation of the planting
machine, is given by the relation:

t0 =
BX
Vm

= 0.259 (18)

The time corresponding to the transportation of the seedling by the planting device
on the curve CD, tt, can be deduced by measuring its length or by using the size of the arc
XY, equal to CD; thus, it results in the following:

tt =
DC
Vm

= 0.159 (19)

So, planting time can be expressed as the sum of its components:

tpmin = trev + t0 + tt = 0.750 (20)

It can be seen that the value obtained, which is the minimum real planting time of
a seedling, calculated with the limited maximum working speed of the machine, follows
a relation (17), where the theoretical planting time does not take into account the partial
overlapping of some components of the planting and distribution times, an essential
element in the machine functioning in different operating modes.
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4. Discussion

The data measured for different working speeds provide the possibility of evaluating
the constructive and functional factors involved in the indices’ variations in Table 7.

Thus, for the lowest speed V1, difficult planting machine operations occur due to
component inertia (oscillating lever-driving rod level, distribution apparatus disc), lead-
ing to an increased number of wrongly planted seedlings: tilted and insufficiently fixed
(Figure 17a) and displaced, as in Figure 17b and, hence, the results in a higher value of the
deviation of the distance between plants per row, even if it is well below the permissible
limit. Although the misplanted rate is at the upper acceptable limit, and the wheel slip has
a low value, what eliminates V1 working speed is the very low planting frequency, below
the accepted range, even for semi-automatic planting machines.

(a) (b)

Figure 17. Planted seedlings at V1 working speed. (a) Tilted and insufficiently fixed seedlings;
(b) displaced seedlings.

The V2 speed ensures a more constant operation of the distribution system, which has
resulted in no planting errors and the lowest deviation of planting distances per row. The
low travel speed (about 0.75 km/h) leads to reduced slippage but also to a low planting
frequency, below the limit mentioned in the literature.

In the case of the V3 speed, the distribution and planting machine operations are optimal,
the only planting fault being the bent seedling simulacrum stem, shown in Figure 18, which
would not necessarily compromise planting in a real seedling case. The distance per row
deviation, the misplanted rate percentage and the planter wheel slip are within the accepted
limits, while the planting frequency, 0.899 s−1 or 53.94 seedlings/minute, exceeds the lower
accepted value for the first time. Thus, V3 = 0.304 m/s or 1.094 km/h is the first speed at
which the operating parameters specific to an automatic seedling planter are reached.

Figure 18. Seedling simulacrum with a bent wire stem.
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For the V4 speed, the working parameters are in normal values for the planting process,
with the slip index towards the upper allowed limit. The only planting fault is a buried
seedling, presented in Figure 19; the planting frequency has a good value for a process
with automatic distribution, 1.157 s−1 or 69.42 seedlings per minute, falling well within the
range indicated by the literature.

Figure 19. Buried seedling simulacrum.

For the V5 speed, the relative deviation index of the distance between seedlings per
row is in the normal range and the planting frequency is high, 1.427 s−1 or 85.62 seedlings
per minute; however, the exceeded value of the wheel slip and, in particular, the high
percentage of planting errors (such as buried and insufficiently fixed seedlings, as in
Figure 20a,b) make this working speed not a viable option for machine operation in this
prototype design variant.

(a) (b)
Figure 20. Transplanter with V5 working speed; (a) raised planted row with buried seedlings;
(b) tilted and insufficiently fixed seedling.

The resulting soil profile is noticeable with a raised area on the planted row, bordered
by two furrows, a phenomenon responsible for some of the planting defects produced.

The relative deviation of the distance between seedlings per row, although generally
increasing slightly with working speed, remains, for all five speeds, below the agronomic
limit indicated in the literature.
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The exception, for V1, with the highest value of these indicators among the five
variants, is precisely due to the defective distribution, which led to the change in the
distance between the two affected seedlings, visible on the graph in Figure 16a as a sudden
variation of large amplitude.

The rate of planting faults has a similar variation, increasing with working speed, with
the same exception due to planting faults at V1, where the agronomic upper limit is reached;
at V5, however, there is a net overshoot of this indicator due to multiple planting faults,
which are not only due to distribution deviations at extreme speeds but also to seedlings
poor fixation by winged skids in the soil.

The most influential energy indicator is the slip coefficient of the planting wheel; in
practice, its increase with the working speed is the factor that directly determines the
identical variation of the distance between plants per row and indirectly the number of
misplanted seedlings by altering the interaction of the fixing skids with the soil and the
way the planting wheel spurs makes holes in the soil.

Planting frequency is the main indicator that selects the working speeds for future
field trials, among those where planting parameters fall within the agronomic limits for
automatic transplanters. From the processing of the measured data, the speeds V1 and V2
will not be selected for further testing, even if in V1 tests there was only one indicator at the
upper limit, but not exceeded, and there were no misplanted seedlings in V2; the planting
frequency for these two speeds is too low, even for manually fed machines.

In the case of speed V5, there is a net overshoot of the slip value, and hence, as pointed
out, a high misplanted rate, which also eliminates this speed, even if a very good planting
frequency is achieved.

Speeds V3 and V4, with good values of the other indicators, are selected as guideline
speeds for field tests precisely because of the planting frequency, acceptable for V3 (accord-
ing to some cited expert sources, others indicating as a minimum limit a frequency of 1 s−1,
i.e., 60 seedlings per minute) and good for V4.

Future Research Directions

Looking at these results, it can be seen that the range of eligible speeds is relatively
narrow, and ways need to be found to expand it. While we have shown that it is not feasible
from qualitative and economic points of view to choose low speeds, it is logical to eliminate
the shortcomings found to achieve higher working speeds.

As shown in relation 15, the theoretical maximum working speed of the machine
Vlim = 0.533 m/s and the theoretical maximum planting frequency deduced is 1.66 s−1 or
99.62 seedlings/minute (neglecting both aspects related to the real deployment of some
feeding times and wheel slip). The V5 speed has a value close to the limit speed, and
obviously, this will be the target working speed if some adjustments or constructive and
functional aspects of the prototype are modified.

For this last working speed V5, it should be noted that the process of supplying and
transporting the seedlings works correctly; the planting faults are due to the process of
introduction and fixing into the soil: incorrectly formed hole, altered (tilted) fixation, and
buried seedlings.

Thus, four systems need to be modified to remove or mitigate these shortcomings to
achieve higher working speeds in the future.

The first aspect, even if it has mainly occurred at low speeds, the operating deviations
due to the high inertia of the distribution apparatus disc, behaving like a flywheel when
actuated by the ratchet mechanism, with intermittent movement at low rotational speeds,
require its modification or a more efficient immobilization system.

The second issue concerns the shape of the spurs on the wheel (Figure 21a) for forming
planting holes, which at high speeds with high slippage tend to form elongated holes,
shown in Figure 21b, which can favor the tilting of the seedling in the direction of the row.
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(a) (b)

Figure 21. Influence of the spur’s shape on the planting hole profile. (a) Detail of the planter wheel:
(1) spur; (2) fixing and adjusting screw; (3) anti-slip profile; (4) threaded adjusting rod; (5) control rod.
(b) Elongated planting hole.

The third aspect relates to the fixation of seedlings in the soil by winged fixing skids,
presented in Figure 22. It was noted that to standardize the conditions for determining
working speeds, the distance and angle of the skid wings are kept constant.

Figure 22. Winged fixing skids-rear view: (1) support; (2) active surface of the skid; (3) skid wing;
(4) rotating hub for adjusting the distance between the skid wings: (5) the angle made by the wing with
the forward direction; (6) device for adjusting the wing inclination angle with the direction of travel.

It is obvious that, in addition to changing these parameters according to the soil
characteristics in field tests, even at the level of the soil bin where the soil has relatively
constant properties, adjustments are necessary because soil flow behavior changes between
the skid wings at different working speeds. Thus, because increasing the working speed
leads to an increase in the misplanted seedlings number, as shown in Figure 16, it is
necessary to increase the distance and decrease the angle between the wings to avoid
displacing too vigorously and too much soil, as happened at V5 speed, Figure 20a. In this
way, it can be reduced the process of tilting or burial of seedlings already planted in the
soil in the fixing process, as shown in Figure 23.
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Figure 23. Tilted and partially buried seedlings in the winged skid-fixing process.

The elongated holes can also favor tilting the seedling in the direction of the row.
The fourth direction is aimed at reducing the wheel slip to the maximum—this factor

is the most influential on the behavior of the planting machine. Given that control rods of
the distribution system are at the base of some of the anti-slip profiles shown in Figure 21a,
the change in their number and profile must be made in accordance with the normal
operation of the distribution and, also with the new shape of the spurs, in order not to
create variations of wheel adhesion to the ground.

In addition to the prototype testing environment, it should be noted that when testing
on the soil bin, there are issues that could interfere with the functioning of the prototype and,
therefore, with some of the calculated indicator values. The most important considerations
in this situation are as follows:

– The slippage is exacerbated due to the soil structure damage after repeated crossings;
– Some events, such as misplanted seedlings, have a higher frequency at the ends of the

run (where the soil has more unevenness: moisture, compaction, different grain sizes),
observable in the context of a bin run with 10 seedlings planted.

The weight of these influences can only be assessed in actual field tests.

5. Conclusions

The paper presents the test on the soil bin of an automatic seedling planting machine
prototype, designed to be attached to a walk-behind tractor, intended for vegetable micro-
farms. The work aims at how the transplanter works and the optimal range of speeds for
future field tests.

The most important aspects of this research stage are:

1. The results indicate that the chosen speeds, which are below the upper limit of the
calculated theoretical working speed, allow for the prototype’s testing, which provides
indications of the correctness of the planting operation under near-real conditions.

2. The chosen speeds at which the planting parameters comply with agronomic indica-
tors are comparable to those of existing automatic planting machines.
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3. The working speeds suitable for this configuration of the automatic seedling trans-
planter prototype are within the range given by the speeds V3 and V4, respectively,
0.304 and 0.412 m/s, which have demonstrated the fulfillment of the agronomic
indicators imposed by the literature.

4. The prototype achieves seedling planting frequencies of 0.899 and 1.157 s−1, 53.94
and 69.42 seedlings per minute at the mentioned speeds.

At this point, it should be noted that there are no viable working speeds below
0.304 m/s, given the planting frequency towards the lower agronomic limit obtained for
V3, which is 0.899 s−1 (nearly 54 seedlings per minute). Still, there are probably working
speeds higher than V4 = 0.412 m/s in accordance with the fact that theoretical calculated
speed limit (with real planting and distribution times taken into account), given by the
relations (16) and (20), is 0.428 m/s.

In order to achieve higher working speeds and thus higher quality and economic indi-
cators, in particular higher planting frequencies, following the analysis of the deficiencies
found, directions for improvement of the seedling planter prototype were established for
future field trials:

– Some low mass inertia components, such as the distribution apparatus disc, should be
made to avoid malfunctions at low speeds;

– The shape of the spurs should be modified (e.g., by adopting a double-circular arc
profile design) to obtain appropriate openings over the whole speed range;

– The anti-slip profiles need resizing and reconfiguration to minimize planter wheel slip
and improve self-cleaning of soil that tends to stick;

– The setting of the fixing skid wings must be correlated with the soil type, moisture
content, and working speed, a priority being establishing an appropriate relationship
for effective adjustment.
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Appendix A

Avoiding mechanical, pneumatic or hydraulic drive variants with electronic control of
the planting device led to the simple design variant of drive from the wheel in contact with
the ground. The novelty lies in the lever system (Figure 2), which consists of oscillating
levers and sliding rods controlled by the planter wheel that drives the planting device in
the two movements shown in Figure 3.

To highlight this aspect, three captures are taken from a video of the planting equip-
ment working on the soil channel, shown in Figure A1.

Figure A1a shows the movement imparted by the planter wheel (1) via the control
rod (3) to the oscillating lever (2), which, together with the other components of the lever
system, the link bars (4) and the sliding rods (7), drive the planting device (8) in stroke II
(Figure 3) on the cam guide (6), with equal speed and opposite direction to the working
speed. Sliding rods drive the scotch-yoke mechanism (10) during this time and compress
the return springs (12), which will provide the stroke I return movement (Figure 3). The
hole (9) is already formed by the spur (5) of the planter wheel and is ahead of the planter;
their positions will synchronize at the end of stroke II. The distribution apparatus has a
seedling (15) in the receiving tube, supported by the holding-release screen (13) for the
future feeding of the planter.

Figure A1b shows the moment when the oscillating lever is towards the end of its rod
control action (area A), the planting device has reached the end of stroke II, descends on
the downward side of the cam guide (area B), and under the action of its weight, the flaps
(16) are opened. The seedling (17) is released and falls into the hole in the ground.

(a) (b) (c)

Figure A1. Aspects regarding the operation of the planting device drive system: (a) planting stroke II;
(b) Seedling planting time; (c) Operations carried out after stroke I, during pause time t0; (1) planting
driving wheel; (2) oscillating lever; (3) control rod; (4) link bars; (5) spur; (6) cam guide; (7) sliding
rods; (8) planting device; (9) planting hole; (10) ratchet system; (11) fixing skids; (12) return springs;
(13) holding-release screen; (14) receiving tube of the distribution apparatus; (15) seedling ready for feeding;
(16) planting device flaps; (17) Seedling in the ground hole; A—oscillating lever-rod control interaction;
B—planting device on cam guide downward side; C—released oscillating lever; D—next control rod;
E—new seedling for planting device feeding; F—scotch-yoke mechanism position after distribution
apparatus permutation movement; G—seedling in the hole in the ground before skids soil tamping.

At this point, the relative speed of the seedling in the machine’s working direction is 0,
the only speed being that in the vertical direction, imparted by the last (third) gravitational
transport movement made on the machine.

In Figure A1c, stroke I is completed during the duration of trev under the action of the
return springs on the sliding rods. The scotch-yoke mechanism (zone F) ensured the permu-
tation movement of the distribution apparatus, the new seedling (zone E) starting to enter
the planting device tube (second gravitational transport movement), all this happening in
time pause t0, during which the planting machine will be at rest relative to the machine
frame, under the seedling discharge hole of the holding-release screen. In addition, during
this period of time, the oscillating lever, having escaped from the action of the previous
control rod (zone C), will enter under the action of the next control rod (zone D). The
seedling from the ground hole (zone G) enters under the action of the fixing skids (11).
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Each variation in the transplanter linear speed due to various factors (micro-leveling,
wheel slippage, areas with different soil compaction or friction coefficients) is copied into
the movement of the planting device so that the relative speed in the working direction
relative to the ground is 0 when the seedling is released into the planting hole.

Appendix B

In order to eliminate intermediate seedling transport systems on the prototype planter,
an integrated system consisting of a tray and a distribution apparatus was designed.

The alveolar tray used is constructed to feed the distribution apparatus with groups of
gravity-transmitted substrate seedlings in coordination with the operation of the planting
device. The tray contains the growing cells arranged in straight rows lengthways and
in rows in a circle arc shape on widthways, congruent (in terms of the number and ar-
rangement of the cells) with a whole number of corresponding sectors of the circle of the
distribution apparatus disc, as shown in Figure A2.

(a) (b)

Figure A2. Seedling feeding system: (a) General view; (b) Alveolar seedling tray on feed table;
(1) feed table; (2) alveolar tray; (3) current row of simulacra seedlings; (4) holding-release screen;
(5) slot of the holding-release screen; (6) planting device; (7) distribution apparatus; (8) receiving tube
of the distribution apparatus; (9) scotch-yoke mechanism; (10) push rod; (11) rod guide; (12) slots of
the feed table; (13) simulacra seedling in growing cell.

The distribution apparatus is of the horizontal rotating disc type with receiving tubes and
a holding-release screen with a slot for each seedling to fall into the tube of the planting device.
The distribution device is mounted on the shaft of the ratchet mechanism, which drives it in a
stepwise permutation movement. The role of this apparatus is to allocate the seedlings, one by
one, from the gravitational unloaded row from the alveolar tray to the planting device.

When the last seedling of the previous series falls from the receiving tube (8) through
the slot (5) of the holding-release screen (4) into the planting device tube (6), the push rod
(10) pushes the alveolar tray (2) with the growing cell with seedling (13) forward with the
distance between two rows of trays.

Through the slots of the feed table (1), the current row (3) of the tray is discharged
into the receiving tubes (8) of the corresponding sector of the distribution apparatus disc
(7) (Figure A2b). The seedlings with the nutrient substrate are stopped at the bottom of
the tubes by the holding-release screen and slide on it at the step-by-step rotation of the
distribution apparatus, printed by the ratchet device driven by scotch-yoke mechanism (9);
when the slot in the hold-release screen is reached, the first seedling in the group drops
gravitationally into the planting device tube.

The push rod retracts and is in position by the time the last seedling in the group is
delivered to the planting device; one of the control rods of the planter wheel drives the
arms of the feeding system and ensures a new forward movement of the tray.
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This feeding system allows the seedlings to drop from the growing tray through the distribution
unit to the planting device by two successive gravitational falls in a simple and compact design.

Appendix C

The auxiliary installation was designed to reproduce both the deformation of the
seedling substrate and the fall times corresponding to the three different stages of gravita-
tional transport [26]. If the fall time tcd is used to determine the feed time for the planting
device, the fall times for the other two gravitational transports are used for the calculation
of the alveolar tray driving system, respectively, for the dimensioning of the receiving tubes
of the distribution apparatus and the cam guide.

The gravitational type of transport simplifies the transmission and seedling supply
of the prototype planter but is limited by the degree of deformation that the seedling
substrate can withstand, especially at multiple stages of transport and by the dynamics of
falling [3], and can be adopted only after checking the seedling deformation of the Jiffy
Pellets substrates after successive fall from the real heights in the working process.

The auxiliary installation is dimensionally adjusted for each fall height that reproduces
the targeted gravitational transport stage, is loaded with the seedling simulacrum, and is
manually operated to trigger the fall; the hatch mimics the sliding on the real supports in
operation (feeding table, hold-release screen, planting device flaps).

The fall times are measured using the electronic block mentioned above, and the dimensions
after the deformation of the substrates are measured with the caliper. Determinations start with
the expansion of Jiffy substrates by watering according to the manufacturer’s instructions; the
prefabricated nutrient substrate in its initial state has the following dimensions: a diameter of
36 mm and height of 8 mm. Measure the mass and the lower and upper diameter on a batch of
32 substrates using a scale and a caliper; the values are listed in Table A1.

Table A1. Mean parameters of expanded Jiffy Seedling substrate *.

Lower Diameter
[mm]

Upper Diameter
[mm]

Height
[mm]

Weight (Wet)
[g]

39.86 ± 0.1160 38.64 ± 0.1973 41.02 ± 0.1205 44.36 ± 0.2093

* Data processed by calculating the standard deviation from the arithmetic mean.

After expansion, make the simulacrum seedling by adding the metal stem and plastic
leaves. The initial parameters of the simulacra are given in Table A2.

Table A2. Seedling simulacra mean parameters before transport **.

Seedling
Height
[mm]

Stem
Height
[mm]

Substrate
Height
[mm]

Substrate
Diameter

[mm]

Weight
[g]

Foliage
Diameter

[mm]

Leaves Number
[pcs.]

158 ± 0.0345 80 ± 0.032 41.02 ± 0.1205 39.86 ± 0.1160 58.6 ± 0.6432 45 ± 1.894 2–4

** Data processed by calculating the standard deviation from the arithmetic mean.

Next, using the installation in Figure 12 for Transport II from the planting device tube
and the variants for Transports I and III, shown in Figure A3, the substrate deformations
corresponding to the parameters: substrate lower diameter and substrate height are deter-
mined; the first parameter serves for the actual dimensioning of the drop tubes, while the
second provides information on the degree of deformation after successive transports. The
values are presented in Table A3.

The mass of the simulacra was constant during the short time of the determinations;
there were also no variations regarding stem and leaf simulacrums. The variations of
the measured parameters are relatively small, and the most important aspect is that the
seedling simulacrums maintained their integrity, which demonstrates the viability of the
chosen gravity transport system.
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(a) (b)

Figure A3. Auxiliary installation for gravity transport simulation. (a) Height adjustment for Transport
II; (b) height adjustment for Transport III.

Table A3. Seedling simulacra parameters after transport stages ***.

Initial
Values

Transport I
h1 = 185 mm

Transport II
h2 = 228 mm

Transport III
h3 = 80 mm

Lower
Diameter

[mm]

Height
[mm]

Lower
Diameter

[mm]

Height
[mm]

Lower
Diameter

[mm]

Height
[mm]

Lower
Diameter

[mm]

Height
[mm]

39.86 ± 0.1160 41.02 ± 0.1205 41.11 ± 0.2374 40.28 ± 0.1411 41.53 ± 0.1129 38.88 ± 0.1569 42.80 ± 0.1039 37.10 ± 0.1767

*** Data processed by calculating the standard deviation from the arithmetic mean.

Appendix D

Table A4. Planting device return time.

Return
Time
Speed

Rotational/Working

trev1

(s)
trev2

(s)
trev3

(s)
trev4

(s)
trev5

(s)

ω1 = 0.47 rev/s
V1 = 0.1 m/s

ω2 = 0.95 rev/s
V2 = 0.2 m/s

ω3 = 1.42 rev/s
V3 = 0.3 m/s

ω4 = 1.90 rev/s
V4 = 0.4 m/s

ω5 = 2.38 rev/s
V5 = 0.5 m/s

1 0.37 0.36 0.35 0.35 0.34
2 0.37 0.32 0.35 0.33 0.34
3 0.35 0.38 0.37 0.35 0.36
4 0.34 0.38 0.32 0.33 0.35
5 0.37 0.32 0.35 0.34 0.32
6 0.35 0.36 0.34 0.35 0.33
7 0.33 0.35 0.34 0.34 0.32
8 0.37 0.37 0.33 0.34 0.31
9 0.36 0.34 0.33 0.34 0.35
10 0.35 0.33 0.34 0.33 0.34
11 0.35 0.33 0.36 0.36 0.35
12 0.34 0.32 0.35 0.34 0.33
13 0.37 0.35 0.34 0.33 0.32
14 0.37 0.34 0.35 0.33 0.32
15 0.34 0.37 0.36 0.34 0.31
16 0.36 0.33 0.35 0.33 0.32
17 0.33 0.37 0.34 0.33 0.35
18 0.32 0.33 0.36 0.35 0.34
19 0.34 0.35 0.35 0.35 0.32
20 0.33 0.37 0.35 0.33 0.31
21 0.36 0.33 0.36 0.33 0.32
22 0.33 0.36 0.37 0.35 0.35
23 0.34 0.33 0.33 0.35 0.33
24 0.35 0.34 0.36 0.34 0.34
25 0.35 0.38 0.35 0.36 0.36
26 0.37 0.36 0.36 0.34 0.35
27 0.36 0.38 0.33 0.32 0.34
28 0.35 0.33 0.36 0.34 0.33
29 0.36 0.35 0.35 0.33 0.31
30 0.34 0.33 0.33 0.34 0.32
31 0.36 0.38 0.35 0.35 0.32
32 0.34 0.35 0.35 0.36 0.35

X = x ± σx 0.3506 ± 0.0025 0.3496 ± 0.0035 0.3478 ± 0.0021 0.3406 ± 0.0018 0.3328 ± 0.0027
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Table A5. Distribution apparatus permutation time.

Permutation
Time
Speed

Rotational/Working

tper1

(s)
tper2

(s)
tper3

(s)
tper4

(s)
tper5

(s)

ω1 = 0.47 rev/s
V1 =0.1 m/s

ω2 = 0.95 rev/s
V2 =0.2 m/s

ω3 = 1.42 rev/s
V3 =0.3 m/s

ω4 = 1.90 rev/s
V4 = 0.4 m/s

ω5 = 2.38 rev/s
V5 = 0.5 m/s

1 0.75 0.72 0.78 0.78 0.74
2 0.75 0.74 0.83 0.73 0.80
3 0.81 0.77 0.76 0.81 0.79
4 0.74 0.74 0.75 0.71 0.80
5 0.79 0.77 0.73 0.79 0.79
6 0.74 0.71 0.79 0.75 0.76
7 0.78 0.77 0.77 0.83 0.71
8 0.74 0.80 0.72 0.79 0.81
9 0.78 0.76 0.77 0.83 0.79
10 0.81 0.82 0.75 0.72 0.77
11 0.83 0.79 0.83 0.83 0.80
12 0.82 0.77 0.78 0.82 0.76
13 0.75 0.82 0.84 0.71 0.75
14 0.77 0.77 0.75 0.81 0.73
15 0.77 0.75 0.83 0.74 0.76
16 0.80 0.80 0.79 0.74 0.82
17 0.82 0.80 0.81 0.78 0.74
18 0.81 0.75 0.78 0.76 0.79
19 0.83 0.81 0.71 0.73 0.76
20 0.79 0.81 0.82 0.80 0.81
21 0.77 0.77 0.73 0.81 0.76
22 0.75 0.82 0.81 0.79 0.79
23 0.75 0.80 0.75 0.81 0.79
24 0.73 0.78 0.83 0.70 0.81
25 0.80 0.79 0.74 0.79 0.71
26 0.76 0.80 0.84 0.78 0.81
27 0.80 0.76 0.73 0.78 0.76
28 0.74 0.77 0.80 0.77 0.72
29 0.80 0.80 0.74 0.81 0.75
30 0.79 0.78 0.78 0.70 0.75
31 0.77 0.75 0.76 0.78 0.81
32 0.77 0.75 0.75 0.77 0.76

X = x ± σx 0.7784 ± 0.0052 0.7762 ± 0.0050 0.7765 ± 0.0067 0.7734 ± 0.0070 0.7718 ± 0.0055
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Abstract: In order to improve the quality of transplanting devices and solve the problems of the poor
effect on soil moisture conservation and more weeds easily growing due to the high mulching-film
damage rate with an excessive number of hole openings, we developed a dibble-type transplanting
device consisting of a dibble-type transplanting unit, a transplanting disc, and a dibble axis. The
ADAMS software Adams2020 (64bit) was used to simulate and analyze the kinematic track of the
transplanting device. The results of the analysis show that, when the hole opening of the envelope in
the longitudinal dimension was the smallest, the transplanting characteristic coefficient was 1.034,
the transplanting angle was 95◦, and the transplanting frequency had no influence. With the help of
the ANSYS WORKBENCH software Ansys19.2 (64bit), an analysis of the process of the formation
of an opening in the mulching film and a mechanical simulation of this process were completed.
The results indicate that, when the maximum shear stress of the mulching film was the smallest, the
transplanting characteristic coefficient was 1.000, the transplanting frequency was 36 plants·min−1,
and the transplanting angle was 95◦. In addition, the device was tested in a film-breaking experiment
on a soil-tank test bench to verify the hole opening in the mulching film. The bench test showed that,
when the longitudinal dimension was the smallest, the transplanting characteristic coefficient was
1.034, the transplanting frequency was 36 plants·min−1, and the transplanting angle was 95◦. When
the lateral dimension was the smallest, the transplanting characteristic coefficient was 1.034, the
transplanting frequency was 36 plants·min−1, and the transplanting angle was 90◦. The theoretical
analysis, kinematic simulation, and soil-tank test results were consistent, verifying the validity
and ensuring the feasibility of the transplanting device. This study provides a reference for the
development of transplanting devices.

Keywords: dibble-type transplanting device; transplanting characteristic coefficient; ADAMS;
kinematic analysis; film-breaking experiment; ANSYS WORKBENCH

1. Introduction

At present, vegetable seedling transplanting operations are performed either manually
or by semi-automatic transplanting machines. Manual transplantation on a large commer-
cial scale remains labor-intensive and time-consuming and has high operating costs and low
work efficiency [1,2]. This places a serious restriction on the large-scale industrialization
of vegetables. However, mulching-film transplanting machines can effectively cut costs,
improve the transplanting efficiency, and provide economic benefits [3–7]. However, the
high mulching-film damage rate with an excessive number of hole openings can result
in poor soil moisture retention and more weed growth, which have become common
problems for dibble-type transplanters. As the most important part of the transplanting
machine, the transplanting device has a direct impact on the hole-forming performance
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and transplant quality of the transplanting machine. Thus, the transplanting device also
affects the survival rate of vegetable seedlings.

Research on improving the transplant quality and optimizing performance has at-
tracted more and more attention from scholars. Hu et al. [8] designed a new automatic
transplanting mechanism based on a clamping stem. Quan et al. [9] proposed a scheme for
eliminating the forward speed of the entire machine by the horizontal linear velocity of the
reverse rotation of the hole-forming mechanism. Vlahidis et al. [10] evaluated the functional
parameters of a prototype single-row seedling transplanter. Fu et al. [11] simulated and per-
formed an experiment on the compression molding behavior of a substrate block suitable
for mechanical transplanting based on the Discrete Element Method (DEM). Du et al. [12]
designed a mathematical model, based on the movement trajectory formula of a dibble-type
transplanting device, that considers the planting depth, zero-speed transplanting, and the
smallest amount of mulching-film damage in order to solve the mulching-film damage
problem. Feng et al. [13] proposed design criteria for a dibble-type transplanting device and
obtained the constraint formulas for the zero-speed-transplanting throwing conditions and
the minimum-film-breaking conditions of a dibble-type transplanter through a theoretical
analysis. Cui et al. [14] optimized the movement trajectory of a dibble-type transplanting
device and found that the best position for planting seedings is the rising stage of the plant-
ing devices after reaching the lowest point, and plant spacing can be changed by changing
the transmission ratio or the number of planting devices. The above-mentioned scholars
have studied the hole-opening dimension of the transplanter. In terms of the kinematic
trajectory, Li and Liu et al. [15,16] reduced the degree of tearing in the mulching film by
optimizing the dimensions and kinematic parameters of a dibble-type transplanting device.
Tian and Zhang et al. [17,18] analyzed the laws governing the opening of the duckbill of a
dibble-type transplanter based on Pro/E and obtained the displacement–time characteristic
curve of the motion of the transplanter. Jin et al. [19] designed a duckbill-type pot trans-
planter to solve the problem of the easy tearing of the mulching film by the dibble-type
transplanter and determined the influence of the main parameters on the transplanting
track based on ADAMS. Xue et al. [20] optimized a fully automated potted cotton seedling
transplanting device. The authors found that, during the planting process, the absolute
trajectory of the transplanter must maintain an approximately vertical posture at both the
entry and excavation stages. Li et al. [21] studied a kind of automatic pick-up device for chili
plug seedlings and found that the relative trajectories of the seedling needle and end-point
were consistent with the theoretical ones. Zhou et al. [22,23] designed and improved an end
effector of a transplanting device to reduce the seedling-carrying phenomenon of flower
plug seedlings. Nevertheless, few studies have conducted a film-breaking experiment on a
dibble-type transplanting device.

In this study, we fully considered the agronomic requirements of zero-speed transplant-
ing and the minimum damage to the mulching film and the influence of the transplanting
characteristic coefficient, the transplanting frequency, and the transplanting angle on the
size of the hole openings in the mulching film based on an ADAMS2020 (64bit) (MSC
Software, Inc., Newport Beach, CA, USA)kinematic track analysis and an ANSYS19.2
(64bit) WORKBENCH (ANSYS, Inc., New Castle, DE, USA) dynamic simulation. We also
carried out a film-breaking experiment on a soil-tank test bench to verify the simulation
analysis results and determine the optimal operating parameters. The optimal operating
parameters of the transplanting machine can minimize the hole opening in the mulching
film so as to achieve moisture preservation and weed control, improve the survival rate of
vegetable seedlings, and improve the quality of transplanting operations, which is of great
significance for the large-scale production and industrialization of vegetables in China.
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2. Materials and Methods

2.1. The Whole Structure and Working Principle of the Transplanting Device

The prototype of the transplanting device is composed of a shell, 6 dibble-type trans-
planting units, 2 transplanting discs, a sprocket, a spindle, 6 dibble axes, 2 eccentric discs,
an eccentric axis, and eccentric connections, as shown in Figure 1.

 
(a) 

(b) 

Figure 1. The whole structure of the transplanting device. (a) A sectional view of the transplanting
device. 1. Shell; 2. dibble-type transplanting unit; 3. transplanting disc; 4. sprocket; 5. spindle;
6. dibble axis. (b) An axonometric view of the transplanting device without the shell. 7. Eccentric
disc; 8. eccentric axis; 9. eccentric connection.

Each transplanting device is installed with 6 transplanting units. Each transplanting
unit is evenly mounted between the transplanting discs by means of a dibble axis. The
transplanting discs are power discs. Driven by the transplanting disc, the transplanting
units rotate around the center of the transplanting discs. The eccentric discs are mounted
on the outside of the transplanting discs by the eccentric axes and are connected to the
transplanting discs by the eccentric connections. Under the combined action of the trans-
planting discs and the eccentric discs, the working angles of the transplanting units remain
the same, as shown in Figure 1b.

When the transplanter is operating in the field, the transplanting discs are driven
by a ground wheel. The 6 transplanting units rotate with the transplanting disc in the
direction of the tractor. A vegetable seedling is manually or automatically fed into the
topmost transplanting unit. Under the combined action of the transplanting discs and
the eccentric discs, the angle between the transplanting unit with the vegetable seedling
and the ground remains unchanged. When it moves to the lower end, it breaks through
the mulching film, inserts into the soil, and then opens the dibble under the action of the
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eccentric discs (equivalent to a cam mechanism), and the vegetable seedling naturally
falls into the seedling-hole in the ground under its own weight, followed by soil covering
and suppression. The above-mentioned steps form the entire transplanting process of the
transplanting device shown in Figure 2.

Figure 2. A schematic diagram of the working principle of the dibble-type transplanting device.
1. Dibble-type transplanting unit; 2. eccentric disc; 3. transplanting disc.

2.2. The Kinematic Analysis of the Transplanting Device

While the transplanting unit moves in a straight line along the direction of travel of
the transplanter (Figure 3), the transplanting unit moves in a circular motion along the
circumference of the transplanting disc on the transplanting device. The transplanting
angle ϕ is between the center axis of the transplanting device and the direction of the
forward speed.

Figure 3. A schematic diagram of the track of the dibble-type transplanting device.

The coordinate system is established with the center of the transplanting disc at the
initial position as the coordinate system origin. And then, the kinematic equation for the
lower end-point p of the transplanting unit is established, as shown in Equation (1).

{
x = v0t + R cos ωt
y = −R sin ωt − L

(1)

where v0 is the forward speed for the transplanting device, m·s−1; R is the rotation ra-
dius of the transplanting unit, m; ω is the rotation angular velocity for the transplanting
unit, rad·s−1; t is the transplanting time, s; and L is the distance from the center of the
transplanting device to the lower end-point P, m.

The first-order derivation of Equation (1) is carried out to obtain the kinematic velocity
equation of the lower end-point P of the transplanting unit.

{
vx = v0 − Rω sin ωt
vy = −Rω cos ωt

(2)
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The kinematic track of the transplanting unit is mainly related to the transplanting
characteristic coefficient λ. λ can be defined by Equation (3):

λ =
Rω

v0
(3)

The kinematic track of the transplanting unit is greatly affected by λ, as shown in
Figure 3. When λ > 1, the kinematic track of the transplanting unit is a trochoid, and
the transplanting unit has two points with a horizontal velocity of 0 on both sides of the
trochoid loop. When λ = 1, the horizontal velocity vx at the lowest point of the kinematic
track is 0. When λ < 1, there is no point where the horizontal velocity is 0 in the kinematic
track of the transplanting unit. When the horizontal velocity of the transplanting unit is
0, the vegetable seedling is put in a seedling-hole in the ground, which is conducive to
improving the transplanting uprightness of the vegetable seedling. To achieve zero-speed
transplanting, a transplanting characteristic coefficient λ ≥ 1 should be ensured. However,
when the transplanting characteristic coefficient is too large, the transplanting unit will
form a large hole opening in the mulching film, and the problems of mulching-film hanging
and mulching-film tearing will occur in severe cases.

The mulching film is close to the ground, and the smaller the hole opening formed in
the mulching film when transplanting, the more helpful in preserving moisture. Meanwhile,
it can effectively control weeds, which is more conducive to improving the survival rate
of vegetable seedlings. The kinematic tracks of the transplanting unit under different
transplanting characteristic coefficients λ are shown in Figure 4. The distance H between
the mulching film and the bottom of the hole opening is the transplanting depth of the
transplanting unit. When the transplanting unit is moved to the lowermost end, the
lowermost end-point is at the bottom of the hole opening. The size of the hole opening
in the mulching film mainly depends on the horizontal displacement under the mulching
film from the lower end-point p from the soil entry point A to the unearthed point B.
The horizontal displacement under the mulching film mainly depends on the horizontal
displacement lAB formed by the soil entry point A and the unearthed point B and the
dimension of lCD at the maximum trochoid loop. The transplanting characteristic coefficient
from track 1 to track 5 gradually decreases, and the lAB of track 3 is equal to lCD. It can be
seen from Figure 4 that track 3 is a boundary point. With the increase in λ, the displacement
lCD of the lower end-point gradually increases. In addition, with the decrease in λ, the
displacement under the mulching film formed by the entry point and unearthed point of the
lower end-point of the transplanting unit gradually increases. Therefore, when lAB = lCD,
the displacement under the mulching film at the lower end-point p of the transplanting
unit is the smallest.

Figure 4. The hole-forming kinematic track of the transplanting unit with different transplanting
characteristic coefficients λ.

When the transplanting unit is moved to the soil entry point A, the height of the lower
end-point p from the hole opening is H, and the ordinate yA of the lower end-point p can
be defined by Equation (4):

yA = −(R + L) + H (4)
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In Equation (1), θ = ωt, and then θA is the angle at which the lower end-point P of the
dibble-type transplanting unit moves to point A. Then, from Equations (1) and (4), it can
be calculated:

θA = arcsin(1 − H
R
) (5)

The rotating radius of the transplanting unit R = 240 mm and the transplanting depth
H = 60 mm, so the transplanting angle is calculated as θA = 0.8481 rad by Equation (5).

According to Equation (1), the abscissa xA of the lower end-point p can be calculated
at point A:

xA = 0.8481
v0

ω
+ 0.6614R (6)

When the transplanting unit moves to point C, the horizontal velocity will be equal to 0.

vCx = v0 − ωR sin θC = 0 (7)

Then, the transplanting angle θC from Equation (7) can be calculated, as shown in
Equation (8):

θC = π − arcsin
v0

ωR
(8)

Bringing θC into Equation (1), the xC of the lower end-point p at point C can be
calculated by Equation (9):

xC =
v0

ω
(π − arcsin

v0

ωR
) + R cos(π − arcsin

v0

ωR
) (9)

When xA = xB, Equation (10) can be calculated:

xC − xA = 0 (10)

Equation (11) is calculated from Equations (3), (6), (9) and (10):

R
[

1
λ
(π − arcsin

v0

ωR
) + cos(π − arcsin

v0

ωR
)− 0.8484

1
λ
− 0.6614

]
= 0 (11)

From Equation (11), it can be seen that when λ = 1.068, the horizontal displacement
of the lower end-point p under the mulching film is the smallest during the hole-forming
process for the transplanting unit. The transplanting characteristic coefficient is related not
only to the structural parameters of the transplanting device but also to the transplanting
depth of the vegetable seedling.

2.3. ADAMS-Based Kinematic Simulation and Analysis for Transplanting Unit
2.3.1. The Displacement Curve of the Transplanting Unit

Equation (1) for the kinematic track of the transplanting unit shows that the displace-
ment y in the vertical direction is only related to the rotational speed ω and is not related
to the transplanting characteristic coefficient λ. According to the above, the transplanting
characteristic coefficient is selected to be λ = 1.068, and the transplanting frequency is
36 plants·min−1 according to the actual artificial transplanting speed. At this transplanting
frequency, the operator has enough time to place the vegetable seedling in the dibble. The
kinematic simulation of the transplanting unit was carried out using ADAMS, as shown
in Figure 5. The displacement curve coordinates of the lower end-point in the vertical
direction were calculated by the ADAMS post-processing module, and the curve coordi-
nates were imported into ORIGIN2021 (64bit) (OriginLab, Inc., Northampton, MA, USA)
to generate the vertical displacement curve of the lower end-point. The lowest point of the
displacement of the lower end-point for the transplanting unit is the bottom of the hole
opening; the ground is 60 mm away from the bottom of the hole opening, and the ordinate
of the ground is 0. The two points where the kinematic track intersects with the ground are
the soil entry point and the unearthed point, respectively, and then we can calculate that
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the operation time for the mulching film at the lower end-point of the transplanting unit is
3.86~6.16 s.

Figure 5. Vertical displacement curve of the bottom end-point of the transplanting unit.

According to the above, the transplanting characteristic coefficient λ ≥ 1, and when the
displacement under the mulching film of the lower end-point p is the smallest, the transplant-
ing characteristic coefficient λ = 1.068. So, the transplanting frequency is 36 plants·min−1.
The transplanting characteristic coefficient was set to 1.000, 1.034, 1.068, 1.102, and 1.136 for
the kinematic simulation. The influence of different transplanting characteristic coefficients
λ on the displacement under the mulching film of the lower end of the transplanting unit
was analyzed.

The ADAMS post-processing module was used to obtain the horizontal displace-
ment curve coordinates of the lower end-point under the mulching film for different
transplanting characteristic coefficients, and the curve coordinates were imported into
ORIGIN to generate the horizontal displacement curve of the lower end-point, as shown
in Figure 6. With the increase in the transplanting characteristic coefficient λ, the dis-
placement curve span in the horizontal direction under the mulching film first decreases
and then increases. When λ = 1.068, the displacement curve span is the smallest, and the
curve is the most stable.

Figure 6. Horizontal displacement curve under the mulching film of the lower end-point of the
transplanting unit.
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The maximum displacement of the lower end-point for the transplanting unit under
the mulching film for different transplanting characteristic coefficients λ is shown in Table 1.

Table 1. The maximum displacement of the lower end-point under the mulching film with different
transplanting characteristic coefficients.

λ Maximum Displacement/(mm)

1.000 28.22
1.034 16.81
1.068 7.91
1.102 13.53
1.136 19.68

As the transplanting characteristic coefficient λ increases, the displacement of the
lower end-point first decreases and then increases. When λ = 1.068, the displacement is a
minimum of 7.91 mm, and when λ = 1.000, the displacement is a maximum of 28.22 mm.
To reduce the horizontal displacement of the lower end-point of the transplanting unit
under the mulching film, the transplanting characteristic coefficient should be set as close
as possible to 1.068.

2.3.2. Kinematic Simulation Analysis

ADAMS was used to simulate the kinematics of the transplanting unit, and the hole-
opening formation process was simulated by the envelope of the kinematic track generated
by the outline of the duckbill of the transplanting unit, as shown in Figure 7. Seven
points were taken from the bottom of the duckbill of the transplanting unit to 60 mm on
both sides, and a kinematic track envelope of 14 points was obtained. The dimensions
of the hole opening were divided into a longitudinal dimension and a lateral dimension.
The dimension of the hole opening formed in the forward direction is the longitudinal
dimension. The lateral dimension formed in the direction of the duckbill’s opening and
closing movement is perpendicular to the forward direction of the transplanter.

 
Figure 7. A schematic diagram of the simulated picking point position of the transplanting unit.

The Effect of the Transplanting Characteristic Coefficient on the Longitudinal Dimension of
the Hole Opening

The transplanting angle was 90◦, the transplanting frequency was 36 plants·min−1,
and the transplanting characteristic coefficient was set to 1.000, 1.034, 1.068, 1.102, and 1.136.
The envelope hole openings formed under different transplanting characteristic coefficients
λ are shown in Figure 8. The bottom end of the envelope line was set as the hole-opening
bottom, and the dimension of the lateral direction of the envelope line at 60 mm from
the hole-opening bottom was used to simulate the hole-opening dimension, which is the
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theoretical hole-opening dimension of the transplanting unit. As the transplanting char-
acteristic coefficients λ increases, the ring buckle of the kinematic envelope line increases,
and the dimension of the envelope line first decreases and then increases. When λ = 1.034,
the envelope hole opening formed by the kinematic track of the transplanting unit is the
smallest, and the hole-opening dimension is 49.00 mm. When λ = 1.068, the displacement
under the mulching film at the lower end-point of the transplanting unit is the smallest,
and the time for the upper end to enter the soil is short because the transplanting unit is
wedge-shaped with a wide top and a narrow bottom. The smaller the trochoid loop of the
track of the transplanting unit, the smaller the displacement under the mulching film at the
upper end, so the dimension of the trochoid loop of the track also affects the dimension of
the envelope hole opening.

Figure 8. Diagrams of envelope hole openings with different transplanting characteristic coefficients.
(a) The envelope hole opening at λ = 1.000. (b) The envelope hole opening at λ = 1.034. (c) The
envelope hole opening at λ = 1.068. (d) The envelope hole opening at λ = 1.102. (e) The envelope
hole opening at λ = 1.136.

The Effect of the Transplanting Frequency on the Longitudinal Dimension of the
Hole Opening

The transplanting angle was 90◦, and the transplanting characteristic coefficient λ was
1.068. Three transplanting frequencies of 24, 36, and 48 plants·min−1 were selected for the
simulation experiments. With the increase in the transplanting frequency, the speed of
hole-opening formation is also accelerated, the dimensions of the envelope do not change,
and the dimensions of the envelope trochoid are the same, as shown in Figure 9. When the
transplanting angle and the transplanting characteristic coefficient λ remain unchanged,
the longitudinal hole-opening dimension of the envelope formed by the transplanting
unit is independent of the transplanting frequency. So, in the simulation experiment, the
transplanting characteristic coefficient λ was 1.068, and the transplanting frequency was
36 plants·min−1. In addition, the transplanting unit is obliquely inserted into the soil at the
maximum transplanting angle but does not make an inclined hole opening; it is advisable
to take the adjustable maximum limit of the transplanting angle of the transplanting unit as
the experimental maximum (95◦), also consider the value of the transplanting angle follows
the principle of symmetry.
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(a) 24 plants·min 1 (b) 36 plants·min 1 

 
(c) 48 plants·min 1 

Figure 9. Diagrams of envelope hole openings with different transplanting frequencies. (a) The
envelope hole opening when the transplanting frequency is 24 plants·min−1. (b) The envelope hole
opening when the transplanting frequency is 36 plants·min−1. (c) The envelope hole opening when
the transplanting frequency is 48 plants·min−1.

The Effect of the Transplanting Angle on the Longitudinal Dimension of the Hole Opening

According to the above, in the simulation experiment, the transplanting characteristic
coefficient λ was 1.068, and the transplanting frequency was 36 plants·min−1. We selected
five transplanting angles, 75◦, 80◦, 85◦, 90◦, and 95◦, to perform the simulation experiment,
as shown in Figure 10. As the transplanting angle increases, the horizontal span of the
envelope formed on the left side of the duckbill gradually increases, and the envelope
becomes more and more scattered. However, the span of the envelope formed on the right
side of the duckbill gradually shrinks, and the envelope becomes more and more compact.
Thus, with the increase in the transplanting angle, the displacement on the left side of
the duckbill of the transplanting unit increases, the displacement on the right side of the
duckbill decreases, and the envelope hole opening decreases. When the transplanting angle
is 95◦, the envelope hole opening is the smallest, and the longitudinal dimension of the
hole opening is 51.82 mm. In the actual transplanting operation, the transplanting angle
should be adjusted accordingly to achieve the purpose of reducing the hole opening.

The Lateral Dimension of the Hole Opening

The kinematic envelope formed by the transplanting unit in the lateral direction during
the transplanting process is shown in Figure 11. Since the lateral kinematic only is the
duckbill opening and closing movement, the formation of the lateral hole opening is only
related to the dimension the cam that controls the duckbill opening and closing and is
independent of other kinematic parameters. Therefore, the theoretical dimension of the
lateral hole opening formed by the transplanting unit during the transplanting process is
62.41 mm.
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Figure 10. Diagrams of envelope hole openings with different transplanting angles. (a) The envelope
hole opening when the transplanting angle is 75◦. (b) The envelope hole opening when the trans-
planting angle is 80◦. (c) The envelope hole opening when the transplanting angle is 85◦. (d) The
envelope hole opening when the transplanting angle is 90◦. (e) The envelope hole opening when the
transplanting angle is 95◦.

Figure 11. Envelope diagram of the transplanting unit in the lateral direction.

2.4. Dynamic Simulation Analysis Based on ANSYS WORKBENCH

Since the envelope hole opening based on ADAMS is formed by the kinematic track of
the transplanting unit, the dimension of the envelope hole opening is the theoretical value
of the hole opening. During the transplanting operation process, the plastic mulching film
is tough, so the shear stress of the mulching film is also different for different transplanting
parameters. In order to obtain the influence of different experimental factors on the
maximum shear stress in the process of hole-opening formation, a dynamic simulation of
the process of the transplanting unit damaging the mulching film was carried out based on
the LS−DYNA module of ANSYS WORKBENCH. In the simulation, only the structural
model involved in the film-breaking process was retained, and the model was simplified.
The simulation model is shown in Figure 12.
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Figure 12. Dynamic simulation model of film-breaking experiment of the transplanting unit. 1. Trans-
planting disc; 2. transplanting unit; 3. mulching film.

The transplanting unit and the transplanting disc are made of structural steel and
were set as rigid bodies. The thickness of the mulching film was set to 1 mm, and it was set
as a flexible body. The main material properties of the mulching film are shown in Table 2.

Table 2. Table of mulching-film material properties.

Material
Properties

Density
(kg·m−3)

Young’s
Modulus (MPa)

Poisson’s
Ratio

Yield Stress
(MPa)

Value 940 0.1 0.45 2 × 10−4

A tetrahedral mesh shape was selected to mesh the simulation model, as shown in
Figure 13. The grid dimensions of the transplanting disc and the transplanting unit were
set to 5 mm, and the grid dimension of the mulching film was set to 2 mm. After meshing,
a driver was added to the simulation model, a fixed constraint was added to the mulching
film, and the simulation time was set to 3 s.

 

Figure 13. Meshing for the simulation model.

2.5. The Film-Breaking Experiment on the Soil−Tank Test Bench

The film-breaking experiment was carried out on a soil-tank test bench, as shown in
Figure 14. The soil-tank test bench is the TCC−II electric four-wheel-drive soil-tank test
bench produced by Harbin Bona Technology Co., Ltd., Harbin, Heilongjiang Province,
China. Other experimental equipment and tools included a transplanting device, a
mulching film (80 cm width), a three-phase asynchronous gear reduction motor, and
a steel ruler.
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Figure 14. Film-breaking experiment on soil-tank test bench.

The mulching film was first laid in the soil tank, and the laying distance was not less
than 5 m. The dibble-type transplanting device moved forward with the soil-tank experi-
ment vehicle, and the transplanting units were driven by the three-phase asynchronous
gear reduction motor. Taking the transplanting characteristic coefficient, the transplanting
frequency, and the transplanting angle as the experimental factors, 3 rows were used for
experiments run under each experimental factor, and the number of hole openings in each
row was not less than 20. A straight steel ruler was used to measure the size of every hole
opening in the mulching film. The dimensions of the largest hole opening formed in the
longitudinal and lateral directions of the mulching film were measured. The experiment
was repeated three times, and then the average of the measurements was obtained.

3. Results and Discussion

3.1. The Process of Hole-Opening Formation in Mulching Film

The simulation time for the process of hole-opening formation in a mulching film was
3 s. The pressure nephograms of the process of hole-opening formation in a mulching film
at different times are shown in Figure 15.

The pressure nephogram of the mulching film at 0.32 s shows that the transplanting
unit has not yet contacted the mulching film (Figure 15a). When the simulation time is
0.79 s, the transplanting unit begins to insert the mulching film (Figure 15b). At this time,
the mulching film has not been broken, but it is subjected to the greatest stress in the
forward direction of the transplanter. Figure 15c,d show the hole-opening formation stage
of the mulching film, and the stress on the mulching film is less than the stress before
0.79 s. Figure 15e,f are the pressure nephograms after the hole opening in the mulching
film has formed.

From the pressure nephograms of the mulching film at different times, it can be seen
that the stress change on both sides of the longitudinal hole of the mulching film is more
obvious, and the shear stress of the mulching film on both sides of the lateral hole is
relatively uniform. The stress of the mulching film in the longitudinal direction is greater
than that in the lateral direction, and the size of the hole formed in the longitudinal direction
is larger than that in the lateral direction.
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(a) 0.32 s (b) 0.79 s 

  
(c) 1.26 s (d) 1.74 s 

  
(e) 2.37 s (f) 2.84 s 

Figure 15. Pressure nephograms of the mulching film during the hole opening forming process.

3.2. The Effect of the Maximum Shear Stress on the Mulching Film under Different
Experimental Factors

The statistical curves of the maximum shear stress of the mulching film under different
experimental factors are shown in Figure 16. With the increase in the transplanting characteris-
tic coefficient λ, the maximum shear stress shows an increasing trend. When the transplanting
characteristic coefficient λ = 1.000, the maximum shear stress is the smallest. With the increase
in the transplanting frequency, the maximum shear stress first decreases and then increases.
When the transplanting frequency is 36 plants·min−1, the maximum shear stress is the small-
est. With the increase in the transplanting angle, the maximum shear stress first increases and
then decreases. When the transplanting angle is 85◦, the maximum shear stress is the largest.
When the transplanting angle is 95◦, the maximum shear stress is the smallest. The smaller
the shear stress of the mulching film during the formation of the hole opening, the smaller the
damage caused by the transplanting unit to the mulching film, and the smaller the size of the
hole opening. Therefore, the transplanting operation should be carried out under operating
parameters that subject the mulching film to less shear stress.

   
(a) Transplanting characteristic coefficient (b) Transplanting frequency (c) Transplanting angle 

Figure 16. The effect of the maximum shear stress on the mulching film under different experi-
mental factors.

189



Agriculture 2024, 14, 494

3.3. The Effect of Different Experimental Factors of the Mulching Film on the Size of the
Hole Opening

The effects of different operating parameters on the dimensions of the hole opening of
a mulching film are shown in Figure 17.

(a) Transplanting characteristic coe cient 

(b) Transplanting frequency 

(c) Transplanting angle 

Figure 17. The effects of different experimental factors on the dimensions of the hole opening of a
mulching film.

With the increase in the transplanting characteristic coefficient λ, the longitudinal and
lateral dimensions of the hole opening first decrease and then increase. The longitudinal
dimension of the hole opening ranges from 99.20 to 120.40 mm, and the lateral dimension
ranges from 31.67 to 36.53 mm. When the transplanting characteristic coefficient λ = 1.034,
the dimension of the hole opening is the smallest. When the characteristic coefficient
λ = 1.136, the dimension of the hole opening is the largest. At different transplanting fre-
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quencies, the longitudinal dimension of the hole opening ranges from 102.53 to 107.73 mm,
and the lateral dimension ranges from 31.67 to 33.87 mm. When the transplanting frequency
is 36 plants·min−1, the hole-opening dimension is the smallest. When the transplanting
frequency is 48 plants·min−1, the hole-opening dimension is the largest. With different
transplanting angles, the longitudinal dimension of the hole opening ranges from 100.47
to 116.33 mm, and the lateral dimension ranges from 31.67 to 37.07 mm. The longitudinal
dimension of the hole opening decreases with the increase in the transplanting angle. When
the transplanting angle is 95◦, the longitudinal dimension is the smallest, while the lateral
dimension is the smallest when the transplanting angle is 90◦.

From the above-mentioned analysis, it can be seen that the influence of the transplanting
characteristic coefficient and the transplanting angle on the longitudinal size of the hole
opening is the same as that shown by the kinematic simulation results (Figures 8 and 10). The
influence of the transplanting frequency on the longitudinal dimension of the hole opening is
related to the shear stress of the mulching film in the dynamic simulation (Figures 15 and 16).
The longitudinal dimension of the hole opening is larger than the theoretical dimension, while
the lateral dimension of the hole opening is smaller than the theoretical dimension. From the
results in Figure 17, we can see that the movement of the transplanting unit in the direction of
the forward velocity causes great damage to the mulching film, causing the mulching film to
tear in the longitudinal direction and making the actual dimension of the hole opening larger
than the theoretical dimension of the hole opening.

4. Conclusions

(1) The kinematic track of the lower end-point of the transplanting unit was analyzed,
and the kinematic track equation was established. According to the results calculated
by the kinematic track Equation (11), the actual transplanting depth of the vegetable
seedling is 60 mm, the transplanting characteristic coefficient λ of the minimum
displacement of the lower end of the transplanting unit under the mulching film is
1.068, and the horizontal displacement of the transplanting unit under the mulching
film is minimal.

(2) The results of the ADAMS simulation show that the transplanting characteristic coef-
ficient, the transplanting frequency, and the transplanting angle have no effect on the
lateral hole-opening dimension of the envelope, and the transplanting frequency has
no effect on the longitudinal dimension of the hole opening. But when the longitudi-
nal dimension of the hole opening of the envelope is the smallest, the transplanting
characteristic coefficient is 1.034, and the transplanting angle is 95◦. Therefore, in the
actual transplanting operation, in order to reduce the size of the hole opening in the
mulching film, the transplanting characteristic coefficient and the transplanting angle
should be reasonably controlled.

(3) The pressure nephogram from the ANSYS WORKBENCH finite element analysis
shows that the maximum shear stress of the mulching film in the longitudinal direc-
tion is greater than that in the lateral direction. When the transplanting character-
istic coefficient, the transplanting frequency, and the transplanting angle are 1.000,
36 plants·min−1, and 95◦, respectively, the maximum shear stress of the mulching
film in the process of hole-opening formation is the smallest. So, in the process of
transplanting, the operating parameters with less shear stress on the mulching film
should be selected as much as possible to reduce the occurrence of mulching-film
damage and tearing.

(4) The optimal parameters were verified through a film-breaking experiment on a soil-
tank test bench. Under the conditions of different transplanting characteristic coeffi-
cients, transplanting frequencies, and transplanting angles, the differences between
the maximum and minimum sizes of the longitudinal dimension of the hole opening
in the mulching film are 21.20 mm, 5.20 mm, and 15.86 mm, respectively, and the
differences between the maximum and minimum sizes of the lateral dimension of the
hole opening in the mulching film are 4.86 mm, 2.20 mm, and 5.40 mm, respectively.
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The larger the difference between the maximum size and the minimum size of the hole
opening in the mulching film, the more significant the influence of the experimental
factors on the hole-opening dimensions. The transplanting characteristic coefficient
has the most significant effect on the longitudinal dimension of the hole opening, the
transplanting angle has the most significant effect on the lateral dimension of the hole
opening, and the transplanting frequency has no significant effect on the dimensions
of the hole opening. The test results show that the influence of each test factor on
hole-opening formation in the mulching film is the same as shown by the simulation
analysis results, and the simulation test results have important reference and guiding
significance for the size of the actual hole opening.
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H-1111 Budapest, Hungary; szabo.adam@kjk.bme.hu (A.S.); doba.daniel.karoly@kjk.bme.hu (D.K.D.)

2 Institute of Technology, Department of Vehicle Technology, Hungarian University of Agriculture and Life
Sciences, Páter Károly u. 1., H-2100 Gödöllő, Hungary; kiss.peter@uni-mate.hu

* Correspondence: aradi.szilard@kjk.bme.hu

Abstract: The number of highly automated machines in the agricultural sector has increased rapidly
in recent years. To reduce their fuel consumption, and thus their emission and operational cost, the
performance of such machines must be optimized. The running gear–terrain interaction heavily
affects the behavior of the vehicle; therefore, off-road traction control algorithms must effectively
handle this nonlinear phenomenon. This paper proposes a linear parameter-varying model that
retains the generality of semiempirical models while supporting the development of real-time state
observers and control algorithms. First, the model is derived from the Bekker–Wong model for the
theoretical case of a single wheel; then, it is generalized to describe the behavior of vehicles with an
arbitrary number of wheels. The proposed model is validated using an open-source multiphysics
simulation engine and experimental measurements. According to the validated results, it performs
satisfactorily overall in terms of model complexity, calculation cost, and accuracy, confirming
its applicability.

Keywords: linear parameter-varying systems; traction systems; validation; wheel–terrain interaction

1. Introduction

Modeling terrain–machinery interaction and terrain–vehicle interactions in real-time
applications has become one of the main challenges of terramechanics in the last three
decades. Related research has focused on two main topics: real-time dynamic simulation
and real-time controller design. These algorithms enable the advanced control of off-
road vehicles, such as through the online traction control of intelligent tractors [1]. Due
to increasing energy prices and tightening emission standards, increasing the efficiency
of agricultural vehicles has become crucial [2]. The higher level of automation reduces
operational costs and energy consumption and increases overall productivity and safety [3].

Off-road vehicle dynamics are heavily affected by the interaction between the running
gear and soft soil; hence, typical solutions developed for on-road vehicles are not applicable.
Models that describe the wheel–terrain interaction range from purely analytical to purely
empirical models. Empirical models are based on large amounts of experimental data and
utilize different dimensionless parameters to describe the wheel–terrain interaction. Thus,
their applicability is limited to the vehicle and soil type used during the measurements [4].
On the other hand, discrete element and finite element methods (DEM and FEM) are
increasing in popularity in simulators due to their high accuracy [5,6] and the increase
in the computational power of computers; yet, their computational cost still prevents
their widespread application in control-oriented models and real-time tasks. Semiempirical
models like the Bekker–Wong model [7] utilize experimental data and theoretical analysis to
offer a good trade-off between accuracy and computational cost. Hence, they are attractive
for real-time simulation purposes. An extensive literature review of the developed and
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applied techniques is presented in [8]. In the case of real-time controller design, the
parameters and states of the vehicle and the terrain are divided into four categories. Some
parameters, such as the moisture content in rover applications, are known beforehand.
Other parameters can be measured in real time (e.g., slip angle [9]), predicted based on
current states [10], or estimated from easily measurable vehicle states [11].

Still, semiempirical models are considered too complex for control-oriented model
development [12]. To overcome this issue, several synthesis models have been developed.
In [13,14], augmented kinematic models were proposed to incorporate the sliding phe-
nomenon without incorporating the wheel dynamics. The results showed that including the
sliding phenomenon in the observer and controller design significantly reduced the lateral
deviation. Other researchers used experimental models, such as the empirical Brixius tire
model. The conventional Brixius tire model includes wheel sinkage, which is often difficult
to estimate; hence, in [15], a modification was proposed to include the soil reaction. In [16],
an empirical model was derived from the statistical analysis of soil experiments to achieve
maximum slip efficiency on stochastic terrain.

Another solution is adaping the various on-road tire models for off-road applications,
such as the Pacejka tire model [17]. In [18], the slip–friction relationship was described using
the Pacejka model fitted to the measurement data. Then, it was combined with the traction
effectiveness to determine an optimal slip value for the traction controller. Due to the lack of
available off-road tire measurement data, ref. [19] estimated the traction performance using
the Bekker–Wong model and then derived the Pacejka model coefficients from these results.
In [20], an adapted Burckhardt tire model was introduced for model-based control design.
The coefficients of the model were derived from the Bekker–Wong model through nonlinear
optimization. The model was further improved in [12] to include the antisymmetric off-road
feature in a large operating range in longitudinal and lateral modes.

Contributions

Conventional tire models are widely used in controller development and can be suc-
cessfully adapted to off-road circumstances. In these examples, the model parameters
are mainly attained through optimization; therefore, they lose their physical meaning.
Furthermore, this optimization must be performed for different terrain types and vehi-
cle parameters.

This paper presents the development of a linear parameter-varying (LPV) model for
off-road vehicles that can be utilized in model-based control design. The model for a single
wheel is derived from Bekker–Wong theory. It explicitly includes the terrain and vehicle
parameters, thus ensuring its generality.

Next, it is augmented for vehicles with an arbitrary number of wheels. The results
of the model were verified using the Project Chrono 8.0 simulator. At last, the model was
validated against experimental measurements.

The paper is organized as follows: Section 2 introduces the theory of LPV models
and details the derivation of the proposed control-oriented model. Section 3 presents the
verification and validation of the model. Section 4 summarizes the results, and Section 5
contains some concluding remarks.

2. Materials and Methods

2.1. Introduction to Linear Parameter-Varying Models

The LPV approach is widely used to model and control a subclass of nonlinear systems.
It has many applications related to on-road vehicles, for example, controlling active [21]
and semiactive [22] suspension systems, lateral vehicle control [23] and longitudinal vehicle
control, such as adaptive cruise control (ACC) [24], antilock braking systems (ABS) [25],
and the and the integrated control of driver assistance systems (DAS) [26,27].
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Linear parameter-varying systems are time-varying state-space models written as follows:
[

ẋ(t)
y(t)

]
=

[
A(ρ(t)) B(ρ(t))
C(ρ(t)) D(ρ(t))

][
x(t)
u(t)

]
(1)

where x(t) is the state vector, y(t) is the output vector, u(t) is the input vector, ρ(t) is the
vector of scheduling parameters, and A, B, C, and D are parameter-dependent matrices of
the state-space representation.

The dynamics of the system heavily depend on a set of time-varying parameters
described by ρ(t), which must be well known and measurable in real-time. Parameter
uncertainty is a major challenge for semiempirical approaches, as terrain parameters
depend heavily on several other parameters, such as moisture content or grouser height [28].
These parameters are either exogenous variables modeling the nonstationary behavior of
a system or endogenous variables representing nonlinear system dynamics, also called
quasi-LPV (qLPV) systems.

Several representations are available to describe the parameter dependence of LPV
systems. Linear fractional representation (LFR) models use linear fractional transformation
(LFT) to separate the nonlinearities of the system from the nominal model. Such nonlin-
earities often include time-varying parameters and uncertainties, but LFR models can be
used only for rational parameter dependence. Several equations used in semiempirical
models include irrational parameter dependence, limiting the applicability of LFR models.
Affine LPV models are usually described using polytopic models, where the vector of
parameters evolves inside a polytope. Thus, it is written as a complex combination of
the polytope’s vertices. Affine LPV models deal with smooth and continuous parameter
variation and are sensitive to measurement errors in the scheduling parameters. In the
case of a grid-based representation, the linear dynamics can be defined at each grid point
of the model. Grid-based LPV models capture the parameter dependence of the system
implicitly; therefore, they can handle any parameter representation. They offer certain
robustness advantages over affine LPV models in the presence of measurement errors in the
scheduling parameters, which is advantageous in dealing with the uncertainty of terrain
parameters. Considering the semiempirical nature of the models describing wheel–terrain
interactions, grid-based LPV models are a reasonable choice for modeling the phenomena.

2.2. Model Development

The forces acting on a vehicle moving over an inclined terrain are shown in Figure 1. The
longitudinal dynamics can be calculated according to the following force balance equation:

v̇ =
∑ F − ∑ R − Fair − Fgrade − Fdrawbar

m
(2)

where ∑ F is the sum of the tractive efforts acting on the wheels, ∑ R is the sum of the
motion resistances acting on the wheels, Fair is the aerodynamic resistance, Fgrade is the
grade resistance, and Fdrawbar is the drawbar pull.

The torque balance of the wheel dynamics is written as follows:

ω̇ =
Tw − Tf − Fr

Jw
(3)

where ω and Jw are the angular velocity and inertia of the wheel, Tf is the friction, and Tw
is the input torque of the wheel.

First, some of the forces are neglected to simplify model development. While it signifi-
cantly affects the behavior of the vehicle at higher velocities, the aerodynamic resistance
below 48 km/h can be neglected [29]. Hence, it is omitted from the model. The drawbar
pull is the amount of horizontal force available to a vehicle at the drawbar for pulling a load.
In our case, the drawbar pull is assumed to be zero, and the remaining force accelerates
the vehicle. In Figure 1, the color red notes the neglected forces, while the forces taken into

196



Agriculture 2024, 14, 499

account are blue. Therefore, the nonlinear state-space model describing the movement of a
single wheel on a flat terrain is written as follows:

[
v̇(t)
ω̇(t)

]
=

⎡
⎣ F−R

m
Tw−Tf −Fr

J

⎤
⎦ (4)

Fair

Rfront

Rrear

Ffront

Ffront

x
Fgrade

Fdrawbar

y

Figure 1. Forces acting on an off-road vehicle.

Based on the simplified model of the wheel–soil interaction shown in Figure 2, the
equilibrium of the horizontal and vertical forces is written as follows:

Rc = b
∫ θ0

0
σr sin θdθ (5)

W = b
∫ θ0

0
σr cos θdθ (6)

where b and r are the smaller dimensions of the contact patch and radius of the wheel, and
θ0 is the contact angle of the wheel.

To predict the performance of a rigid wheel, Bekker [30] assumed that the terrain
reaction on the contact patch is purely radial and is equal to the normal pressure beneath a
sinkage plate:

σr sin θdθ = pdz (7)

σr cos θdθ = pdx (8)

where θ and z are the angle and sinkage shown in Figure 2, σ is the radial pressure on the
wheel–terrain interface, and p is the normal pressure below a sinkage plate.

Combining (5) and (7), the motion resistance is written as follows:

Rc = b
∫ z

0
pdz (9)

For homogeneous soils, Bernstein [31] proposed an empirical model to describe their
pressure–sinkage relationship:

p = kzn (10)

where k is the sinkage modulus, and n is the sinkage exponent.
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Tw, ω

W

D Rc

F

z

σ

v

θ

Figure 2. Rigid wheel–deformable terrain interaction.

Later, Bekker [32] separated the sinkage modulus used by Berstein into two parts to
represent both the soil cohesion and the effect of the internal shearing resistance:

p =

(
kc

b
+ kφ

)
zn (11)

where kc is the cohesive modulus of deformation, kφ is the frictional modulus of deforma-
tion, and b is the smaller dimension of the contact patch.

Substituting the pressure–sinkage Equation (11) into (9), the motion resistance is
rewritten as:

Rc = bti

∫ zr

0
(

kc

b
+ kφ)zndz (12)

The solution of the definitive integral along the sinkage is the following:

Rc = bti

[(
kc

b
+ kφ

)
zn+1

n + 1

]
(13)

For the geometry shown in Figure 2, assuming slight sinkage and expressing the
sinkage from (8), the motion resistance of wheeled vehicles can be expressed in a closed
form [29]. This solution takes a highly nonlinear form; thus, it is not optimal for state-
space models.

According to Bekker, the thrust–slip relationship of a tire can be determined as that of
a rigid track. First, the shear stress developed at the running gear–terrain interface must be
calculated to calculate the tractive effort. For plastic soils, ref. [33] proposed a modification
of Bekker’s equation to describe the shear stress–displacement relationship:

τ

τmax
= 1 − e

−j
K (14)

where τ and τmax are the shear stress and the maximum shear stress, respectively, j is the
shear displacement, and K is the shear deformation parameter.

The maximum shear displacement that the terrain can bear is defined using the Mohr–
Coulomb equation:

τmax = c + σ tan φ (15)
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where c is the cohesion, σ is the normal stress below the track, and φ is internal angle of
friction of the terrain.

The shear displacement is the relative movement between the running gear and the
terrain, which causes slip. The slip can be expressed as follows:

i = 1 − V
rω

= 1 − V
Vt

=
Vt − V

Vt
=

Vj

Vt
(16)

where ω, V, Vt, and Vj are the rotational speed, actual forward velocity, theoretical forward
speed, and slip speed of the running gear, respectively.

At a given point, which is at x distance from the front of the contact patch, the shear
displacement can be written as:

j = Vjt =
Vjx
Vt

= ix (17)

where t is the contact time of the point.
Then, assuming uniformly distributed normal pressure below the running gear, the

equation describes the shear stress–displacement relationship:

F = b
∫ l

0
τmax

(
1 − e

−j
K

)
dl (18)

Calculating the definitive integral along the length of the contact patch results in the
following equation:

F = (Ac + W tan φ)

[
1 − k

il

(
1 − e

−il
k

)]
(19)

where A and l are the area and length of the contact patch, while W is the normal force.
The viscous friction acting on the wheel is calculated as follows:

Tf = b f ω (20)

where b f is the viscous friction coefficient.
Substituting (13), (19), and (20) into (4), the nonlinear state-space model takes the

following form:

[
v̇(t)
ω̇(t)

]
=

⎡
⎢⎢⎢⎣

(Ac+W tan φ)

[
1− k

il

(
1−e

−il
K

)]
−bti

[
( kc

b +kφ) zn+1
n+1

]
m

Tw−bω−(Ac+W tan φ)

[
1− k

il

(
1−e

−il
K

)]
r

J

⎤
⎥⎥⎥⎦ (21)

Next, some simplifications must be made to create an LPV representation from the
nonlinear model. While the exponential term e

−il
K could be handled as one of the scheduling

parameters of the model, it rapidly converges to zero at higher slip values. For typical
agricultural vehicles, such as tractors, it is negligible above 10% slip. Thus, it can be
neglected under normal operational conditions. As a result, the tractive effort is formulated
as follows:

F = τmax A
(

1 − k
il

)
(22)

Furthermore, substituting Bekker’s pressure–sinkage Equation (11) into the closed
form equation of the motion resistance (13) yields:

Rc = bti

[(
kc

b
+ kφ

)
p

kc
b + kφ

z
n + 1

]
(23)
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As the normal pressure is the product of the normal force and the contact patch area,
the equation is rewritten as:

Rc = bti

⎡
⎣( kc

b
+ kφ

)
mg(

kc
b + kφ

)
Ac

z
n + 1

⎤
⎦ (24)

Then, kc and kφ can be simplified from the equation of the motion resistance:

Rc =
btimg

(n + 1)Ac
z (25)

Due to the applied simplification, the nonlinear state-space model takes the follow-
ing form: [

v̇(t)
ω̇(t)

]
=

⎡
⎣ τmax Ac(1− K

il )−
btimg

(n+1)Ac
z

m
Tw−bω−[τmax Ac(1− K

il )]r
J

⎤
⎦ (26)

As the aim of this model is to support traction control algorithms, the input of the
model shall be the motor torque applied at the wheel:

u = Tw (27)

Then, the remaining time-dependent variables in the state matrix A and the input
matrix B can be collected in the scheduling parameter vector ρ. However, applying Jacobi
linearization using the current state and input vector would yield inapt results. The traction
force (22) and the motion resistance (25) are independent of both the state vector and the
input vector. Eliminating them from the state-space model would result in an unusable
model. On the other hand, the traction force is a linear function of the maximum shear
stress, while the motion resistance is a linear function of the static sinkage. They must be
handled either as states or inputs of the model.

Including them among the states of the system would require their differential equa-
tions. Therefore, handling them as uncontrollable system inputs is a more reasonable choice:

uuc =

[
τmax

z

]
(28)

In agricultural applications, the terrain is usually known; hence, the maximum shear
stress of the terrain is usually known beforehand. However, the shear stress of the soil
also shows a relationship with its color [34], while online estimators, such as [35], have
also been developed. Hence, it can also be determined using vision-based methods. Such
methods are also applicable for determining e wheel sinkage [36].

At last, the state equation of the LPV model for a single wheel can be written as follows:

[
v̇(t)
ω̇(t)

]
=

[
0 0
0 −b

J

][
v(t)
ω(t)

]
+

[
0
1
J

]
Tw +

⎡
⎣ Ac− Kb

i
m

−g
(n+1)Ac

Kbr
i −Ac

J 0

⎤
⎦[τmax

z

]
(29)

In the case of an LTI model, the state and input matrices are constants. In (29), several
parameters of the state and input matrices vary over time or change based on the inputs or
states of the model. These parameters are collected in the vector of scheduling parameters:

ρ =
[
k n Ac

1
i

]
(30)

Next, the state-space model must be augmented to describe the behavior of a vehicle
with an arbitrary number of wheels. First, v(t) shall be the longitudinal speed of the vehicle,
and each added wheel shall have its rotational speed as a new state of the model. Then, the
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traction forces and motion resistances must be summarized for all wheels to determine the
longitudinal velocity of the vehicle:

⎡
⎢⎢⎢⎢⎢⎢⎣

v̇(t)
ω̇1(t)
ω̇2(t)

...
ω̇n(t)

⎤
⎥⎥⎥⎥⎥⎥⎦
=

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

0 0 0 . . . 0
0 −b1

J1
0 . . . 0

0 0 −b2
J2

. . . 0
...

. . .
...

0 0 0 . . . −bn
Jn

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

⎡
⎢⎢⎢⎢⎢⎢⎣

v(t)
ω1(t)
ω2(t)

...
ωn(t)

⎤
⎥⎥⎥⎥⎥⎥⎦
+

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

0 0 0 . . . 0
1
J1

0 0 . . . 0
0 1

J2
0 . . . 0

...
. . .

...
0 0 0 . . . 1

Jn

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

⎡
⎢⎢⎢⎢⎣

Tw1

Tw2
...

Twn

⎤
⎥⎥⎥⎥⎦+

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

Ac1− k1b1
i1

m1

−g cos α1
(n1+1)Ac1

Ac2− k2b2
i2

m2

−g cos α2
(n2+1)Ac2

. . .
Acn− knbn

in
mn

−g cos αn
(nn+1)Acn

k1b1r1
i1

−Ac1

J1
0 0 0 . . . 0 0

0 0
k2b2r2

i2
−Ac2

J2
0 . . . 0 0

...
. . .

...

0 0 0 0 . . .
knbnrn

in
−Acn

Jn
0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

τ1,max
z1

τ2,max

z2
...

τn,max

zn

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(31)

where the indices 1, 2, and n refer to the states of the corresponding wheel.

2.3. Implementation Details

The developed model was implemented using a Matlab R2023b function. There were
five groups of input arguments for the function:

• The actual state vector of the model;
• The model parameters (such as the wheel inertia, assumed to be constant);
• The inputs of the model over time;
• The actual scheduling parameter vector;
• The simulation time.

The function determines the actual inputs of the model based on the simulation time.
Thus, variable step solvers can be used for simulation. Using the derived LPV model, the
function determines and returns the gradient of the state vector. During simulation, a
function handle was created for the function of the state-space model, whose arguments
were the simulation time and the state vector. Then, the function handle was passed to the
selected ordinary differential equation (ODE) solver. The results presented in this paper
qwew attained using a variable-step Runge–Kutta (ODE45) method.

3. Results

3.1. Simulation Results

First, the developed model was verified using Project Chrono [37], an open-source
multiphysics simulation engine. It has various applications, such as vehicle dynamics,
terramechanics, granular flows, and seismic engineering. Built upon the Bekker–Wong
soil model, it is capable of modeling the operation of wheeled and tracked vehicles on
deformable terrain. Custom parameters defining soil types can be assigned to every point
of the managed map. The simulator features dynamic models of various wheeled and
tracked vehicles with numerous suspension, drivetrain, and steering system configurations.
Furthermore, custom vehicle models can also be implemented.

Project Chrono supports multi-ore, distributed computing modes and can harness
GPU power for particle motion modeling. It can be faster than real time when using
rigid surfaces, although its performance significantly degrades with increasing deformable
terrain size. The environment created in Project Chrono is presented in Figure 3. It consisted
of flat terrain created using the Soil Contact Model (SCM) deformable terrain class [38],
built upon the Bekker–Wong theory, but also taking into account contact kinematics and
the pressure distribution in the footprint. The terrain was modeled using a mesh, which
could be deformed only in the vertical direction.
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Figure 3. Project Chrono simulation environment.

On the other hand, the LPV model was a lumped model, which also neglected the
velocity of the impact on the sinkage. Hence, for the same soil type, the contact area
remained constant. In Project Chrono, the wheel is created slightly above the ground
to avoid unintended collision detection and numerical instabilities at the start of the
simulation.

After the wheel touches the ground, a constant torque of ca. 3140 Nm is applied
to the wheel, which is also used as the input of the state-space model. The comparison
consisted of test cases with different terrains. For example, the parameters used to simulate
a cohesionless, purely frictional terrain (LETE Sand) are summarized in Table 1.

Table 1. Terrain and vehicle parameters—Project Chrono simulation.

Terrain parameters

Sinkage coefficient [-] 1.1

Cohesion [Pa] 0

Shear deformation modulus [m] 0.01

Friction angle [°] 30

Contact area [m2] 0.224

Vehicle parameters

Wheel inertia [kgm2] 20

Vehicle mass [kg] 500

Wheel width [m] 0.4

Wheel radius [m] 0.5

First, the test case was simulated in Chrono, and the simulated states were exported to
a text file. Then, ithey were imported to Matlab to feed the relevant inputs of the simulation
to the LPV model and to perform the comparison.

The comparison of the models is presented in Figure 4. The first diagram shows
the longitudinal velocity, the second diagram presents the angular velocity, and the third
diagram shows the wheel slip. The slip of the LPV model envelops that of the simulator,
and the quantitative results are nearly identical; the maximum difference between the
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calculated slips is below 2%. An increasing oscillation could also be observed in the outputs
of the simulator, which was caused by the ideal motor driving the wheel and the spring-like
modeling of the contact.
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Figure 4. Verification of the proposed LPV model using Project Chrono—high slip.

The tests were carried out using different wheel torques. Another example is presented
in Figure 5, where the input torque is ca. 1570 Nm. As can be seen, the difference between
the two models increases in the case of lower slip values. The LPV model overestimates the
angular and longitudinal velocities compared to the Chrono simulation. While there is a
difference between the exact values, the main characteristics of the two models are similar.
Furthermore, overestimating the values errs on the side of caution.
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Figure 5. Verification of the proposed LPV model using Project Chrono—low slip.

3.2. Experimental Measurements

The model was also validated against experimental measurements. The measurements
used to validate the developed model were obtained previously to analyze the energetic
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balance of tractors. Several studies have presented results regarding the energy balance
aspects, such as [39,40].

The measurements were conducted using a John Deere 6600 tractor and a Dyna-Cart
dynamometer vehicle shown in Figure 6 on a flat, sandy-clay terrain. The measurements
aimed to determine the energy absorption of the terrain; hence, the traction force was
nearly constant during the measurements. The original drive shafts were replaced with
shafts equipped with strain gauge stamps to determine the torque of the rear wheels. The
measurements were conducted on straight sections, with the rear axle differential locked.
Therefore, only one measurement point was sufficient to determine the rear wheel speeds,
to which an electronic tachometer was used. The longitudinal velocity of the vehicle was
measured using a radar.

Figure 6. John Deere 6600 tractor and Dyna-Cart dynamometer vehicle.

Each measurement was conducted on virgin, undisturbed track sections to determine
vertical soil deformation. The vertical terrain profile was measured in front of the tractor, in
the expected wheel path, and behind the tractor, in the remaining wheel path, to determine
the vertical soil deformation under the tractor wheels. Soil samples were taken from
various parts of the field, and their composition, density, volume weight, water content,
and porosity were determined in a laboratory to determine the soil properties of the
experimental area. However, the Bekker–Wong terrain parameters of the soil were not
determined during the measurement presented in [29,34] for similar types of soils with the
same moisture content. The same applies to the inertia of the wheel: the vehicle mass is,
in this case, half of the mass on the rear axle of the tractor, which was measured using a
weight-bridge. The parameters used for validation are summarized in Table 2.

Figure 7 presents the validation results. As in the case of the verification results, the
first diagram shows the longitudinal velocity, the second diagram presents the angular
velocity, and the third diagram shows the wheel slip. During the measurements, the total
fraction force was nearly constant, although there was a slight oscillation in the torque
measured at the wheels, which was used as the input of the model. The oscillation of the
torque resulted in a similar behavior in the simulated angular velocity, although it was
nearly constant during the measurements, which indicated that the reduced inertia of the
wheel and the transmission system was underestimated.
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Table 2. Terrain and vehicle parameters—measurement.

Terrain parameters

Sinkage coefficient [-] 0.85

Cohesion [Pa] 2200

Shear deformation modulus [m] 0.08

Friction angle [°] 30

Contact area [m2] 0.224

Vehicle parameters

Wheel inertia [kgm2] 20

Vehicle mass [kg] 1662.5

Wheel width [m] 0.46

Wheel radius [m] 0.9
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Figure 7. Validation of the proposed LPV model.

The absolute differences between the simulated and measured velocities are small.
The maximum absolute error of the longitudinal velocity is below 0.3 m/s and 0.5 rad/s in
the case of the angular velocity. On the other hand, the relative errors are significant due to
the low reference values, which is also reflected in the slip, where the absolute error of the
model reaches 0.06. While the difference could be caused by both parameter uncertainty
and simplifications of the model, it is interesting to note that the errors significantly decrease
after 8 seconds.

4. Discussion

The deviation of the LPV model compared to both the Chrono simulators and the
experimental measurements are summarized in Table 3. Quantitatively, the most significant
deviance can be seen in the case of the angular velocity error during the high-slip simulation,
which comes from the sawtooth-like form of the angular velocity simulated in Chrono. The
absolute differences are low in all other cases.

According on the results, the proposed model can describe the behavior of off-road
vehicles with an accuracy acceptable for control design. Furthermore, it can run in real-
time: the simulation of 10 s of driving required approximately 0.0365 s. Yet, the proposed
model has some drawbacks, which must be discussed. Due to the applied simplifications,
the operating domain of the model was narrowed. As Figure 5 shows, the accuracy of
the model decreases in the case of lower slip values, which is caused by neglecting the
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exponential term in (19). Similarly, its performance degrades in the presence of a significant
slope or if the velocity of the vehicle increases.

Table 3. Performance metrics of the LPV model.

High-Slip
Simulation

Low-Slip
Simulation

Measurement

Velocity [m/s]
Max 1.406 0.908 0.283

Mean 0.314 0.456 0.075

Angular velocity [rad/s]
Max 40.631 2.650 0.423

Mean 14.706 1.416 0.202

Slip [-]
Max 0.02 0.019 0.076

Mean 0.008 0.015 0.022

On the contrary, grid-based LPV models often suffer from the curse of dimensionality.
Narrowing the operation domain of the model reduces the number of grid points, simplify-
ing control synthesis. Depending on the requirements of the control design, it is possible to
include the neglected forces in the LPV model.

Some model parameters, such as the area of the contact patch or the terrain param-
eters, are difficult to measure or estimate in real time. Even if the terrain is traversed in
advance, the accuracy of these parameters is uncertain, or they could have changed since
the measurement. While this is a common drawback of semiempirical models, robust
control techniques, such as the LPV H-∞ algorithm, can handle parameter uncertainty.

On the other hand, the number of terrain parameters was reduced compared to the
original equations, and grid-based LPV models can provide some robustness against
measurement errors in the scheduling parameters. Furthermore, contrary to several of the
adapted on-road tire models, the proposed model takes into account the characteristics
of the vehicle; hence, the same model can be used for different vehicles without any
intermediate steps, contrary to the adapted on-road models.

5. Conclusions

An LPV model was developed for off-road vehicles, which aims to model terrain–
vehicle interactions in real time with acceptable accuracy and support the development of
model-based control algorithms. First, a nonlinear state-space model was derived from the
Bekker–Wong equations; then, it was simplified and reformulated using the LPV approach.

Next, the model was verified using Project Chrono, a multiphysics simulator, and
validated against experimental measurements. Based on the results, the accuracy of the
developed model is suitable for control design purposes. Furthermore, off-road traction
control algorithms have to estimate the terrain parameters, which can be computationally
expensive and inaccurate. The proposed model requires only three terrain parameters: the
shear deformation coefficient, the sinkage exponent, and the maximum shear stress. Thus,
the uncertainty caused by the accuracy of the estimated parameters can be reduced.

The proposed model can be used to design model-based estimator algorithms, such
as different variants of the Kalman filter algorithm. However, in this case, the uncontrol-
lable and controllable inputs can be combined into a single input vector to simplify the
design process.

Traction control algorithms usually aim to control either the slip or the longitudinal
velocity of the vehicle. However, in the presented form of the model, the latter is an
uncontrollable state as it is independent of the controllable input and the controllable states
of the model. It depends only on the uncontrollable inputs of the system. A possible solution
is using the slip or its reciprocal as a system state instead of a scheduling parameter. This
way, both the slip and the longitudinal velocity become controllable states of the system.
The nonlinearities caused by the inclusion of the slip among the state variables can also be
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handled by the LPV representation. LPV-based slip ratio controllers are already presented
in the literature for on-road vehicles, such as the method presented in [41].

Further work will focus on the generalization of the presented model and the improve-
ment in the model’s accuracy. The possibility of considering the effects of steep slopes,
different pressure–sinkage values, shear stress–displacement models, or even organic
terrain must be analyzed.
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ABS Antilock Braking System
ACC Adaptive Cruise Control
DAS Driver Assistance System
DEM Discrete Element Method
FEM Finite Element Method
LFR Linear Fractional Representation
LFT Linear Fractional Transformation
LPV Linear Parameter-Varying
qLPV Quasi-Linear Parameter-Varying
SCM Soil Contact Model
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Abstract: The hopper is an important piece of basic equipment used for storing and transporting
materials in the agricultural, grain, chemical engineering, coal mine and pharmaceutical industries.
The discharging performance of hoppers is mainly affected by material properties and hopper
structure. In this work, the flow capacity of cylindrical pellets in the hopper with the unloading
paddle is studied. A series of numerical simulation analyses with the aid of the discrete element
method (DEM) platform are carried out. Then, the discharging process is illustrated, and the flow
capacity of pellets in the hopper is analyzed by the mass flow index (MFI), the dynamic discharging
angle (DDA) formed in the discharging process and porosity among pellets. Furthermore, the effect
of parameters such as hopper half angle, rotation speed of the unloading paddle and outlet diameter
of the hopper is investigated. The results show that MFI increases with an increase in hopper half
angle or outlet diameter and a decrease in rotation speed. Meanwhile, DDA and porosity decrease
with the increase in the hopper half angle or outlet diameter and the decrease in the rotation speed.
Finally, the MFI ~0.24 is identified as the criterion to distinguish the mass flow from the funnel flow
for the hopper with an unloading paddle, and the optimization results are decided as follows: hopper
half angle greater than 60◦, outlet diameter greater than 60 mm and rotation speed between 45 rpm
and 60 rpm. These results should be useful for providing a theoretical reference for the optimization
design of feeding devices for swine feeders.

Keywords: discrete element method; cylindrical pellet; hopper; unloading paddle; flow capacity

1. Introduction

Cylindrical pellet feed is a bulk solid feed used widely in the swine industry [1–5]. A
feeder typically consists of a hopper, an unloading unit (optional design according to feed
requirements) and a feed trough. The cylindrical pellets fall into the feed trough from the
hopper by the unloading unit or gravity. However, it is also indicated that cylindrical pellets
are blocked once arching behavior occurs in the discharging process, which seriously affects
the feeding program due to the suspension of the feeding process of the swine. Meanwhile,
if the discharging process cannot ensure cylindrical pellets “first in first out” from the
hopper in a continuous feeding process, feed quality will be affected, thus affecting the
health of swine. Therefore, the flow capacity of cylindrical pellets in the hopper during the
discharging process is important to the design, optimization and application of feeders [6,7].

Recently, scholars have focused their research on discharge characteristics in the
hopper [8–14]. For instance, Mahajan et al. [15] modified the design to improve the feeding
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accuracy of the belt weigh feeder system, which ensured uniform feeding of material
by adjusting the gate opening of the feeding hopper and adjusting the vibrating motors
attached to the feeding hopper. Chandravanshi et al. [16] carried out the theory analysis
for the vibratory feeder. Furthermore, the movement of particles being delivered was
analyzed at different frequencies in the experiment. Zhang et al. [17] revealed that the
transition from mass flow to funnel flow existed during the discharging process for a
conical silo with a flapper at the outlet of the silo. Specifically, the height of the flow
pattern transition could be determined by DEM simulations, and the impact of the outlet
size of the silo on the critical height was investigated. Fernandez et al. [18] evaluated the
effect of the relative performance of different screw options, including a variable screw
pitch, variable screw flight outside diameters and variable core diameters, on spherical
particles in a horizontal screw feeder so as to evaluate the relative performance of different
screw options. To date, all studies tend to optimize the parameters of the mechanism in
accordance with different groups of experiments. Many measures have been adopted in
the design of feeders, including adding vibrating motors attached to hoppers, adding a
flapper at the outlet of the silo and setting up the screw device in the elevation direction
with the longitudinal section of hoppers [19,20]. Although many kinds of feeders have
been designed and applied in different kinds of industries, the flow capacity of pellets
discharged from the hopper with an unloading paddle is seldom studied.

The discrete element method (DEM) is used extensively for the simulation of granules
and in powder technology [21–24]. Ma et al. [25] proposed an intelligent calibration method
for microscopic parameters based on the measured landslide accumulation morphology
and the discrete element numerical simulation method. DEM is often used to investigate the
particle flow in a feeder and obtain some useful findings [26]. The main advantage of DEM
is that it can describe some dynamic information that is difficult to obtain by experiment [27].
In this work, DEM is adopted to investigate the flow capacity of cylindrical pellets in a
hopper with an unloading paddle.

The goal of the work is to investigate the effect of the main parameters on the discharg-
ing process of cylindrical pellets in the hopper with an unloading paddle and to determine
these parameters using the mass flow theory. Using DEM and physical experiments, we
achieved the following objectives: to investigate the effect of main parameters, such as hop-
per half angle, rotation speed of the unloading paddle and outlet diameter of the hopper,
on the flow capacity of cylindrical pellets; to evaluate the flow capacity by introducing
the mass flow index (MFI), the dynamic discharging angle (DDA) and porosity; to decide
the criterion for distinguishing between mass flow and funnel flow; and to determine the
optimized parameters for the design of the hoppers with an unloading paddle.

2. Technical Solution and DEM Simulations

2.1. Research Technology Route

For the purpose of exploring the flow capacity of pellets in the hopper with an un-
loading paddle, numerical simulation and physical experiments are applied in this work.
The research technology route is presented in Figure 1, which is determined according to
the research characteristics. The work is carried out step by step according to the progress
sequence: kinematics analysis of an unloading paddle, analyzing the influence law of the
unloading paddle on discharging, determining the key parameters affecting the discharging
of the hopper, studying the virtual discharge process, determining the MFI value used to
define the flow patterns and optimizing parameters for the experimental research.
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Figure 1. Research procedures.

2.2. DEM Model Description
2.2.1. Mechanical Contact Model

A three-dimensional DEM based on the soft-sphere model is used to simulate the flow
process of cylindrical pellets (simplified as pellets in the following) in a hopper with an
unloading paddle. The translation and rotation of each particle in a system are described
by Newton’s law of motion. Therefore, the equations (translational and rotational motion)
of a particle i interacting with another particle j can be given by:⎧⎪⎪⎪⎨

⎪⎪⎪⎩
mi

dvi
dt = mig +

ni
∑

j=1
(Fk

n + Fc
n + Fk

t + Fc
t )

Ii
dωi
dt =

ni
∑

j=1
(Mt + Mf )

(1)

where vi and ωi are the translational and angular velocities of particle i respectively, with
the gravity mig and the moment of inertia Ii. ni is the number of particle j in collision with
particle i. Fk

n and Fk
t are the elastic contact force in both normal and tangential components

at the contact point, respectively. Fc
n and Fc

t are the viscous damping force in both normal
and tangential components at the contact point, respectively. Mt and Mf are the torque
generated by tangential force and rolling friction torque respectively.

Considering the numerous studies, the Hertz–Mindlin is the most widespread contact
model that can be applied in DEM simulations [17,28]. Thus, the no-slip Hertz–Mindlin
contact model is adopted for the calculation of the above forces and torques of pellets; this
model combines Hertz’s theory in the normal direction and Mindlin’s no-slip model in
the tangential direction [29–31]. All forces and torques in the contact model, according
to the above equations, are summarized in Table 1 [32–34]. The simulation of the pellet
flow process is performed by the professional EDEM 2.7 (DEM Solution, Edinburgh, UK)
software, which was installed on an Intel Xeon CPU E5-2690 v4 with 24 GB of RAM and a
64-bit Windows 7 Professional operating system. With the existing configuration, it takes
approximately six CPU hours to simulate 1 s of real-time. When the number of cores in
the simulator engine can be adjusted to six, the time step is 2.5 × 10−5 s for all simulations,
ensuring the real situation and increasing calculation speed.
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Table 1. Components of forces and torque acting on pellet i.

Forces and Torques Symbols Equations

Normal elastic force/N Fk
n −4/3E∗√R∗δn

3/2n
Normal damping force/N Fc

n −cn

(
8mijE∗√R∗δn

)1/2
νn,ij

Tangential elastic force/N Fk
t −μs

∣∣∣Fk
n

∣∣∣[1 − (1 − δt/δt,max)
3/2

]∧
δt, (δt < δt,max)

Tangential damping force/N Fc
t −ct

(
6μsmij

∣∣∣Fk
n

∣∣∣√1 − |νt|/δt,max/δt,max

)1/2
νt,ij, (δt < δt,max)

Torque by tangential forces/N Mt Rij ×
(

Fk
n + Fc

t

)
Rolling friction torque/N·m Mf μr,ij

∣∣∣Fn,ij

∣∣∣∧ωn
t,ij

Coulomb friction force/N ft −μs

∣∣∣Fk
n

∣∣∣∧δt,(δt ≥ δt,max)

where 1
R∗ = 1

|Ri | +
1
|Rj| , E∗ = E

2(1−ν2)
,
∧
ωt,ij =

ωt,ij

|ωt,ij| ,
∧
δt =

δt
|δt | , δt,max = μs

2−ν
2(1−ν)

, νij = νj − νi + ωj × Rj − ωi × Ri ,

νn,ij =
(
νij × n

)× n, νt,ij =
(
νij × n

)× n. Note that tangential forces
(

Fk
t + Fc

t
)

should be replaced by ft when
δt ≥ δt,max.

2.2.2. Simulation Condition

In this work, the prototype of a simulated pellet is pellet feed used in the swine
industry, and the appearance is similar to that of a cylinder. The geometrical dimensions
of 100 pellets are randomly measured by the Vernier Calipers; they can get a pellet with
an average length L of 7.98 mm and an average radius R of 2.5 mm. At the same time, if
the density measurement of a pellet is 1538 kg·m−3, then the discrete element modeling
of a pellet is established according to the above data [16,35–41]. In order to truly restore
the state of the pellets and consider the computation of the simulation test, it is usually
necessary to adjust the number and size of subspheres. Finally, the virtual model of the
pellet is composed of 45 overlapping spheres of the same radius as EDEM. The theoretical
radius of the nine spheres in the top section is shown in Figure 2a; the coordinate values of
the nine spheres are determined based on the actual pellet diameter, as shown in Table 2,
and the virtual model of the pellet is shown in Figure 2b.

0.95 mm 1.55 mm
7.98 mm

(a) (b) 

Figure 2. Model of a pellet in DEM simulation: (a) 2D model of a pellet and (b) 3D model of a pellet.

The team independently designed a swine feeder; its structure diagram is shown in
Figure 3. It shows that the device contains a hopper, a rotating shaft, an unloading unit
and a feeding trough. As the key part of the feeding device, the unloading unit consists
of an unloading paddle and a fixed disk. The unloading paddle is arranged 9 mm below
the discharge outlet of the hopper based on the requirements of pellets’ unloading. The
fixed disk mentioned above is designed as a stainless-steel disk with thickness hF = 3 mm
and is by Equation (2). The structural parameters of the unloading paddle are thickness
hP = 3 mm, rotation diameter Dr = (DF + 6) mm, maximum width B1 = 20 mm and radius
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of curvature r = 70 mm, respectively, as shown in Figure 4. Furthermore, the back wall
of the unloading paddle is a line shape, and the front wall is designed as an arc curve for
pushing pellets on the fixed disk.

DF = 2 ×
(

h1

tan βr
+

D2

2

)
+ h1 (2)

where DF and D2 are the diameters of the fixed disk and the discharge outlet, respectively
(mm). βr is the angle of repose of pellets (◦). h1 = 9 mm (the distance between the outlet
and the unloading paddle mentioned above).

Table 2. Parameter setting of cylindrical pellet modeling.

Spherical Unit Number X/mm Y/mm Z/mm

1 0.000945 −0.000321 0.001012
2 1.36691 −0.00098 0.733574
3 −1.36502 0.000337 −0.73155
4 −0.731617 −0.000114 1.36697
5 0.733507 −0.000529 −1.36495
6 0.450455 −0.000641 1.49029
7 1.49022 −0.000936 −0.448498
8 −1.48833 0.000293 0.450522
9 −0.448565 −2 × 10−6 −1.48826

X, Y and Z in the Table 2 represent the spatial coordinate values of the unit sphere in the EDEM 2.7 software.

Figure 3. The schematic diagram of the feeder used in DEM simulation.

In the simulations, the coordinate axis is placed in the center of the intersection
between the cylindrical part and conical part in the hopper, the positive direction of the
X axis is pointed to the inside of the hopper, and the global variable parameters used
between the pellet and the feeding system are determined based on the physical test results
of the basic characteristic parameters and contact parameters of pellets, feeding system,
pellet-pellet and pellet-feeding system, as shown in Table 3. The values of the characteristic
parameters used in the simulation tests are the same as in our previous work [42].
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Figure 4. The motion analysis of the pellets on the unloading unit. Noting that A, B, and C represent
three pellets randomly selected near the front wall of the unloading paddle and corresponding to
Figure 6.

Table 3. Global variable parameters and their values in simulations.

Type Parameters Values

Pellet feed
Density, ρf (kg·m−3) 1538

Poisson ratio, νf 0.26
Shear modulus, Gf (Pa) 7.1 × 107

hopper

Hopper half angle, β (◦) 45–75
Outlet diameter, D2 (mm) 60–140

Hopper diameter, D1 (mm) 290
Density, ρh (kg·m−3) 2000

Poisson ratio, νh 0.3
Shear modulus, Gh (Pa) 1.1 × 109

Rotating shaft
Density, ρR (kg·m−3) 7800

Poisson ratio, νR 0.3
Shear modulus, GR (Pa) 7 × 1010

feeding trough
Density, ρt (kg·m−3) 1340

Poisson ratio, νt 0.32
Shear modulus, Gt (Pa) 1.2 × 109

Feed-feed
Restitution coefficient, eff 0.65

Coefficient of static friction, μs,ff 0.4
Coefficient of rolling friction, μr,ff 0.01

Feed-hopper
Restitution coefficient, efh 0.48

Coefficient of static friction, μs,ff 0.4
Coefficient of rolling friction, μr,fh 0.01

Feed-rotating shaft
Restitution coefficient, efr 0.62

Coefficient of static friction, μs,fr 0.27
Coefficient of rolling friction, μr,fr 0.01

Feed-feeding trough
Restitution coefficient, eft 0.5

Coefficient of static friction, μs,ft 0.38
Coefficient of rolling friction, μr,ft 0.01

Simulation Time step, Δt (s) 2.5 × 10−5

Pellet feed in Table 3 refers to the columnar pellet feed (processed by the pelleting machine) for nursery.
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In order to improve the accuracy of the simulation calculation, the simulation started
with the random generation of pellets from the top of the hopper in each simulation test,
and all pellets in an unlimited style fell onto the bottom of the hopper under gravity until
more than 100 mm high in the cylindrical part was reached, which ensured the flow capacity
of pellets in the hopper. When all the pellets are in a steady state, the unloading paddle is
driven by the stepper motor and pellets in the hopper fall into the feeding trough. During
the simulation test, the position and velocity data for each pellet are automatically saved
every 0.01 s.

2.3. Evaluation Index
2.3.1. MFI Theory

MFI [14,17,43] is used to define the flow patterns in the hopper with an unloading
paddle accurately. The MFI value is the ratio of the average vertical velocity of the pellet
near the wall to the average vertical velocity of the pellet in the center, it is calculated as
follows:

νW =

t
∑

i=1
νi

t
(3)

Then
MFI =

νW
νC

(4)

where vc and vw are the average vertical velocity of pellets in the center and near the wall,
respectively (m/s). vi is the average vertical velocity of pellets in each cuboid unit at time
step i (m/s). t is the total time step when the top surface at the center of the hopper flows
downward from Y = 100 mm to the position of Y = 45 mm (s).

To observe the flow pattern and analyze the important data conveniently, the vi
mentioned above can be obtained in a series of cuboid units (in the height range of
0 mm ≤ Y ≤ 40 mm) as shown in Figure 3. The left (right) cuboid unit is 10 mm away from
the hopper wall.

2.3.2. DDA and Porosity Theory

The dynamic discharging angle (DDA) and porosity are used to describe the flow
characteristics of pellets in the hopper during the discharging process. The DDA is defined
as the maximum angle between the tangent of the top slope surface and the level in the
center when the top surface flows downward from 100 mm to the position of Y = 45 mm,
as shown in Figure 3. The tangent of the top slope surface above is formed by the tangent
between the lowest point of the level in the center and the slope surface. The mean value of
the DDA at the different layer heights is calculated by applying Equation (5). Meanwhile,
the porosity in each cuboid unit with a range of 0 mm ≤ Y ≤ 40 mm is calculated in
Equation (6).

αi = arctan
(

yr − yl
zr − zl

)
(5)

where αi is the DDA formed in the discharging process (◦). (yl, zl) are the coordinate average
in the intersection of the tangent of the top slope surface and the level in the center at the
time step i (mm, mm). (yr, zr) are the coordinate average at the intersection of the top slope
surface and the tangent at the time step i (mm, mm).

P =
V − N · Vp

V
(6)

where P and N are the porosity and the average number of pellets in each cuboid unit,
respectively, when the top surface flows downward from 100 mm to the position of
Y = 45 mm (/,/). V is the volume of each cuboid unit (mm3). Vp is the volume of each
pellet (mm3).
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2.4. Simulation Tests Arrangement

The hopper half angle, outlet diameter of the hopper and rotation speed of the un-
loading paddle are important parameters in the design of the hopper with the unloading
unit [44,45]. For the purpose of studying the effect of the parameters on the flow capacity
of pellets inside the hopper, experimental factors and levels are determined by pretest and
the Beverloo Equation [46], as well as the prediction of mass discharge rate suggested by
Zheng [47]. The hopper half angle varies from 45 to 75◦, the rotation speed transitions from
30 rpm to 60 rpm, and the outlet diameter changes from 60 mm to 140 mm, as shown in
Table 4.

Table 4. List of simulation cases.

Test
Hopper Half
Angle β (◦)

Rotation Speed
n (rpm)

Outlet Diameter
D2 (mm)

MFI (/)

1 45 45 100 0.10
2 50 45 100 0.13
3 55 45 100 0.18
4 60 45 100 0.24
5 65 45 100 0.60
6 70 45 100 0.67
7 75 45 100 0.75
8 65 30 100 0.64
9 65 60 100 0.45
10 65 45 60 0.30
11 65 45 80 0.54
12 65 45 120 0.64
13 65 45 140 0.68

3. Analysis of the Discharging Effect of the Unloading Paddle

3.1. Effect of the Unloading Paddle on Pellets on the Fixed Disk

With the rotation of the unloading paddle, such as from the initial solid line position to
the dotted line position, as shown in Figure 4, pellets on the fixed disk are pushed and dis-
charged. In Figure 4, A pellet K that is about to leave the edge of the fixed disk is randomly
selected as the research object for theoretical analysis to reflect the movement law of pellets
on the fixed disk. Firstly, the relative formula in ΔO1OK is shown in Equations (7)–(9).

cos(
π

2
− γ) =

lOO1
2 + lOK

2 − r2

2lOO1 lOK
(7)

sin(π
2 − γ)

r
=

sin δ

lOO1

(0 < γ <
π

2
) (8)

lOO1 = r − B1

2
(9)

The relation between the absolute velocity and the following velocity can be obtained
through the kinematic analysis of the pellet K, as shown in Equation (7).

sin ε

ν2
=

sin
[

π
2 + (ε − δ)

]
ν1

(10)

v2 = ω · lOK (11)

where v1 is the absolute velocity (m/s). v2 is the following velocity (m/s).
From Figure 4 and Equation (10), v1 gradually increases from the inside to the outside

along the curved unloading paddle, meanwhile the direction of v1 is anisotropic, which is
to the realization of the uniform discharge. In Figure 4, angle ε is the angle between the
relative velocity v3 and the absolute velocity v1 (◦). Based on the calculation, angle ε is
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97.3◦ ± 1◦ when the rotation speed changes from 30 to 60 rpm, which indicates pellets left
the fixed disk approximately along the arc normal direction. Then, the direction of pellet
absolute velocity is anisotropic along the curved unloading paddle, which is beneficial to
uniform discharge.

Then, the DEM 2.7 software is used to conduct a virtual simulation of the movement
process of pellets by the unloading paddle, and the discharging process is also tested
according to the rotation speed of 45 rpm and the outlet diameter of 100 mm. After
simulation, the vector display method is used to visually process the pellets on the fixed
disk, the arrow direction is specified by the velocity magnitude. Meanwhile, the pellets
are given different colors to reflect the velocity magnitude; red, green and blue are the
min color, mid color and max color, respectively. The simulation snapshots in Figure 5a
revealed that pellets showed an anisotropy distribution. As the unloading paddle rotates
counterclockwise, it can be seen that the inside pellets were pushed gradually to the outside
of the fixed disk by the unloading paddle and finally, the outside pellets left the fixed disk
at a rapid velocity approximately along the arc normal.

Sleeve

Fixed disk

Unloading paddle

Sleeve
Fixed disk

Unloading paddle

Sleeve
Fixed disk

Unloading paddle

Sleeve
Fixed disk

Unloading paddle

0° 60° 120° 180°
(a)

Sleeve

Fixed disk

Sleeve

Fixed disk

Sleeve

Fixed disk

Sleeve

Fixed disk

0° 60° 120° 180°
(b)

Figure 5. Qualitative comparison between simulation (left) and experiment (right) (n = 45 rpm,
D2 = 100 mm). (a) The simulation test in the straight part; (b) the discharging experiment in the
straight part.

Additionally, the discharge experiment in the straight part of the hopper is carried out
under the same parameter conditions. Then, a pellet is randomly selected in the central
area of the fixed disk and circled with yellow marks to analyze the details. The results show
that the pellets discharged from the fixed disk are basically evenly distributed, as shown in
Figure 5b, and the movement rule of pellets at the yellow mark is approximately consistent
with the simulation, which proves the correctness of the virtual simulation.

Further, the trajectory of three pellets near the inside, middle and outside of the paddle
on the fixed disk is tracked by the simulation so as to clarify the discharging process. As
shown in Figure 6, the trajectory of the C pellet is a straight line, and it can be seen that the
direction of the C pellet is approximately along the arc normal combining with position 1
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of the unloading paddle. While the trajectory of the B pellet consists of an arc and a straight
line, which is due to the B pellet first being pushed towards the edge of the fixed disk by
the unloading paddle, the B pellet leaves the fixed disk approximately along the arc normal
of the unloading paddle, similar to the C pellet combining with position 2 of the unloading
paddle. Finally, the trajectory of the A pellet is similar to that of the B pellet; the motion
direction of the A pellet is approximately along the arc normal, combining with position 3
of the unloading paddle. Nevertheless, the curvature of the arc in the A pellet trajectory
is slightly larger than that of the B pellet; this may be because the velocity of the A pellet
increases gradually when the A pellet moves outside.

In other words, the above analysis and experiment verify that the inside pellets
gradually move outside as the unloading paddle rotates and eventually move away from
the fixed disk approximately along the normal arc of the unloading paddle.
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Figure 6. The movement trajectory of three pellets on the fixed disk. A is the pellet near the inside, B
is the pellet near the middle and C is the pellet near the outside of the unloading paddle. Noting that
red, yellow and blue represent the three positions in the clockwise rotation of the unloading paddle
on the fixed disk.

3.2. Effect of the Unloading Paddle on Pellets in the Hopper

According to Figure 6, the unloading paddle pushes pellets on the fixed disk away.
In order to discuss the effect of the unloading paddle on pellets in the hopper during the
discharging process, the movement trajectory of the three pellets is tracked at a distance
of 20 mm, 36 mm and 60 mm from the hopper center, respectively. When the hopper half
angle is 75◦, the rotation speed is 45 rpm and the outlet diameter is 100 mm. As shown in
Figure 7, the pellets A, B and C move down a vertical line in the cylindrical part. Then, the
pellets A, B and C have a motion trend towards the hopper center when falling into the
lower conical part of the hopper, which is because the shrinkage of the hopper wall impels
pellets near the hopper wall to move toward the hopper center.

Near the straight part of the outlet, the pellets A and B begin to have both a downward
displacement and a reciprocating motion away from the hopper center, while the pellet C
basically moves downward. The pellet A spreads towards the outside of the outlet more
obviously than the pellets B and C after entering the straight part of the outlet, which
may be because when the unloading paddle rotates, the center pellets gradually move
to the outer edge of the fixed disk with the rotation, while a small number of particles
on the edge of the straight part fall to the edge of the fixed disk and are directly sent to
the feeding trough by the unloading paddle. Therefore, the pellets in the center are most
frequently and actively sent by the unloading paddle, resulting in the radial displacement
of the pellets in the center during the falling process. As a result, the pellets in the center of
the upper layer will continue to be carried out along with the pellets on the fixed disk, but
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the energy may be lost during the transfer process, resulting in the movement trajectory
(flow characteristics) of the pellets above the straight part not being greatly affected. Finally,
pellets A, B and C are discharged through the gap between the fixed disk and the outlet of
the hopper. Therefore, pellets are distributed into the feeding trough layer by layer by the
unloading paddle, which is beneficial to evenly discharge pellets from the hopper [48].

12

3

122

333333333333333333333333333333333333333333333333333333333333333333333333333333333333333333333333333333

-a
xi

s 
co

or
di

na
te

(m
m

)

Z-axis coordinate (mm)

Figure 7. The movement trajectory of pellets in the hopper during the discharging process (β = 75◦,
n = 45 rpm and D2 = 100 mm).

The above analyses show that the motion of the unloading paddle and the shrinkage
of the hopper wall have certain effects on the discharging process of pellets. Thus, it is
necessary to study the effect of the hopper half angle, the outlet diameter and the rotation
speed on the flow capacity of pellets in the hopper with the unloading paddle.

4. Effect Analysis of Main Parameters on Flow Capacity and Bench Test

4.1. The Effect of Hopper Half Angle on Flow Capacity

Numerous studies have shown that the hopper half angle is one of the key structural
parameters in the design of hoppers, meanwhile, which has a significant influence on flow
patterns [17,47]. The hopper half angle increases from 45 to 75◦ with a step of 5◦ when the
rotation speed is 45 rpm and the outlet diameter is 100 mm. Simulation results from test 1
to test 7 are analyzed.

4.1.1. Analysis of Discharging Process

It is worthy to study the complex pellet-flowing phenomena in the hopper during the
discharging process [49]. Figure 8a,b show the discharging process under the hopper half
angle of 45◦ and 75◦, respectively, when the rotation speed is 45 rpm and the outlet diameter
is 100 mm. Different pellet-coloring layer classification methods are used to conveniently
distinguish different flow patterns of pellets in the hopper.

In Figure 8a, at 6 s, pellets in the center of layer A have been discharged from the
hopper, and pellets in the center of layer B~F are in turn filled toward the hopper center. A
narrow flow zone is formed in the center of each layer of pellets, and a symmetrical dip is
formed on the top surface, which is consistent with that presented by Drescher et al. [50].
However, pellets near the wall of layer B~F remained relatively in their original posture,
which forms the stagnant zone proposed in [21]. Then, from 6 s to 12 s, pellet layers in
the flow zone continue to flow to the outlet, and the symmetrical dip on the top surface
gradually increases with the discharging process. As the number of pellets in layer F are
filled into the flow zone, this stagnant zone slowly decreases. From 12 s to 24 s, pellets in
layer F are poured into the flow zone continuously and pellets in the stagnant zone of layer
E begin to fill up the flow zone because most pellets in layer F have been discharged from
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the hopper. The symmetrical dip is even more pronounced at this moment, and the stagnant
zone decreases obviously with the discharging process. In short, the above phenomena
demonstrate the characteristics of “fast in the center, slow near the wall”. Nevertheless,
in livestock and poultry industry, continuous or regular filling of pellets into the hopper
of the feeder is necessary to ensure feed supply, which will cause pellets near the wall to
further extend retention time in the hopper, and the flow pattern may affect the feeding
quality in the long run.

Stagnant zone

Flow zone

A
B
C
D
E
F

Stagnant zone

t = 6 s t = 12 s t = 24 s
(a)

A

B

C

F

E

D

t = 6 s t = 12 s t = 24 s
(b)

Figure 8. Different snapshots of the discharging process. (a) When the hopper half angle is 45◦, the
rotation speed is 45 rpm and the outlet diameter is 100 mm; (b) when the hopper half angle is 75◦,
the rotation speed is 45 rpm and the outlet diameter is 100 mm.

Figure 8b demonstrates that pellets in layer A are discharging, pellets in layer B form
a small, inverted cone and pellets in other layers keep falling as a whole at 6 s. Then,
from 6 s to 12 s, pellets in layer A have been discharged from the hopper and pellets in
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layer B have basically been discharged. Meanwhile, pellets in layer C are flowing to the
outlet of the hopper, layer D and layer E have formed an inverted cone. While layer F in
the cylindrical part has been downward as a whole, no inverted cone has appeared until
pellets completely enter the conical part. From 12 s to 24 s, pellets in layer D have basically
been discharged and pellets in layer E have basically reached the outlet, whereas layer F
forms an inverted cone at this moment, and the symmetrical dip formed by the top surface
begins to appear. It can be seen that the pellet layer in the cylindrical part falls overall
during the discharging process, while the pellet layer in the conical part forms an inverted
cone. This can be explained for the following reasons: the hopper wall in the conical part
gradually shrinks and friction exists between the hopper wall and pellets. This reflects
the characteristics of mass flow in the conical part according to the principle of volume
conservation, which is basically consistent with Fullard’s explanation [51]. In short, the
discharge rule of “pellets in the lower layer are firstly discharged from the hopper, and
pellets on the upper layer are subsequently discharged” is shown; therefore, the flow zone
is filled all over the hopper during the discharging process. The discharging process can be
described as “first in, first out”.

4.1.2. Evaluation of Flow Capacity

This section investigated the effect of the hopper half angle on flow capacity, MFI,
DDA and porosity were adopted to explain the above discharging process.

Figure 9a shows the effect of the hopper half angle on the MFI and the calculation
of the MFI according to Equation (4). Apparently, the value of MFI increases when the
hopper half angle increases from 45◦ to 75◦ in a step of 5◦. For the hoppers at 70◦ and
75◦, the value of MFI is basically constant, approximately 0.7 and 0.85, respectively, which
means little difference in the vertical velocity of pellets in the center and near the wall
during the discharging process. For the hopper at 65◦, the value of MFI is stable firstly at
approximately 0.65 and then decreases and stabilizes at approximately 0.56, which may
be because the top pellet layer begins to form a small inverted cone when the layer is
near the boundary between the cylindrical part and conical part during the discharging
process, resulting in an increase in the difference in vertical velocity in the hopper center
and near the hopper wall. Especially when the hopper half angle is less than 60◦, the value
of MFI decreases from 0.39 to 0.18 during the discharging process. The average value
of MFI < 0.24 is clearly identified by the data processing, which reflects the difference in
vertical velocity. Evidently, the value of MFI has a significant downward trend when the
hopper half angle decreases from 65◦ to 60◦. This may be because the component force of
pellet gravity downward along the hopper wall starts to obviously decrease in the conical
part. Meanwhile, the friction between the pellets and the hopper wall keeps increasing,
which results in a small velocity of pellets near the hopper wall and a faster passage of
pellets in the center of the cylindrical part.

In Figure 10a, it is observed that the value of DDA (as Equation (5)) increases with the
decrease in the hopper half angle. Additionally, the variation of DDA for hopper half angle
between 55◦ and 65◦ is large, which has a value between 7◦ and 25◦, while the variation
of DDA for hopper half angle between 65◦ and 75◦ and 45◦ and 55◦ tends to be gentle,
which has a value between 2◦ and 7◦ and 25◦ and 30◦, respectively. The smaller the value
of DDA, the smaller the difference in vertical velocity of pellets in the center and near the
wall during the discharging process. In this work, the hopper half angle is 63◦ when the
value of DDA is less than 10◦.
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(a) (b) (c)

Figure 9. Effect of the main parameters on the MFI. (a) The hopper half angle (n = 45 rpm and
D2 = 100 mm); (b) the rotation speed (D2 = 100 mm and β = 65◦); (c) the outlet diameter (n = 45 rpm
and β = 65◦).

   
(a) (b) (c)

Figure 10. Effect of main parameters on the DDA. (a) The hopper half angle; (b) The rotation speed;
(c) The outlet diameter.

Figure 11a shows that the porosity of cuboid units (see Equation (6)) in the center
obviously increases and that near the wall decreases slightly with the decrease in the
hopper half angle, which illustrates that the flow characteristics of pellets in the center
have changed more significantly. When the hopper half angle is between 45◦ and 50◦,
the porosity among pellets in the center and near the wall is approximately 0.5 and 0.25,
respectively, and the pellets in the center are in a loose state because of faster vertical
velocity, resulting in a decrease in the contact friction force among the pellets in the center
field. The movement of the pellets at the center of the cylindrical part is more intense, which
explains the discharge phenomenon in Figure 8a. Additionally, the porosity among pellets
in the center and near the wall is approximately 0.3 and 0.29, respectively. When the hopper
half angle is between 70◦ and 75◦, pellets in the center and near the wall for the cylindrical
part fall almost simultaneously, which verifies the discharging process of the cylindrical
part in Figure 8b. In other words, these investigations reveal that the decrease in the hopper
half angle accelerates the appearance of the uneven flow. Especially, a rapid transition zone
occurs at the hopper half angle from 55◦ to 65◦, which is basically in agreement with the
above analysis.
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(a) (b) (c)

Figure 11. Effect of main parameters on porosity. (a) The hopper half angle; (b) the rotation speed; (c)
the outlet diameter.

4.2. The Effect of Rotation Speed on Flow Capacity

In order to investigate the effect of rotation speed on the flow capacity of pellets in the
hopper, the simulation results of test 5, test 8 and test 9 are analyzed. The rotation speed
increases from 30 rpm to 60 rpm in step of 15 rpm when the hopper half angle is 65◦ and
the outlet diameter is 100 mm, respectively.

4.2.1. Analysis of the Discharging Process

As shown in Figure 12a (the rotation speed is 30 rpm), at 12 s, pellets in layer A and
layer B have been discharged from the hopper. Meanwhile, layer C in the conical part
forms a large-inverted cone and layer D begins to form a small, inverted cone just when
entering the conical part. While layer E and layer F keep falling as a whole. Then, from 12 s
to 24 s, pellets in layer C have basically been discharged. Meanwhile, layer D has formed a
large, inverted cone. While a small, inverted cone begins to appear when layer F is close to
the boundary between the cylindrical part and the conical part, this is affected by the flow
characteristics of pellets in the conical part. In other words, the pellets in the cylindrical
part keep falling as a whole. The bottom pellet layer in the conical part is discharged from
the hopper first, and the upper pellet layer is discharged subsequently. The inverted cone in
the conical part is getting bigger and bigger as pellet layers lower, according to the principle
of volume conservation of pellet layers.
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Figure 12. Comparison of flow characteristics for different rotation speeds. (a) When the rotation
speed is 30 rpm, the hopper half angle is 65◦ and the outlet diameter is 100 mm; (b) when the rotation
speed is 60 rpm, the hopper half angle is 65◦ and the outlet diameter is 100 mm.
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Figure 12b shows the discharging process when the rotation speed is 60 rpm. From
0 s to 12 s, layers A and B have been discharged, and layer C in the conical part is flowing
to the outlet of the hopper, and a large, inverted cone is formed in layer D. Furthermore,
layer F just arises as a small, inverted cone when it is close to the boundary between the
cylindrical part and the conical part. The discharging characteristics at this moment are
approximately the same as those at 24 s in Figure 11a. From 12 s to 24 s, layer C has been
discharged and layer D is being discharged; layer F begins to enter the conical part and the
inverted cone is more obvious. Similarly, the reason for the inverted cone formation in the
discharging process is basically consistent with the analysis in Figure 12a.

Combining Figure 12a,b, it can be seen that the discharging characteristics of “first in,
first out” do not change with the increase in the rotation speed; only the speed of forming
an inverted cone is accelerated, which means the discharging process is accelerated.

4.2.2. Evaluation of Flow Capacity

In order to investigate the effect of rotation speed on flow capacity, MFI, DDA and
porosity as a function of rotation speed are illustrated in Figures 9b, 10b and 11b.

Figure 9b shows the effect of the rotation speed on the MFI. Apparently, the value of
MFI decreases with an increase in the rotation speed. The value of MFI is stable initially at
approximately 0.7 and then decreases and stabilizes at approximately 0.6 when the rotation
speed is 30 rpm, which means there is little difference in the vertical velocity of pellets in
the center and near the wall in the cylindrical. Furthermore, the value of the MFI decreases
obviously during the rotation speed increase from 45 rpm to 60 rpm, which is between
0.38 and 0.55. Nevertheless, the average values of MFI are more than 0.3 when the rotation
speed changes from 30 rpm to 60 rpm, the flow pattern of pellets is still confirmed by the
mass flow. On the whole, the rotation speed has little effect on the flow patterns of pellets
in the hopper, which is less than that of the hopper half angle.

Figure 10b shows that the average of DDA increases from 5.5◦ to 9.5◦ when the rotation
speed increases from 30 rpm to 60 rpm, which indicates that the increase in the rotation
speed does not cause a great change in DDA.

Figure 11b shows the porosity of cuboid units (as Equation (6)) as the center increases
and that near the wall decreases with the increase in the rotation speed. The porosity in the
center is 0.32 at 30 rpm and 0.38 at 60 rpm, and that near the wall is approximately 0.29
at 30 rpm and 0.28 at 60 rpm, which also indicates that the increase in the rotation speed
does not cause a great change in porosity in the center or near the wall. Based on the above
analysis, when the rotation speed is 30 rpm, pellets in the center and near the wall of the
cylindrical part fall almost simultaneously, conforming to the discharging process of the
cylindrical part in Figure 12a. Only when the rotation speed is 60 rpm, the difference in
porosity in the center and near the wall is big, which illustrates that the vertical velocity
of the pellets in the center is bigger, explaining the discharge phenomenon in Figure 12b.
In other words, because the variation of porosity with the rotation speed is small, it is a
revelation that the rotation speed has no significant effect on the flow characteristics of
pellets.

4.3. The Effect of Outlet Diameter on Flow Capacity

In order to determine the effect of the outlet diameter of the hopper on the flow
capacity of pellets, the simulation results of test 5, test 10 and test 13 are analyzed. The
outlet diameter increases from 60 mm to 140 mm in a step of 20 mm when the hopper half
angle is 65◦ and the rotation speed is 45 rpm.

4.3.1. Analysis of Discharging Process

As shown in Figure 13a (the outlet diameter is 100 mm), from 0 s to 12 s, layers A and
B have been discharged, layer C in the conical part basically has reached the outlet of the
hopper, layer D in the cylindrical part just enters the conical part and an inverted cone
forms in layer D. While layers E and F in the cylindrical part have been downward as a
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whole. From 12 s to 24 s, the inverted cone formed by layer D is more obvious; furthermore,
a small inverted cone begins to appear when layer F is near the boundary between the
cylindrical part and the conical part. In conclusion, the pellet layers in the cylindrical part
basically fall down as a whole, while the pellet layers in the conical part form the inverted
cone and fall down layer by layer as a whole.
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Figure 13. Comparison of flow characteristics for different outlet diameters of the hopper. (a) When
the outlet diameter is 100 mm, the rotation speed is 45 rpm and the hopper half angle is 65◦; (b) when
the outlet diameter is 140 mm, the rotation speed is 45 rpm and the hopper half angle is 65◦.

As shown in Figure 13b (the outlet diameter is 140 mm), from 0 s to 12 s, layer D in
the cylindrical part has entered the conical part, and a large, inverted cone has formed.
While layers E and F in the cylindrical part have been downward as a whole. From 12 s to
24 s, layer F in the cylindrical part enters the conical part completely and forms an inverted
cone. Pellets in layer E are discharging. In general, the pellet layers in the cylindrical
part fall overall during the discharging process; no inverted cone appears until pellets
completely enter the conical part. The pellet layers in the conical part form the inverted
cone, and the inverted cone increases with the shrinkage of the hopper wall, which can be
explained by the principle of volume conservation of pellet layers, and pellets in the lower
layer are discharged first from the hopper and pellets in the upper layer are subsequently
discharged.

A comprehensive analysis of Figure 13a,b shows that the flow characteristics are “first
in, first out”. Only the speed of forming an inverted cone and the discharging process are
accelerated when the outlet diameter is increased.

4.3.2. Evaluation of Flow Capacity

In order to investigate the effect of outlet diameter on flow capacity, MFI, DDA and
porosity as a function of outlet diameter are illustrated in Figures 9c, 10c and 11c.

The variation of MFI is plotted over the outlet diameter in Figure 9c according to
Equation (4), which reveals that the increase in outlet diameter causes an increase in MFI.
Furthermore, the value of MFI is basically stable at approximately 0.75 for the outlet
diameter of 140 mm, which means a little difference in the vertical velocity of pellets in
the center and near the wall during the discharging process. The value of MFI is basically
stable at approximately 0.7 when the outlet diameter is 120 mm. The value of MFI is stable
initially at approximately 0.6~0.65 and then decreases and stabilizes at approximately
0.5~0.56 when the outlet diameter is between 100 mm and 80 mm. In particular, the value
of the MFI shows a sharp decrease when the outlet diameter changes from 80 mm to
60 mm, which is similar to the phenomenon of a linear decrease in the DDA when the
outlet diameter increases from 60 mm to 80 mm in Figure 10c. This may be because the
discharge rate decreases when the outlet diameter changes from 80 mm to 60 mm and the
pellets in the hopper are in a state of compaction. Additionally, the value of MFI is less
than 0.2 after 25 s when the outlet diameter is 60 mm, which illustrates the large difference
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in the vertical velocity of pellets in the center and near the wall. The flow pattern should
be in transition between the mass flow and the funnel flow at this moment and the outlet
diameter has a great influence on the flow pattern when the outlet diameter is less than
60 mm.

On the whole, when the outlet diameter is more than 60 mm, the values of MFI are
more than 0.24, whatever the outlet diameter is. Flow patterns are almost unaffected and
the flow pattern of pellets is still confirmed by the mass flow, which illustrates that the
effect of the outlet diameter on flow patterns is less than that of the hopper half angle in the
previous section. In conclusion, combined with the pretest results and the feed discharge
requirements of swine, the outlet diameter should be 100–120 mm when the hopper is
designed.

Figure 10c shows a slight variation in the value of DDA when the outlet diameter is
from 100 mm to 140 mm, the value is approximately 6◦, which means the vertical velocity
of pellets in the center is basically the same as that of the pellets near the wall. However,
the DDA is almost linearly increasing as the outlet diameter decreases from 100 mm to
60 mm, and the value of DDA is approximately 9◦ for an outlet diameter of 80 mm, but
the value is approximately 16◦ for an outlet diameter of 60 mm, which means the vertical
velocity of pellets in the center is obviously bigger than that of the pellets near the wall.

Figure 11c shows the porosity of cuboid units in the center increases and that near
the wall decreases with the decrease in the outlet diameter, and the variation trend of
porosity with the increase in the outlet diameter is nearly the same as shown in Figure 10c.
The porosity among pellets in the center and near the wall is approximately 0.32 and 0.29,
respectively, when the outlet diameter is between 120 mm and 140 mm, which indicates
pellets in the center and near the wall for the cylindrical part fall almost simultaneously.
Only the porosity among pellets in the center increases slightly when the outlet diameter is
100 mm. It can be observed that the movement of the pellets at the center of the cylindrical
part is more intense compared to the outlet diameter of 140 mm. Concurrently, the analysis
verifies the discharge phenomenon in Figure 13a,b. Additionally, the porosity among pellets
in the center and near the wall is approximately 0.37 and 0.28, respectively. When the outlet
diameter is 80 mm, which indicates the vertical velocity of pellets in the center increases
slightly, the velocity difference between the center and hopper wall begins to get bigger.
While the porosity among pellets in the center and near the wall is approximately 0.45 and
0.27, respectively, when the outlet diameter is 60 mm, it can be observed that the vertical
velocity of the pellets at the center of the cylindrical part increases rapidly. In other words,
these investigations reveal that the appearance of the uneven flow is accelerated when the
outlet diameter is less than 60 mm, and the flow characteristics are almost unaffected when
the outlet diameter is more than 60 mm.

In order to formulate an explicit decision criterion for flow patterns according to the
MFI, referring to the relevant literature, Johanson and Jenike [52] insisted that a velocity
ratio of MFI ~0.3 could be used as the boundary line between the funnel flow and mass flow
in hoppers, which meant the funnel flow is defined under MFI < 0.3, reversely, if MFI > 0.3,
the flow pattern is the mass flow. Based on the results of this study for the hopper with the
unloading paddle, the evaluation method is also feasible, but if the boundary value of MFI
is determined to be 0.24, then the flow pattern of pellets in the hopper can be confirmed to
be the funnel flow when the value of MFI is less than 0.24, the mass flow is determined
when the value of MFI is more than 0.24.

In conclusion, the above studies indicate that the flow pattern of pellets can be identi-
fied as the mass flow when the hopper half angle exceeds 60◦. The characteristics of “first
in, first out” in the mass flow could ensure the quality of feed. Otherwise, it is confirmed
by the funnel flow. Therefore, according to the pre-test and the design requirements of the
existing feeder structure, the hopper half angle should be in the range of 65◦to 75◦ when
the hopper is designed.
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4.4. Experimental Validation

To clarify the DEM model, physical experiments were carried out with experimental
equipment in the Laboratory of Animal Husbandry Mechanization at Northeast Agri-
cultural University. To ensure that the experiment conditions were consistent with the
simulation, the component materials of the experiment equipment were the same as those
of the model components in the simulation process. The same structural and operating
parameters are selected between the experiment and simulation test, noting that the hopper
half angle is 45◦ and 75◦, respectively, when the rotation speed and the outlet diameter are
45 rpm and 100 mm. In order to more clearly represent the problems found in the pre-test,
the hopper is composed of clear plastic, and pellets are filled into the area by two parallel
clear sheets to be observed visually. The clear sheet is 25 mm away from the hopper center
to reduce the influence on the flow behavior of pellets in the hopper. The colored and
original pellets crossed in the hopper at the initial time, which made it easy to visually
reflect the flow and pattern of pellets.

Snapshots of different kinds of posture during the discharging process at a hopper half
angle of 45◦ are shown in Figure 14. All layers of pellets in the center initially formed a small
flow zone and a small DDA at 6 s; however, the positions of pellets near the wall hardly
changed at this time. From 6 s to 12 s, little pellets on the top surface in the cylindrical part
are poured into the flow zone first due to the pellet repose angle characteristics and the
DDA increases, so the stagnant zone formed by pellets near the wall decreases slightly.
Afterwards, a lot of pellets on the top surface in the cylindrical part are poured into the flow
zone with the pellet layers down from 12 s to 21 s, the DDA increases constantly, and the
stagnant zone decreases obviously. Finally, the last photo revealed that the pellet layers had
entered the conical part at approximately 39 s. The top two pellet layers in the cylindrical
part have entered the feeding trough completely, whereas the few pellets in the conical
part still stay near the wall. The stagnant zone decreases obviously at this moment. The
above phenomena were in line with Figure 8a in the simulation test. In a word, the average
value of DDA in the cylindrical part is 29.6◦ during discharging, which conforms to the
characteristics of “fast in the center, slow near the wall” in the funnel flow.
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Figure 14. Snapshots for flow patterns of pellets at different times in the hopper (β = 45◦, n = 45 rpm
and D2 = 100 mm).

In order to investigate the flow pattern of pellets in the hopper, the pellet-tracking
tests were conducted, and the experimental equipment is presented in Figure 15. Firstly,
the red pellet is placed in the center and near the wall on the top surface, respectively, in the
experiment. The position of the red pellet is obtained by the downward displacement of the
black marker on the fishing line with a scale of 10 mm, and it is recorded by the high-speed
camera (PCC 2.8 new version Phantom V9.1 camera, Vision Research Inc. Wayne, NJ, USA,
shooting frequency is 1000 f/s).
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Figure 15. The experimental equipment.

Figure 16a shows the discharging process of the pellets in the hopper under the hopper
half angle of 45◦. The position of the black marker in the center is in a fast-straight descent
line, while the black marker near the wall hardly moves from 0 s to 16.78 s. In contrast,
Figure 16b shows the black marker in the center and near the wall, which basically dropped
the same height in the same discharging time.
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Figure 16. High-speed photograph diagrams of different pellet positions on the front faces. (a) When
the hopper half angle is 45◦, the rotation speed is 45 rpm and the outlet diameter is 100 mm; (b) when
the hopper half angle is 75◦, the rotation speed is 45 rpm and the outlet diameter is 100 mm.

The function of MFI and discharging time is established by collecting the coordinates
of the black marker to quantitatively analyze the accuracy of the simulation test, as shown
in Figure 17. As expected, when the rotation speed and the outlet diameter are 45 rpm and
100 mm, the average value of MFI is 0.79 under the hopper half angle of 75◦, however, the
average value of MFI is 0.17 under the hopper half angle of 45◦, which is in agreement with
the results in the simulation test. Notwithstanding, the experimental results are slightly
bigger than the simulation test results. The error could be explained in two aspects. Firstly,
the size of the pellet model established by DEM 2.7 software is the average of 100 pellets,
which is different from the distribution of pellets in the experiment. Secondly, it may come
from a system error caused by the operator in the experiment.
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Figure 17. MFI of pellets discharged from the hopper.

5. Discussion

Combined with the discussion above, it is confirmed that the hopper half angle
determines the flow pattern mainly, which proves Lu et al.’s [14] point. On the other hand,
the work analyzes the effects of structural and motion parameters of the hopper with an
unloading paddle on the flow capacity of pellets. The deficiencies in the flow capacity of
pellets were investigated:

1. Environmental impact:

The pellets will be deliquesced by environmental factors during the feeding process,
so that their own moisture content changes in real-time, the pellet group in the hopper is
reunited, and the vertical velocity of the pellet in the center decreases more significantly
than near the wall, resulting in the vertical velocity difference decreasing in the pellets in
the center and near the wall. Finally, the error in measurement results is caused.

2. Test bench construction error:

In order to track the velocity and trajectory change of pellets, a pellet was randomly
selected in the center and near the wall and tied with a fishing line, while the other end of the
fishing line was used to adjust the counterweight (straw). In the process of the downward
movement of pellets, the quality of the two counterweights might be inconsistent and
the sliding friction between the fishing line and the frame was caused. The difference in
vertical velocity of pellets in the center and near the wall changes, resulting in an error in
measurement results.

3. Pellets are broken during discharge:

A small amount of broken pellets will be produced continuously in the fixed disk
during the unloading paddle rotation. The friction among the pellets on the fixed disk
causes the falling of the pellets in the straight part to lag, and the vertical velocity of the
pellets in the flow zone of the hopper decreases by layer-by-layer upward conduction,
resulting in a decrease in the vertical velocity difference of the pellets in the center and near
the wall. Finally, the error in measurement results is caused.

6. Conclusions

In this work, DEM was applied to simulate the discharging of pellets in the hopper of
the feeder with an unloading paddle. The impacts of the hopper half angle, rotation speed
and outlet diameter on the flow capacity of pellets were investigated. The results in the
experiment and simulation test were in good agreement, which verifies the confidence of
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the results. The detailed conclusions can provide important support for the design of the
hopper with an unloading paddle.

1. The Mass Flow Index (MFI) can define the flow patterns of pellets in the hopper with
an unloading paddle, and the MFI~0.24 is identified to distinguish the mass flow and
the funnel flow by the DEM simulation tests.

2. The MFI decreases with an increase in the rotation speed from 30 rpm to 60 rpm,
the outlet diameter from 60 mm to 140 mm and the hopper half angle from 45◦ to
75◦. Additionally, the flow pattern is mainly determined by the hopper half angle;
the rotation speed and the outlet diameter have little influence on the flow patterns
of pellets in the hopper, but the outlet diameter has a greater influence on the flow
pattern when the outlet diameter is less than 60 mm.

3. For the design of the hopper with an unloading paddle, the optimum parameters
are as follows: the hopper half angle is between 65◦ and 75◦, the outlet diameter is
between 100 mm and 120 mm and the rotation speed is between 45 rpm and 60 rpm.
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Abstract: The technology of plastic film mulching is widely applied in Xinjiang, but it also brings
about serious issues of residual film pollution. Currently, the 1MSF-2.0 residual film recovery machine
can effectively address the problem. However, it faces challenges such as high overall machine weight
and noticeable frame vibrations, which affect the stability of the entire machine operation. The frame,
as the installation foundation, needs to bear loads and impact. Therefore, the reliability of the frame is
crucial for the stability of the entire machine. Improving the frame’s vibration is of great importance.
In response to the significant vibration issues during the operation of the 1MSF-2.0 residual film
recovery machine, this paper utilized Workbench 2020 R2 to establish a finite element model of
the machine frame and conducted static analysis to obtain strength information, thereby initially
understanding the optimization space of the frame. Building upon this, Mechanical was employed to
solve the first 14 natural frequencies and mode shapes of the frame, and the accuracy of the theoretical
analysis was verified through modal testing. After analyzing the frequency characteristics of external
excitation forces, it was found that the fourth-order natural frequency of the frame fell within the
frequency range of the excitation force of the shaft of the straw grinder, causing resonance in the
frame and necessitating structural optimization. The optimal results indicated that the optimized
frame increased in mass by 4.41%, reduced the maximum stress value by 2.56 MPa, and increased the
fourth-order natural frequency to 22.7 Hz, avoiding the frequency range of the excitation force of the
shaft of the straw grinder, thus improving the resonance issue. This paper provides a reference for
optimizing the design of the frame of the residual film recovery machine.

Keywords: residual film recovery machine; static analysis; modal analysis; modal testing; dimensional
optimization

1. Introduction

The technology of plastic film mulching can effectively increase the yield of cotton in
Xinjiang and is widely applied there [1–3]. However, the problem of plastic film pollution
in Xinjiang has become increasingly severe due to the long-term use of plastic film. This
pollution issue seriously hinders the sustainable development of agriculture. Research
has shown that residual plastic film can cause a yield reduction of approximately 10%
in cotton and corn crops [4]. According to statistics, China’s annual plastic film usage
has exceeded 1.4 million tons, with a recycling rate of approximately 80%. This indicates
that approximately 300,000 tons of plastic film remain in the soil every year. The control
and management of plastic film pollution has become an urgent task. Currently, the
primary method for managing residual film pollution is to use residual film recovery
machines. The focus of this paper is on the 1MSF-2.0 residual film recovery machine.
Previous research and experiments have shown that this residual film recovery machine
can effectively recover residual film from Xinjiang’s cotton fields, significantly mitigating
the problem of residual film pollution. However, there are still some key issues that need
to be optimized. Due to the complexity of the residual film recycling process, the 1MSF-2.0
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residual film recovery machine has numerous moving components, which results in a
significant amount of vibrational force. As a result, the machine experiences noticeable
vibrations, significantly impacting its reliability and stability during operation [5]. The
frame, serving as the installation foundation for the residual film recovery machine, plays a
crucial role in bearing and resisting impacts. Improving the vibration issues of the frame
and preventing resonance under vibrational forces are of vital importance in enhancing the
reliability of the entire machine [6].

Modal analysis is used to calculate the natural frequencies and mode shapes of struc-
tures. It is the most fundamental dynamic analysis and an important area of study in
vibration reduction design [7]. When the natural frequency of a structure is close to the
frequency of external excitation forces, the structure can experience resonance. In such
cases, it is necessary to optimize the structure to shift its natural frequencies away from
the frequency range of the external excitation forces, thereby improving the structure’s
vibration characteristics. In the work by Yaoming Li et al. [8], they solved for the modal
frequencies and mode shapes of the chassis frame of a rice-wheat combined harvester. By
optimizing the structure of the frame through changes in beam cross-sectional dimensions,
they were able to shift the modal frequencies away from the excitation frequencies, thus
enhancing the overall reliability of the machine. In the research conducted by Jianjun Gao
et al. [9], they performed theoretical modal analysis on the chassis frame of a combined
harvester. Then modal testing was used to validate the accuracy of their theoretical analysis.
This allowed them to optimize the structure of the frame effectively, thereby preventing
frame resonance and improving the stability and reliability of the machine. In the research
conducted by Jinming Zhang et al. [10], simulation was used to determine the vibration
characteristics of a wheeled tractor under different operating conditions. They obtained
the natural frequencies of vertical vibrations for the front axle, cabin, driver’s seat, and
implement as 2.09 Hz, 2.84 Hz, 2.84 Hz, and 2.09 Hz, respectively. Subsequently, they
performed multi-objective optimization on the stiffness and damping parameters of the
front axle, obtaining the optimal stiffness and damping settings to improve the tractor’s
vibration performance and ride comfort. A modal analysis on the chassis frame of the
4JZ-1700 crawler-type pepper harvester using ANSYS was conducted by Xinzhong Wang
et al. [11]. The natural frequencies of the frame were found to be between 23 and 76 Hz, pro-
viding a theoretical basis for the anti-vibration design of the frame. Yingcan Liu et al. [12]
addressed the issue of strong vibrations in the residual film recovery machine. They
performed static and modal analysis on the machine’s frame using ANSYS WorkBench
19.0 software. Through an orthogonal experimental design method, they optimized the
structure, resulting in a reduction of the maximum stress and the maximum amplitude,
effectively avoiding resonance phenomena. Junxian Guo et al. [13] focused on the intense
vibrations of the cotton stalk return and residual film recycling integrated machine. The
Lanczos Method algorithm in ANSYS Workbench was used to solve for the modal frequen-
cies and modes of the frame. After optimization, the first two natural frequencies of the
frame deviated from the external excitation frequency, resulting in a significant reduction
in vibration amplitudes and enhanced vibration damping. Changjiang Liang et al. [14]
conducted modal analysis on the frame of the residual film recovery machine using finite
element analysis software. The results showed a significant difference between the natu-
ral frequencies of the frame and the external excitation frequencies, effectively avoiding
resonance occurrences. Shuangshuang Zhong et al. [15] conducted modal analysis on the
roller of the mulch shredder using ANSYS finite element software, obtaining the first eight
natural frequencies and modes to verify the design requirements of the frame. Panfeng
Zhang et al. [16] used ANSYS software and finite element simulation analysis to prevent the
occurrence of resonance in the film-lifting component of the rotary tillage nail tooth plastic
film recycling machine. Modal analysis and transient dynamic analysis were performed
on the nail tooth component. The data confirmed that no resonance occurred during the
operation of the nail tooth, thus ensuring the reliability of the entire machine. Zhenhua
Yu et al. [17] conducted finite element stress analysis and modal analysis on the disc-type
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film-gathering device of the residual film recovery machine. The stress distribution and
dynamic characteristics of the film-gathering device under working loads were obtained,
providing a reference for the design improvement of the equipment.

This paper addressed the issue of noticeable vibrations during the operation of the
1MSF-2.0 residual film recovery machine. Through methods such as static analysis and
modal analysis, the strength information and vibration characteristics of the frame were
solved for. Combining the characteristics of external excitation forces, the frame of the
residual film recovery machine was optimized in size to enhance its reliability and stability
during operation, thereby the effectiveness of residual film recovery was further improved.

2. Materials and Methods

2.1. Establishment of Finite Element Model for the Frame and Static Analysis
2.1.1. Establishment of Finite Element Model for the Frame

The frame of the residual film recovery machine is primarily composed of rectangular
steel tubes and steel plates welded together. The overall dimensions of the frame are
2950 mm in length, 2560 mm in width, and 1559 mm in height, with a weight of 354.25 kg.
At the front end of the frame, it is welded to the straw grinder. The frame is equipped
with picking rollers, film stripping and pressure relief devices, baling machines, and some
transmission components, serving a load-bearing function. Additionally, during operation,
the frame must withstand external impacts and vibrations. Therefore, the frame needs
to meet certain strength and stiffness requirements. The three-dimensional model of the
frame, established using Autodesk Inventor Professional 2020, is shown in Figure 1.

Figure 1. The three-dimensional model of the frame.

Meshing is an important step in creating a finite element model, and the quality of
the meshing directly affects the mathematical representation of the physical model and
the computational workload. Therefore, it is necessary to set an appropriate mesh size
when establishing a finite element model. Typically, the element quality after meshing
should not be lower than 0.7. In this paper, multiple mesh sizes were considered, and it
was determined that a mesh size of 7 mm resulted in an element quality of 0.780. When the
mesh size exceeded 8 mm, the element quality dropped below 0.700. Therefore, selecting
a mesh size of 7 mm not only ensures the quality of the meshing but also reduces the
computational workload.

The three-dimensional model of the frame was imported into Workbench 2020 R2 to
establish the finite element model. The material of the frame is Q235 structural steel, with
a density of 7850 kg/m3, an elastic modulus of 210 GPa, and a Poisson’s ratio of 0.3. The
material parameters in Workbench 2020 R2 were set, with a mesh size of 7 mm, and the
mesh was divided to obtain the finite element model of the frame, as shown in Figure 2. It
consists of 813,440 nodes and 413,333 elements. Figure 2 also displays the meshing details
of the upper crossbeam of the frame.
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(a) (b) 

Figure 2. Finite element model of the frame: (a) The overall meshing of the frame. (b) The meshing of
the upper crossbeam of the frame.

2.1.2. Static Analysis of the Frame

During the process of optimizing the frame design, it is essential to ensure that the
strength of the frame meets the required standards. Static analysis can provide information
about the strength of the frame, serving as a reference for optimizing its design. Therefore,
conducting static analysis on the frame is necessary.

The forces acting on the frame mainly originate from the tractor’s tractive force and
ground resistance, as well as the gravitational forces of the picking rollers, film stripping
and pressure relief devices, baling machines, and some transmission components mounted
on the frame.

The magnitude of tractive force and resistance is measured through experiments.
During the experiment, the torque at the picking roller was measured using the TQ201
wireless torque sensor node (manufactured by Beijing Beetech Inc., Beijing, China). The
experimental setup was as shown in Figure 3. The resistance during the operation of
the residual film recovery machine mainly comes from the resistance of the picking roller
against the soil; it is assumed that the tractive force is solely used to overcome this resistance.
Therefore, based on the measured torque magnitude and the relationship between force
and torque, the magnitudes of tractive force and resistance can be calculated. In this paper,
the calculated magnitudes of tractive force and resistance are 2500 N.

Figure 3. Experimental setup for torque measurement: 1. TQ201 wireless torque sensor node and
2. battery.

The forces exerted by the picking rollers, film stripping and pressure relief devices,
baling machines, and some transmission components on the frame are primarily due to
gravity. The weights of these components were determined by measuring their volumes
using Autodesk Inventor Professional 2020, combined with their densities.

The constraints on the frame mainly come from the depth limitation roller and the rear
suspension of the tractor. The depth limitation roller restricts three translational degrees of
freedom and two rotational degrees of freedom of the frame, allowing only the freedom of
rotation around the axis of the depth limitation roller. Additionally, the rear suspension of
the tractor is connected to the frame, limiting the freedom of rotation around the axis of the
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depth limitation roller. Therefore, when applying constraints during static analysis, the
frame is constrained according to the above conditions.

During static analysis, the positions, magnitudes, directions, and loading modes of
the loads are as indicated in Table 1. The schematic diagram of load application positions is
as shown in Figure 4. These positions on the frame all have symmetry.

Table 1. The positions, magnitudes, directions, and loading modes of the loads.

Positions Magnitudes/N Directions Loading Modes

Picking support side plate 7298 Vertical downward Uniformly distributed load
Picking support side plate 2500 Horizontal backward Uniformly distributed load
Peel-off roller bearing seat 3310 Vertical downward Uniformly distributed load

Baling machine bearing seat 8388 Vertical downward Uniformly distributed load
Transport roller bearing seat 2992 Vertical downward Uniformly distributed load

Straw grinder connection hole 2500 Horizontal forward Uniformly distributed load

 
Figure 4. The schematic diagram of load application positions: 1. Baling machine bearing seat,
2. peel-off roller bearing seat, 3. transport roller bearing seat, 4. picking support side plate, and
5. straw grinder connection hole.

After applying constraints and loads, the solution was computed using Workbench
2020 R2. Through post-processing of the results, stress analysis contour plots, strain analysis
contour plots, and total deformation analysis contour plots of the frame, a finite element
model was obtained.

2.2. Modal Analysis of the Frame
2.2.1. Calculated Modal Analysis of the Frame

Modal analysis is used to determine the vibrational characteristics of a structure.
Calculated modal analysis can be divided into free modal analysis and constrained modal
analysis. Constrained modal analysis requires simulating the actual working conditions
of the structure [18]. When calculating this, appropriate boundary conditions, such as
loads and constraints, need to be applied to the model. Due to the complexity of the
actual working conditions of the residual film recovery machine frame in this paper, using
constrained modal analysis will result in significant differences between simulated and
actual working conditions, making it difficult to ensure the accuracy and reliability of the
analysis results. Free modal analysis assumes that the structure is in a free state and does
not consider the actual working conditions. The analysis is relatively simple and can reflect
the vibrational characteristics of the structure. Therefore, free modal analysis was adopted
for the modal analysis of the residual film recovery machine frame in this paper. Since
the frame was in a free state, the first six modes obtained from modal analysis were rigid
modes with natural frequencies of 0 [19].
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Based on the static analysis of the frame, modal analysis was performed using the
finite element model of the frame in Mechanical, without applying loads and constraints,
to obtain the first 14 non-zero mode shapes and natural frequencies.

2.2.2. Test Modal Analysis of the Frame

To validate the accuracy of the finite element model of the frame and the calculated
modal analysis, it is necessary to conduct modal testing on the frame [20–22]. The principle
of modal testing is as follows: excite the structure with a vibrational force input, measure the
signals at various points on the structure, and use modal parameter identification methods
to obtain the modal parameters of the structure. By comparing the test modal parameters
with the calculated modal parameters, the accuracy of the results can be verified.

In this paper, the force measurement method was used for the modal testing of the
frame, employing a single-point excitation approach. The force measurement method
requires simultaneous measurement of the excitation force and response during the test. By
using this method, modal parameters can be estimated. Therefore, during modal testing, a
force hammer equipped with a force sensor must be used to apply measurable excitation
forces. The force measurement method can estimate all modal parameters, including
natural frequencies, mode shapes, damping or damping ratios, modal mass, and modal
stiffness, with high accuracy.

When selecting measurement points, it is important to choose points that adequately
represent the shape of the frame. Too few measurement points will result in an incomplete
representation of the frame’s shape, while too many points will lead to excessive computa-
tional burden, prolonged calculation time, or even computational infeasibility. As shown
in Figure 5, this paper selected 18 important response points of the frame structure as the
measurement points, and chose the midpoint position of the lower beam as the excitation
point (Point A). The reliability of the results was ensured through two measurements and
analyses [8].

Figure 5. The positions of 18 measurement points and 1 excitation point in modal testing.

During modal testing, it is essential to maintain consistency between the testing condi-
tions and the calculated modal analysis. Since the calculated modal analysis conducted in
this paper was based on free modal analysis, during the testing, the frame was suspended
using a crane with a flexible connection between the crane and the frame to approximate a
free-state condition. The experimental instruments are illustrated in Figure 6.
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(a) (b) 

Figure 6. The experimental instruments: (a) Data acquisition system section: 1. force hammer,
2. accelerometer bus, 3. DH5902N rugged data acquisition system, and 4. laptop. (b) Sensor section:
2. accelerometer bus and 5. accelerometer.

The experimental instruments mainly included a force hammer, triaxial accelerometer,
DH5902N rugged data acquisition system, and DHDAS V2.0 software (all manufactured
by Donghua Testing Technology Co., Ltd., Taizhou, China). The experimental process was
as follows:

1. Instrument setup: The instruments were connected. The force sensor on the force
hammer was connected to the first channel of the data acquisition system, while the
accelerometer was connected to the second, third, and fourth channels. The instruments
and DHDAS software were started, and then the Analysis/Frequency Response Analysis
function was selected.

2. Parameter setting: The sensor sensitivity was input into the sensitivity setting
column of the corresponding channel. Each measurement point was struck with the force
hammer and the waveform was observed. The instrument connections, wire connections,
sensor, and instrument functionality were checked until the waveform was correct. The
range was appropriately adjusted by striking the points with suitable force until the force
and response waveforms were neither overloaded nor too small.

3. Excitation and data collection: The frame was struck with the force hammer to
induce forced vibration. The accelerometer installed on the frame collected the vibration
acceleration–time domain signals. The DH5902N rugged data acquisition system and
DHDAS software were used to collect, save, and analyze the signals. According to the
Nyquist sampling theorem, the sampling frequency must be at least twice the highest
frequency present in the original signal in order to accurately reconstruct the digital signal
from the original signal [23]. In order to ensure the accuracy of the sampled signal, sampling
frequency was set to 2 kHz, with 800 spectral lines, and the acceleration–time domain
signals collected at each measurement point were measured sequentially. For example,
when measuring point 1, the acceleration–time domain signals collected by the triaxial
accelerometer installed on the frame were as shown in Figure 7.

Figure 7. The acceleration–time domain signals collected by the triaxial accelerometer sensor.
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The DHDAS software was utilized for the spectrum analysis and frequency response
analysis of the acceleration–time domain signals. In the spectrum analysis settings, we
chose amplitude output, selected the average spectrum for calculation parameters, set the
number of spectral lines to 800, set the frequency spacing to 0.1 Hz, set the number of
averages to 10, and selected linear averaging. In the frequency response analysis, we added
input and output measurement point information. The results of the spectrum analysis and
frequency response analysis are shown in Figure 8.

Figure 8. The results of the spectrum analysis and frequency response analysis.

We established the corresponding model in the DHDAS software based on the 18 se-
lected measurement points and 1 excitation point in this article. The model should ade-
quately depict the shape of the framework, as shown in Figure 5. The measurement point
numbers on the model were edited; these numbers should correspond to the modal testing.
We imported the transfer functions of each measurement point into the data interface,
performed modal parameter identification, and solved for the first 14 modal frequencies,
damping ratios, and mode shapes.

2.3. Optimization of the Framework Dimensions

Material selection, dimension optimization, shape optimization, and topology opti-
mization are important methods for frame optimization design [24]. Currently, commonly
used materials for frames are Q235 steel and Q345 steel. Compared to Q235 steel, Q345
steel has poor welding performance and is prone to weld detachment issues. Furthermore,
improving the performance of the frame usually requires more than just changing the
material, structural optimization is also necessary. Dimension optimization establishes
an accurate mathematical model and ensures that design variables meet specific design
requirements by adding constraints. It is widely used in frame optimization design due to
its precision and versatility. Shape optimization involves describing variables using partial
differential equations [25]. It is more complex and less commonly applied than dimen-
sion optimization, and it is usually combined with dimension optimization in practical
applications. Topology optimization offers a larger design space and greater degrees of
freedom, making it suitable for lightweight design. In this study, depending on the specific
circumstances, the dimension optimization method was to optimize the frame design. The
residual film recovery machine consists of numerous key components and transmission
parts. To ensure the reliability of the machine operation, the installation positions and align-
ments of each component on the frame have been thoroughly considered and calculated.
Furthermore, the installation positions and alignments of each component are interrelated.
During the optimization design of the frame, it is essential to avoid significant changes in
the overall size and shape of the frame structure. Therefore, in this paper’s optimization
design of the rectangular steel tubes in the frame, the wall thickness of the rectangular steel
tubes was chosen as the design variable. This approach ensured that the overall shape of
the frame would not undergo significant changes. There are a total of 16 rectangular steel
tubes that can be optimized in terms of dimensions. The positions of the rectangular steel
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tubes are shown in Figure 9. Due to the symmetry of the frame, the identical rectangular
steel tubes on both sides of the frame were considered as one design variable.

 
Figure 9. The positions of the 16 design variables.

This paper aimed to adjust the natural frequency of the residual film recovery machine
frame to avoid the excitation frequency range of the straw grinder’s stirring cage shaft. To
achieve this goal, a dimensional optimization of the rectangular steel tubes constituting the
frame was conducted.

Changing the dimensions of the frame to adjust the natural frequency may lead to
a significant increase or decrease in the mass of the frame. The results of static analysis
indicate that the frame has a certain margin of static strength but it is not sufficient because
during actual operation, the frame may experience impacts where instantaneous stress
could significantly increase. If the optimized frame significantly reduces in mass, although
it can adjust the natural frequency, it cannot guarantee the strength of the frame. Therefore,
when applying constraint conditions, it is necessary to impose constraints on the mass of the
frame. Therefore, this paper imposed a constraint on the frame’s mass reduction, limiting it
to no more than 5%. A total of 16 locations of the rectangular steel tubes’ wall thickness
were chosen as design variables, forming the basis for the optimization design model. The
selection of the rectangular steel tube wall thickness adhered to national standards.

The wall thickness of the 16 rectangular steel tubes is denoted in Formula (1).

X = [x1, x2, . . . , x16] (1)

The constraints are as follows: the fourth-order natural frequency ω of the frame is
greater than the maximum excitation frequency fmax of the straw grinder’s stirring cage
shaft; the mass W(x) of the residual film recovery machine frame is not less than the
specified minimum value Wmin; and the maximum stress σ in the frame does not exceed the
specified maximum value σmax. The mathematical model for optimizing the frame design
was obtained as in Formula (2). ⎧⎪⎪⎨

⎪⎪⎩
s.t.

⎧⎨
⎩

ω ≥ fmax
W(x) ≥ Wmin

σ ≤ σmax
X = [x1, x2, . . . , x16]

(2)

Based on the static and modal analyses, Workbench 2020 R2 offers two optimization
methods: direct optimization and response surface optimization [26,27]. Direct optimiza-
tion involves selecting the optimal solution from sample points obtained from experimental
designs. The more sample points there are, the more accurate the optimization results, but
this also leads to longer computation times. Response surface optimization, on the other
hand, utilizes fitted response surfaces for optimization. The accuracy of the optimization
results depends on how well the response surface is fitted to the data. In this paper, there
were a total of 16 discrete design variables. Since the number of sample points was rela-
tively small, and to obtain accurate computational results, this paper intended to employ
the direct optimization method to optimize the dimensions of the rectangular steel tubes in
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the frame. The Direct Optimization module was added to Workbench 2020 R2, aiming to
calculate the optimal solution for the 16 design variables.

In Workbench 2020 R2, according to national standards, the range of values for the
wall thickness of 16 rectangular steel tubes was determined and inputted into the parameter
setting table. Since each parameter can only control the wall thickness of two opposite
sides of the rectangular steel tube, the parameter relationship table needed to be updated
to include the relationship between the wall thickness of adjacent sides. Objectives and
constraints were set according to Formula (2). The optimization method chosen was
Screening. After completing the setup, the calculation was performed, resulting in three
sets of optimal sample points. By comparing these three sets, one set of optimal sample
points was selected as the optimized design scheme for the frame.

The optimized frame underwent both static analysis and modal analysis to evaluate
the feasibility of the optimization solution. By comparing the results of these analyses
to those of the original frame, the effectiveness of the optimization approach could be
examined.

3. Results

3.1. Results of Static Analysis

After post-processing the results of the static analysis, the stress analysis contour plot,
strain analysis contour plot, and total deformation analysis contour plot of the frame finite
element model were obtained as shown in Figure 10.

The main material used for the frame is Q235 structural steel, with a maximum yield
strength of 235 MPa. The calculation formula for allowable stress is shown in Formula (3).

[σ] =
σs

n
(3)

In Formula (3), [σ] represents the allowable stress, σs represents the maximum yield
strength, and n represents the safety factor. Taking n = 1.5 [10], the allowable stress [σ] for
Q235 structural steel can be calculated as 156.67 MPa.

(a) 

Figure 10. Cont.
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(b) 

(c) 

Figure 10. The results of static analysis of the frame: (a) stress analysis contour plots; (b) strain
analysis contour plots; and (c) total deformation analysis contour plots.

The results of static analysis indicate that the maximum stress in the frame is ap-
proximately 92.46 MPa, with an average value of 4.03 MPa. These values are below the
allowable stress for Q235 structural steel, demonstrating that the frame meets the strength
requirements under static loading conditions.

Analyzing the stress contour plot, strain contour plot, and total deformation contour
plot of the frame reveals that, under static loading, the overall stress, strain, and total
deformation of the frame are relatively small. There is noticeable variation only in the
upper beam, this is mainly because the upper beam is connected to the baling machine,
which has a relatively large weight. The baling machine exerts its load on the upper beam
through bearings, causing a significant force on the upper beam.

3.2. Results of Modal Analysis

Building upon the static analysis of the frame, modal analysis of the finite element
model of the frame was conducted using Mechanical. The first 14 natural frequencies of
the frame obtained from this analysis are presented in Table 2, while the mode shapes for
the first four modes are depicted in Figure 11.
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Table 2. Comparison between calculated modal analysis and test modal analysis.

Order
Calculated Modal Analysis Test Modal Analysis

Relative Error/%
Calculated Frequency Mode Shapes Test Frequency Mode Shapes

1 6.306 Torsion 5.859 Torsion 7.093
2 9.192 Bending 7.813 Bending 5.004
3 11.495 Bending 11.603 Bending −0.940
4 21.314 Bending 21.908 Bending −2.787
5 35.302 Bending 35.157 Bending 0.411
6 42.909 Bending 41.415 Bending 3.482
7 50.949 Bending 51.055 Bending −0.208
8 53.713 Bending 54.751 Bending −1.932
9 61.642 Bending 61.908 Bending −0.432
10 69.063 Torsion, Bending 67.563 Bending 2.172
11 76.664 Bending 76.730 Bending −0.086
12 83.454 Torsion 82.028 Torsion 1.709
13 92.378 Bending 92.631 Bending −0.274
14 95.845 Torsion, Bending 95.334 Bending 0.533

(a) 

(b) 

Figure 11. Cont.
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(c) 

(d) 

Figure 11. The first four modes of the frame in calculated modal analysis: (a) mode 1, (b) mode 2,
(c) mode 3, and (d) mode 4.

The three directions of the frame in the three-dimensional coordinate system are shown
in Figure 11. Analyzing the first four non-zero mode shapes of the frame, the following
observations can be made.

Mode 1: The primary deformation involves left–right torsion, with the maximum total
deformation located at the front end of the frame. The torsion of the welded structures on
both sides of the frame mainly occurs in the Y direction, with relatively minor deformations
in the X and Z directions.

Mode 2: The primary deformation is characterized by forward–backward bending,
with the maximum total deformation located at the front end of the frame. The bending of
the welded structures on both sides of the frame primarily occurs in the X direction, with
minor deformations in the Y and Z directions.

Mode 3: Similar to Mode 2, the primary deformation involves forward–backward
bending, with the maximum total deformation located at the front end of the frame. The
bending of the welded structures on both sides of the frame primarily occurs in the X
direction, with minor deformations in the Y and Z directions.

Mode 4: The primary deformation is characterized by left–right bending, with the
maximum total deformation located at the front end of the frame. Although there are no
significant shape changes in the welded structures on both sides of the frame, noticeable
displacement occurs due to a significant deformation of the two beams.
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The natural frequencies of the frame obtained from modal testing are presented in
Table 2, while the first four mode shapes are depicted in Figure 12. The red dots in Figure 12
represent the corresponding 18 measurement points and 1 excitation point in Figure 5.

 
(a) (b) 

 
(c) (d) 

Figure 12. The first four modes of the frame in test modal analysis: (a) mode 1, (b) mode 2, (c) mode
3, and (d) mode 4.

The three directions of the frame in the three-dimensional coordinate system are shown
in Figure 11. The analysis and parameter identification yield the following results for the
first four mode shapes.

Mode 1: The first mode shape is primarily characterized by twisting motion in the
horizontal direction. The welded structures on both sides of the frame twist around the
X-axis in opposite directions. The front and middle sections of the welded structures exhibit
significant deformation.

Mode 2: The second mode shape is primarily characterized by bending motion in the
forward and backward directions. The welded structures on both sides of the frame exhibit
displacement along the X-axis. The front and middle sections of the welded structures
display significant deformation.

Mode 3: The third mode shape is primarily characterized by bending motion in the left
and right directions. The welded structures on both sides of the frame exhibit displacement
along the X-axis. The lateral bending of the welded structures is evident, while deformation
is relatively small in other regions.

Mode 4: The fourth mode shape is primarily characterized by bending motion in the
left and right directions. The welded structures on both sides of the frame bend in opposite
directions around the Z-axis. The front and middle sections of the welded structures display
significant deformation, and the two horizontal beams also experience a certain degree of
deformation.

During modal analysis, the calculated results may have errors compared to the actual
conditions due to the simplified idealized model used and the differences between the
simulated and actual operating conditions. In modal testing, apart from the external signal
interference caused by environmental factors, it was challenging to ensure that the excitation
force applied by humans remained consistently positioned accurately at the excitation point
and maintained a consistent magnitude. These factors could introduce certain errors into the
test results. Therefore, it is necessary to perform modal shape correlation analysis to assess the
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reliability of the calculated modal analysis results in comparison with the calculated modal
analysis results.

To address these challenges, it is essential to conduct modal shape correlation analysis.
This analysis aims to assess the reliability of the calculated modal analysis results by
comparing them with test modal analysis results [28].

As shown in Table 2, the relative errors between the calculated frequencies and test
frequencies of the analyzed frame indicate that the absolute values of relative errors for
each natural frequency are within 8%. This suggests that the finite element model of the
frame and the results of modal analysis are accurate [29]. The relatively large errors in
the first and second natural frequencies are primarily due to their small absolute values,
as small absolute errors can result in relatively larger relative errors. Other contributing
factors may include simplifications made in the finite element model of the frame compared
to the actual model and external signal interference.

A comparison of the modal shapes from the calculated modal analysis and test modal
analysis reveals a basic consistency and correlation between the two. Discrepancies in the
descriptions of modal shapes for the 3rd, 10th, 11th, 12th, and 14th modes are attributed to
the inability of the chosen measurement points in the test modal analysis to fully replicate
the frame structure, leading to inevitable deviations in modal shapes.

Given that the lower-order modal shapes determine the dynamic characteristics of
the structure [8], a focused analysis is conducted on the first four natural frequencies and
corresponding modal shapes of the frame. During the operation of the residue recovery
machine, the excitation forces primarily originate from the ground, the cutter shaft of the
straw grinder, and the stirring shaft of the straw grinder. Ground excitation is determined
by ground conditions, with typical ground excitation frequencies being below 3 Hz [30].
Actual measurements indicate that the normal operating speeds of the cutter shaft and
stirring shaft are in the range of 2400 to 2500 r/min and 1200 to 1300 r/min, with excitation
frequencies ranging from 40 to 41.7 Hz and 20 to 21.7 Hz, respectively.

All of the first four natural frequencies of the frame are above 3 Hz and below 40 Hz,
suggesting that the influences of ground conditions and the cutter shaft are minimal.
However, the fourth natural frequency of the frame is 21.314 Hz, coinciding with the
excitation frequency range of the stirring shaft. This results in significant resonance during
operation. To address this resonance issue, an enhanced reliability and stability of the
entire machine during operation and optimization of the structural dimensions of the frame
are required.

3.3. Results of Dimensional Optimization

Optimal solutions for 16 design variables were obtained through optimization calcu-
lations, as shown in Table 3. The samples from the optimization results are illustrated in
Figure 13, with each curve representing a sample. Based on the optimization objectives, the
optimal solution was selected from the samples.

3.4. Comparison of the Frame before and after Optimization

Using Autodesk Inventor Professional 2020, the optimal thickness values obtained
from Table 3 for the 16 rectangular steel tubes were used to modify the thickness of the
corresponding steel tubes on the original frame, resulting in the three-dimensional model
of the optimized frame. Subsequently, in Workbench 2020 R2, a finite element model of the
optimized frame was created following the same principles mentioned earlier. Static analy-
sis and modal analysis were performed on the optimized frame to compare the calculated
results with the original frame and validate the effectiveness of the optimization solution.
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Table 3. Comparison of design variable values before and after optimization.

Design Variables Before Optimization/mm After Optimization/mm Increment/mm

Steel Tubes 1 5 5 0
Steel Tubes 2 5 7 2
Steel Tubes 3 5 5 0
Steel Tubes 4 5 4 −1
Steel Tubes 5 5 4 −1
Steel Tubes 6 5 5 0
Steel Tubes 7 5 4 −1
Steel Tubes 8 5 7 2
Steel Tubes 9 5 7 2

Steel Tubes 10 5 6 1
Steel Tubes 11 5 6 1
Steel Tubes 12 5 5 0
Steel Tubes 13 5 5 0
Steel Tubes 14 5 5 0
Steel Tubes 15 5 5 0
Steel Tubes 16 5 5 0

 

Figure 13. The samples from the optimization results.

3.4.1. Comparison of Static Analysis Results

In Mechanical, appropriate constraints and loads were applied to the optimized frame.
The positions, magnitudes, directions, and loading modes of the loads were consistent with
the previous description.

After applying the constraints and loads, the finite element model was solved. Post-
processing the results, stress contour plots, strain contour plots, and overall deformation
contour plots of the optimized frame were obtained, as shown in Figure 14.
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(a) 

(b) 

(c) 

Figure 14. The results of static analysis of the optimized frame: (a) stress analysis contour plots;
(b) strain analysis contour plots; and (c) total deformation analysis contour plots.
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The static analysis results indicated that the maximum stress of the optimized frame
was approximately 89.62 MPa, with an average stress of 3.83 MPa. Both the maximum and
average stresses were smaller than those of the frame before optimization. The maximum
overall deformation of the optimized frame was approximately 1.5 mm, which was also
smaller than the deformation observed in the original frame. The mass of the optimized
frame was 368.83 kg, which was an increase of 14.58 kg (4.12%) compared to the original
frame. The mass increase was not significant, indicating that the optimization did not signif-
icantly affect the overall mass of the frame. The optimized frame exhibited reduced overall
stress, strain, and deformation compared to the original frame. These quantities were
distributed more evenly throughout the structure, satisfying both strength and stiffness
requirements. This confirms the effectiveness of the structural optimization approach.

3.4.2. Comparison of Modal Analysis Results

Building upon the static analysis, the finite element model of the optimized frame
was further subjected to modal analysis using Mechanical. This analysis was conducted
without applying any loads or constraints. The objective was to determine the natural
frequencies and corresponding mode shapes for the first four non-zero modes. The specific
results are presented in Figure 15. Among them, the fourth natural frequency and mode of
vibration of the optimized frame is shown in Figure 16.

Figure 15. Comparison of first four natural frequencies before and after optimization.

Figure 16. The fourth natural frequency and mode of vibration of the optimized frame.
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Despite the increase in frame mass by 4.12%, the natural frequencies of the first four
modes of the optimized frame increased by 11.36%, 25.70%, 16.29%, and 8.25%, respectively.
These frequencies still remained above 3 Hz and below 40 Hz, indicating that the frame
is not significantly affected by ground and harrowing machine vibration. In particular,
the fourth mode frequency of the frame increased from 21.314 Hz to 23.072 Hz, effectively
avoiding the vibration range of the harrowing machine’s shaft. This improvement indicates
a significant reduction in resonance phenomena caused by the interaction between the
frame and the stirring shaft. Therefore, the improvement brought about by the optimization
plan was significant.

4. Discussion

In recent years, China has conducted extensive research on vibration reduction in
agricultural machinery. The main method for vibration reduction is to analyze the vibration
characteristics of the frame and optimize its structure [31]. This can effectively improve
the vibration problems of agricultural machinery. However, due to the limitations of
optimization methods and the complexity of mechanical equipment under actual working
conditions, there is a certain deviation from theoretical analysis under ideal conditions [32].
Therefore, it is difficult to completely avoid the generation of resonance problems by
optimizing the frame structure.

The research findings of this paper have, to some extent, addressed the issue of
significant vibrations in the 1MSF-2.0 residual film recovery machine (manufacturered
by World Heavy Industries (China) Co., Ltd, Zhenjiang, China). This improvement has
enhanced the reliability and stability during residual film recovery operations, ensuring
the effectiveness of the recovery process. However, there are still some issues that need to
be addressed.

1. The size of the residual film recovery machine is relatively large. While improving the
vibration problem, the problem of large mass still exists, which will lead to increased energy
consumption and have an impact on the agricultural ecological environment. Therefore, a
lightweight design of the frame of the residual film recovery machine is also necessary.

2. This paper only used the method of dimensional optimization to optimize the
frame design. In addition to this, material selection, shape optimization, and topology
optimization are also important methods for frame optimization, each with its advantages
and disadvantages [24]. It is a future research issue to comprehensively apply dimensional
optimization, shape optimization, and topology optimization methods to fully exploit the
space of frame optimization design and obtain better optimization solutions.

5. Conclusions

This paper conducted static and modal analyses on the frame of the residual film re-
covery machine and optimized the thickness of the rectangular tube of the frame, obtaining
the optimal solution for 16 design variables, which improved the vibration problem of
the residual film recovery machine. The optimization design of the frame in this paper
ensured that there was no significant change in the frame’s mass while ensuring its strength.
Based on this, the fourth mode’s natural frequency of the frame was adjusted to avoid the
frequency range of excitation forces, effectively improving the resonance issues during the
operation of the frame. This enhancement has led to an improved reliability and stability
of the frame, providing support for the efficient operation of the residual film recovery
machine. The research in this paper mainly includes the following aspects.

1. The three-dimensional model of the frame was established using Autodesk Inventor
Professional 2020, and the finite element model of the frame was established using Work-
bench 2020 R2. Static analysis was performed on the finite element model of the frame.
The results of static analysis showed that the maximum stress of the frame was 92.46 MPa,
indicating that the strength of the frame under static load met the requirements and had a
certain optimization design space.
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2. The finite element model of the frame was subjected to free modal analysis using
Workbench 2020 R2, and the first 14 natural frequencies and mode shapes of the frame were
obtained. Among them, the first four natural frequencies with significant influence on the
vibration characteristics of the frame were 6.3063 Hz, 9.1922 Hz, 11.495 Hz, and 21.314 Hz.
The accuracy of the modal analysis results was verified through modal experiments, with
an absolute value of relative error within 8%. The frequency range of external excitation
forces was analyzed, and it was found that the excitation force of the stirring shaft could
cause frame resonance, thus proposing optimization strategies.

3. Dimensional optimization of the frame was performed using Workbench 2020 R2
to control the frame mass, ensure that the frame met the requirements of strength and
stiffness, and avoid the frequency range of external excitation forces around the fourth
natural frequency. The final optimization scheme was obtained. After optimization, the
frame met the requirements of strength and stiffness, with a mass increase of 4.12%,
which was not significant. The fourth natural frequency increased by 8.25%, avoiding the
frequency range of external excitation forces, and the vibration problem was improved.

4. The forces acting on the residual film recovery machine during operation are highly
complex. Conducting a more comprehensive analysis of the frame’s load distribution and
establishing a more precise mechanical model will be crucial for future research on the
1MSF-2.0 residual film recovery machine. Additionally, given the numerous components
present on the residual film recovery machine, optimizing the components outside the
frame also holds significant importance.
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Abstract: Power shift tractors have been widely used in agricultural tractors in recent years because
of their advantages of uninterrupted power during shifting, high transmission efficiency and high
stability. As one of the indispensable driving states of the power shift tractor, the starting process
requires a small impact and a starting speed that meets the driver’s requirements. In this paper,
aiming at such contradictory requirements, the starting control strategy of a power shift tractor is
formulated with the goal of starting quality and the driver’s intention. Firstly, the identification
characteristics of the driver under three starting intentions are obtained by a real vehicle test. An
extreme learning machine with fast identification speed and short training time is used to establish
the basic driver’s intention identification model. For the instability of the identification results of
the Extreme Learning Machine (ELM), the particle swarm optimization algorithm (PSO) is used to
optimize the ELM. The optimized extreme learning machine model has an accuracy of 96.891% for
driver’s intention identification. The wet clutch is an important part of the power shift gearbox. In
this paper, the starting control strategy knowledge base of the starting clutch is established by a
combination of bench tests and simulation tests. Through the fuzzy algorithm, the driver’s intention is
combined with the starting control strategy. Different drivers’ intentions will affect the comprehensive
evaluation model of the clutch (the single evaluation index of the clutch is: the maximum sliding
power, the sliding power, the speed stability time, the impact degree), thus affecting the final choice
of the starting clutch control strategy considering the driver’s intention. On this basis, this paper
studies and establishes the MPC starting controller for the power shift gearbox. Compared with
the linear control strategy, the PSO-ELM-fuzzy weight starting strategy proposed in this paper can
reduce the maximum sliding friction power by 45%, the sliding friction power by 69.45%, and the
speed stabilization time by 0.11 s. The effectiveness of the starting control strategy considering the
driver’s intention proposed in this paper to improve the starting quality of the power shift tractor
is verified.

Keywords: tractors; power shift transmission; starting process; driver’s intention

1. Introduction

As the main tool of agricultural production, agricultural tractors often need to under-
take field operations such as tillage, ploughing, sowing, and harvesting [1,2]. In addition,
tractors also spend a large part of their time on road transportation [3,4]. Due to the
changing working environment, the work of agricultural tractors is more complicated and
demanding than that of road vehicles. Agricultural tractors can be divided into step trans-
mission and stepless transmission according to their different transmission ratios. Stepped
transmissions include manual mechanical shift transmission (MT), hydraulic torque con-
verter transmission, dual clutch transmission (DCT) and power shift transmission (PST).
Electric Continuously variable transmission (CVT), hydrostatic CVT and hydro-mechanical
CVT [5–8]. At present, the development of tractors is moving from traditional manual
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transmission and automatic transmission into newer transmission types, among which
hydro-mechanical stepless transmission is a hot transmission. It combines the advantages
of stepless speed regulation of the hydraulic system with the high efficiency of mechanical
transmission so that the tractor can adapt to the changes in the external environment and
make the engine work at its best. However, this transmission method has high requirements
for manufacturing and control technologies such as shifting clutches and hydraulic control
systems [9,10]. Electric continuously variable transmission is also composed of a power
supply, control system and motor. The use of clean energy is friendly to the environment,
but this transmission is subject to battery life [11].

The power shift transmission (PST) mainly relies on the sliding friction of the wet
clutch to realize the shift without interrupting the engine power. Power shift technology
solves the shortcomings of traditional mechanical gearbox parking shifts and power inter-
ruptions. Compared with the transmission mechanical shift tractor, the working efficiency
of the power shift gearbox is increased by 10–20%. The power shift gearbox is divided into
partial power shift and full power shift. The partial power shift is the main shift using
wet clutch shift, and the auxiliary shift using electronically controlled synchronizer shift.
Full power shift means all gears are wet clutch shift; this way, it requires a high-precision
control system. In summary, the power shift gearbox has the advantages of high transmis-
sion efficiency, high reliability and high driving comfort and has an important position in
agricultural tractors. Tanelli et al. [12] studied the shifting process and reversing process
of the power shift transmission, and optimized the initial pressure of the clutch with the
change in tractor speed during the shifting process as the optimization goal. Kim et al. [13]
used computer simulation technology to explore the influence of the terminal pressure,
forward speed, weight, shuttle gear ratio and torsional damping of the tractor on the
shift performance of the power shift gearbox. As a result, the tractor weight increased
the axle torque but had no effect on the power transmitted by the unit area of the clutch.
Raikwar et al. [14] proposed a systematic methodology for the modeling and simulation
of a power shuttle transmission system for agricultural tractors, which provides a more
economical research method. Simulation is a time- and cost-effective method for the study
of power shift transmission.

With the development of power shift technology, in order to meet the driver’s increas-
ing requirements for driving comfort and improve the stability of the tractor’s shift or
start under different working conditions, in the power shift gearbox, the electro-hydraulic
control system gradually replaces the traditional mechanical shift control method. The
electro-hydraulic control system refers to the pressure control and engagement and dis-
connection control of the wet clutch through the electro-hydraulic control valve, so as to
complete the start and change control of the tractor. The electro-hydraulic control system
has the advantages of fast response and high intelligence. In addition, it can be combined
with an intelligent control algorithm to formulate a reasonable clutch control strategy
according to different working conditions and engagement targets, so as to reduce the
impact of tractor starting and section changing and improve the quality of tractor section
changing and the driver’s driving comfort [15].

As a key component of the power shift gearbox, the wet clutch is responsible for
starting and shifting. Its engagement quality will directly determine the quality of the
tractor during starting and shifting. The wet clutch uses oil pressure to push the piston,
transmits torque through the friction between the friction plate and the steel plate, and
performs the starting and shifting actions of the tractor. Ouyang et al. [16] established a
wet clutch model that considered damping force, steady flow force and transient flow force
to meet the requirements of precise control and fast response. Balau et al. [17] developed
a linearized input-output model for an electro-hydraulic actuated clutch. Based on the
model, a networked predictive controller was designed for the wet clutch with the aim of
controlling the clutch piston displacement while decreasing the influence of the variable-
time delays on the closed-loop control performances over the communication network.
Zeng et al. [18] built a simulation model of a wet clutch hydraulic actuator system and
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proposed a model-based feedforward and PID feedback control algorithm. Based on the
dynamic equation of the wet clutch piston and proportional valve body and the flow
equation of the hydraulic pump, Wu et al. [19] built a clutch oil filling simulation test
platform to study the influence of PWM control signals with different rising rates on the
clutch oil filling process.

The tractor is controlled by the driver when driving, and the driver controls the tractor
according to different working environments and needs. When the tractor is in different
conditions, the driver will have different driving needs. The research of Benloucif et al. [20],
Marcano et al. [21] and Li et al. [22] also shows that the driver’s intention is important in
the future development of human–machine cooperative driving systems, so it plays an
important role in the identification of the driver’s intention. There are four types of driver’s
intentions during tractor driving: acceleration, deceleration, steering and lane change [23].
When the tractor starts from a stationary state, the driver’s intention will have: slow start
demand, general start demand, and rapid start demand.

The identification of the driver’s intention first needs to determine the intention identi-
fication parameters. Liu et al. [24] simulated four types of drivers’ intentions during vehicle
driving: lane following, left lane change, right lane change and overtaking. The average
number of fixations of the driver’s left rearview mirror, the average head horizontal angle,
the steering wheel angle, the longitudinal acceleration and the establishment of the center
line of the vehicle and the lane are used as the driver’s intention identification parameters.
Wang et al. [25] used accelerator pedal opening, accelerator pedal opening change rate,
vehicle average acceleration and vehicle speed to identify the driver’s expected acceleration.
For the identification model of the driver’s intention, the identification models based on
time series mainly include the k-nearest neighbor model, support vector regression, and
artificial neural networks. However, due to the stochastic and nonlinear nature of behavior,
they thus provide unsatisfying prediction performance [26]. Yao et al. [27] used the Hidden
Markov identification model, and used the driving intention characteristic parameters
after cluster analysis to iteratively optimize the identification model. Wang et al. [28]
used the support vector machine model to establish the driver’s intention identification
model, which integrates vehicle operating parameters such as vehicle speed, environmental
information and the driver’s visual features.

At present, the research on power shift gearboxes is mostly concentrated in the fields
of transmission scheme design and characteristic analysis, and there are few studies on
starting control. With the increase in tractor use scenarios, tractors often stop and start again
when they are working or transporting in the field. The impact of traditional tractors when
starting is relatively high, which will have a great impact on the physical and mental health
of agricultural machinery drivers who need to drive tractors for a long time. At the same
time, research on the improvement of tractor starting quality in agricultural machinery is
missing. The starting process of the power shift tractor is a process of ‘human–machine–
ground’ interaction. The starting control considering the driver’s intention will improve the
starting quality of the tractor, which is of great significance to the performance improvement
of the power shift gearbox. In this paper, the research goal is to improve the starting quality
of the power shift tractor. Considering the driver’s starting intention (starting demand),
the optimal control strategy of the main starting part ‘wet clutch’ is studied.

The main contents of this paper are as follows:
(1) The identification parameters of the driver’s starting intention and the classification

of the driver’s starting intention are determined by a real vehicle test. (2) The PSO algorithm
is used to optimize ELM, and the identification model of the PST tractor driver’s starting
intention is established. (3) The bench test of clutch oil filling characteristics is carried
out, and the knowledge base of the PST starting clutch control strategy is established.
(4) In order to establish the comprehensive evaluation index of PST starting quality, fuzzy
recognition is used to establish the mapping between the driver’s starting intention and
the weight of each engagement quality evaluation index in the starting clutch. (5) The
PST starting simulation test platform is established, and the starting quality under the
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starting control strategy proposed in this paper and the ordinary starting control strategy is
compared based on the MPC controller. The purpose of this paper is to provide a theoretical
basis for the formulation of a PST starting control strategy. This paper aims to improve
the starting performance of a power shift tractor and the working comfort of agricultural
machinery drivers.

2. Materials and Methods

2.1. Three Kinds of Driver Starting Intention Test

When the power shift tractor starts, the driver’s actions mainly include stepping on
the accelerator pedal and pushing the gear lever (starting gear: the power shift tractor
generally starts at low speed). The driver’s starting intention is generally divided into three
types [29–32]. (1) Slow start. At this time, the driver steps on the accelerator pedal at a
slower speed, hoping to start smoothly. (2) General start. At this time, the driver stampedes
on the accelerator pedal speed in general, conventional starting speed and the starting
time requirements in general; (3) Rapid start. The driver quickly steps on the accelerator
pedal, and the change rate of the pedal opening is large. This starting mode has a higher
requirement for the starting time. The depth of the driver’s stampede on the accelerator
pedal and the stampede speed are direct manifestations of the urgency of the start. At
the same time, starting is a process of ‘human–vehicle‘ interaction. The driver’s different
operations on the throttle will affect the response of the power shift tractor. The impact of
the tractor is the most significant starting intention feedback index (where the impact is the
first derivative of the longitudinal acceleration of the tractor). In summary, the accelerator
pedal opening, the accelerator pedal opening change rate and the longitudinal acceleration
are selected as the identification parameters of the driver’s starting intention.

Let the experienced driver start the tractor at the test site. The tractor model used in the
test is DF Ward 854 (China Jiangsu Changzhou Dongfeng Agricultural Machinery Group
Co., Ltd., Changzhou, China) (Table 1). In order to measure the accelerator pedal opening
signal and acceleration signal, the pedal opening sensor and acceleration sensor are installed
on the tractor, Figure 1 shows the test process. A total of 60 groups of starting intention
experiments were carried out (Figure 2), including 20 groups of slow starting intention,
general starting intention and fast starting intention. The identification parameters under
different starting intentions are obtained: throttle opening, throttle opening change rate
and longitudinal acceleration.

Figure 1. Driver’s starting intention acquisition test.
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Table 1. Comprehensive parameters of DF Wode 854 tractor.

Parameter Value

Power shift tractor machine type Wheel
Weight (kg) 3570

Take-off output (kW) ≥56.3
Rated tractive effect (kN) ≥20

Rear cross member gauge (mm) 1620–2020
The working quality of whole machine (kg) 3800

Engine type LRC4108T
Rated speed (r/min) 2300

Figure 2. Sixty sets of starting intention test data.

2.2. PSO Optimizes the ELM Identification Model of Driver’s Starting Intention
2.2.1. ELM Identification Model

Extreme Learning Machine (ELM) is a single hidden-layer feedforward neural network
composed of an input layer, a hidden layer and an output layer [33–35]. The essence of
ELM is based on the linear solution process of random feature mapping, which can greatly
reduce the complexity of the algorithm and improve the learning rate. Compared with the
traditional neural network algorithm, which iteratively calculates and adjusts parameters
to optimize the structure, the ELM algorithm is more suitable for the starting scene of the
power shift tractor because of its short training time and small computational complexity.

The neural network model of ELM is shown in Figure 3. Input weight, output weight
and threshold are used to establish the relationship between the two layers. Users can set
the activation function and the number of hidden layer neurons. For Q group training data
(Xi,Yi), Xi = [xi1, xi2, . . . xin] ∈ Rn,Yi = [yi1, yi2, . . . yim] ∈ Rm, L is the number of nodes in
the hidden layer, f (x) is the activation function. A single-layer feedforward network is
modeled as follows.

∑L
i=1 βi f (wi · xi + bi), 1 ≤ j ≤ N (1)

wi is the weight between the input layer node and the ith hidden layer node. βi is the
weight between the ith hidden layer node and output layer node. bi is the threshold of the
ith hidden layer node. Qj is the output of neural network. wi, βi and Qj are vector values,

wi = [wi1, wi2, . . . win]
T , βi = [βi1, βi2, . . . βim]

T , Qj =
[
Qj1, Qj2, . . . Qjn

]T . By learning the
training data, the output value of the ELM model can approach the real value with faster
speed and smaller error.

∑L
i=1 βi f (wi · xi + bi) = yj, 1 ≤ j ≤ N (2)
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The output matrix of ELM is set to H, and the model can be rewritten as

Hβ = Y (3)

H is the output value obtained from the Neural network. The learning goal of ELM is to
minimize the output error. At this time, it can be solved by the least square method.∥∥∥∥H

∧
β − Y

∥∥∥∥ =
min

β
‖Hβ − Y‖ (4)

The optimal value of β obtained by matrix operation is

∧
β = H†T (5)

In the formula, H† is the generalized inverse matrix of matrix H.

Figure 3. Extreme learning machine neural network model.

Based on the ELM algorithm, the driver’s starting intention identification model is
constructed. The number of hidden layer nodes is selected to be 100, and the sigmoid
function is selected as the activation function. The expression is:

sig(x) =
1

1 + e−x (6)

2.2.2. PSO-ELM Identification Model

In the particle swarm optimization algorithm model, the particles continuously op-
timize the target through the sharing and updating of group information. The particle
velocity, position calculation formula and update formula [36–38] are:

Vt = ωs•Vt−1 + c1r1(pbest − x(t)) + c2r2(gbest − x(t))

ωs = ωst − (ωst − ωen) ∗ K
T

(7)

Formula (7) is the particle update formula, Vt is the velocity of the particle at the next
moment, ωs is the inertia weight, Vt−1 is the velocity of the particle at this time, c1 and
c2 are individual learning factor and social learning factor, respectively. r1 and r2 are two
unequal numbers in [0, 1], respectively. pbest is the historical optimal position of the particle,
and gbest is the group optimal position. x(t) is the position of the particle at this time, ωst is
the initial inertia weight of the particle, ωen is the final inertia weight after the iteration is
completed, K is the current number of iterations, and T is the total number of iterations.
The variable inertia weight is introduced. In the early stage of iteration, the inertia weight of
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individual particles is large, which makes the particles have strong exploration abilities. As
the iteration progresses, the inertia weight of the individual particles gradually decreases,
so that the particles quickly fly to the global optimal solution.

The input weights of the ELM algorithm are randomly generated by the system, and
there is a certain instability. In this paper, the PSO algorithm is used to optimize the input
weights of the ELM identification model. The particle swarm optimization algorithm
has the advantages of strong versatility and fast convergence speed. For the study of
drivers’ starting intention recognition in this paper, the application scenarios that need
faster recognition speed are more matched. The algorithm optimization flow chart of the
particle swarm optimization algorithm to optimize the ELM model is shown in Figure 4:

Figure 4. The flow chart of ELM optimized by PSO algorithm.

2.3. The Formulation of Clutch Control Strategy under Different Driving Intentions
2.3.1. Weight Determination of Starting Quality Evaluation Index Based on Fuzzy
Recognition

The evaluation of clutch engagement quality includes maximum sliding friction power,
sliding friction work, speed stability time and impact degree.

(1) Maximum sliding power y1: The maximum sliding power generated during the
clutch sliding process.

y1 =
da
dt

=
d2v
dt2 =

1
δm

ηigi0
r

dTcl
dt

(8)

where δ is the rotational mass conversion coefficient of the power shift tractor; η is the
transmission efficiency; ig is the transmission ratio of the gearbox, i0 is the total transmission
ratio of the main reducer and the wheel reducer; Tcl is the torque transmitted by the clutch.

(2) Friction power y2: During the clutch engagement process, there is a speed difference
between the master and slave parts, resulting in energy consumption. The generation of
sliding friction work will make the friction material on the surface of the friction plate wear
and reduce the torque transmission performance of the clutch.

y2 =
∫ t1

t0
Tc(ωe − ωc)dt (9)

In the formula, t0 is the moment when the clutch produces torque, and t1 is the
moment when the clutch is fully combined to eliminate the speed difference.

(3) Speed stability time y3: When the power shift tractor reaches the target speed, it is
determined that the power shift tractor starts to complete, and the time period when the
clutch starts to fill oil to no speed difference is defined as the speed stability time.
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(4) Impact degree y4: the change rate of longitudinal acceleration of a power shift
tractor. The greater the impact value, the stronger the sudden frustration of the power
shift tractor.

y4 = max(Tc(ωe − ωc)) (10)

The throttle opening and the throttle opening change rate are the driver’s actions,
representing the driver’s starting intention; the longitudinal acceleration of the vehicle
represents the reaction of the tractor to the driver’s action. It is reasonable to combine
the driver’s subjective intention and the tractor’s response to start the control. The fuzzy
identification system is used to determine the weight of the four clutch engagement quality
indicators in the comprehensive evaluation index (Figure 5).

Figure 5. W1–W4 determination method flow chart.

The weight fuzzy identification process [39] is as follows: The fuzzy linguistic variables
of the driver’s intention are selected as {negative large, negative small, zero, positive small,
positive large}, the corresponding fuzzy subsets are {NB, NS, ZE, PS, PB}, and the domain is
[–6, 6]; The fuzzy linguistic variables of the driver’s intention are selected as {negative large,
negative small, zero, positive small, positive large}. The fuzzy linguistic variable of longitudinal
acceleration is selected as {small, medium and large}, and the domain is [–6, 6]. The four weight
fuzzy linguistic variables are selected as {small, medium and large}, and the domain is [0, 1];
The membership function selects the triangle membership function. The formulation of fuzzy
control rules. The weight values of the maximum sliding friction power, sliding friction work,
vehicle speed stabilization time and impact degree are shown in Figure 6.

Figure 6. W1–W4 value.
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2.3.2. Establishment of Starting Clutch Control Strategy Knowledge Base

The wet clutch control strategy knowledge base is established based on the wet clutch
test bench (Figure 7), which was independently developed by the research group [40], and
the SimulationX wet clutch engagement quality simulation test platform.

 
Figure 7. Wet clutch test bench. 1—hydraulic control station. 2—eddy current dynamometer. 3—drive
shaft. 4—wet clutch box. 5—speed torque sensor. 6—motor.

The establishment steps of the wet clutch control strategy knowledge base are as follows:
� Through the wet clutch test bench, 20 sets of clutch oil pressure curves are obtained.
� The engagement quality of wet clutch under 20 control strategies is explored on the

clutch engagement quality simulation platform, and the knowledge base of clutch control
strategy is formed.

a. Bench test of starting clutch

The variable frequency speed-regulating motor (YXVF315L2-4 type, produced by
Anhui Wannan Motor Co., Ltd., Wannan, China) is used as the power source of the test
bench. The rated torque is 1286 Nm, and the speed range is 0–1450 r/min. The output
power of the motor is adjusted by the Delixi frequency converter so as to change the speed
of the input end of the wet clutch. A speed and torque sensor (ZJ-2000A, Jiangsu Lanling
Electromechanical Technology Co., Ltd., Nantong, China) is installed on the driving shaft of
the wet clutch box. The speed range is 0–3000 r/min, and the torque range is 0.01–2000 Nm.
An eddy current dynamometer (CW2000B, Jiangsu Lanling Electromechanical Technology
Co., Ltd., Nantong, China) was installed at the output end of the wet clutch box to simulate
the load at the output shaft end of the clutch and integrate a speed and torque sensor.
The hydraulic control station of the clutch mainly includes the main oil relief valve, the
proportional pressure reducing valve, the oil pressure sensor, the oil pump and the oil pump
motor, which are used to control the combination and disconnection of the wet clutch.

b. Simulation test platform for starting clutch based on SimulationX.

Because of the noise interference of the test bench, the impact degree is increased, and
the calculated clutch engagement quality is distorted. Therefore, in this paper, we choose
to carry out the engagement quality test on the wet clutch simulation test platform based
on SimulationX (Figure 8), (ESI ITI, GmbH, Dresden, Germany) [41–43]. Before that, we
first verified the accuracy of the simulation test platform. For these test conditions, the
relative error between the simulation results and the test results of the maximum output
speed of the gearbox is 5.3%, which verifies the correctness of the simulation model. The
working condition of the test is that a power shift tractor (8.5 t) runs on the ground without
hanging agricultural machinery. And the engine speed is 1070 r/min (engine minimum
stable speed), and the load is 85.17 Nm.
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Figure 8. Wet clutch engagement quality simulation test platform.

2.3.3. Establishment of Comprehensive Evaluation Index for Starting under Different
Driver Intentions

In order to eliminate the influence of the order of magnitude of different indicators
on the final results, the data should be first normalized and substituted into the overall
evaluation function of the starting quality to calculate (Figure 9).

F = [y1, y2, y3, y4], minF = W1y1 + W2y2 + W3y3 + W4y4 (11)

Figure 9. Total evaluation function calculation process.

The comprehensive evaluation index values corresponding to each strategy are calcu-
lated, and the clutch control strategy corresponding to the minimum value is the optimal
control strategy under the current driver’s intention.

2.4. Start-Up Control Simulation Platform Establishment
2.4.1. Design of MPC Controller for Starting Clutch

The mechanism of model predictive control is to predict the future output of the
system according to the prediction model at each sampling time of the system and to
correct the prediction model according to the current actual measured system output. The
open-loop optimization problem in a certain time domain is solved online, and the first
element of the obtained control sequence is applied to the controlled object. At the next
sampling time, the above process is repeated to re-solve [44–46].

In this paper, a PST starting clutch oil pressure controller is designed based on the
model predictive controller. The control goal is to achieve precise control of the clutch oil
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pressure [47]. The incremental form of the controller model is derived. The state space
model is discretized to obtain a discrete incremental state space model:{

�x(k + 1) = A � x(k) + Bu � u(k) + Bd � d(k)

yc(k) = Cc � x(k) + yc(k − 1)
(12)

In the formula: ⎧⎪⎨
⎪⎩

�x(k) = x(k)− x(k − 1)

�u(k) = u(k)− u(k − 1)

�d(k) = d(k)− d(k − 1)

(13)

x(k) is a state variable, u(k) is a control input, d(k) is a measurable interference input,
yc(k) is the controlled output. The optimization problem can be described as:

J =
∥∥Ty(Yp(k + 1|k )− Re(k + 1))

∥∥2
+ ‖Tu � U(k)‖2 (14)

In the formula, Yp(k + 1|k ) is the predictive output, �U(k) is the control increment
sequence, Re(k + 1) is the given input, m and p is the control time domain and prediction
time domain.

Yp(k + 1|k ) =

⎡
⎢⎢⎢⎣

y(k + 1|k )
y(k + 2|k )

...
y(k + p|k )

⎤
⎥⎥⎥⎦,�U(k) =

⎡
⎢⎢⎢⎣

�u(k)
�u(k + 1)

...
�u(k + m − 1)

⎤
⎥⎥⎥⎦, Re(k + 1) =

⎡
⎢⎢⎢⎣

r(k + 1)
r(k + 2)

...
r(k + p)

⎤
⎥⎥⎥⎦ (15)

And,
y(k + i|k ) = [Δω(k + i|k )] (16)

�u(k + i|k ) =
[

ΔTe(k + i|k )
Δ

·
Tc(k + i|k )

]
(17)

r(k + i) = Δωref(k + i|k ) (18)

The weighting matrix are:

Ty =

⎡
⎢⎢⎢⎣

γy,1 0 · · · 0
0 γy,2 · · · 0
...

...
...

...
0 0 · · · γy,p

⎤
⎥⎥⎥⎦, Tu =

⎡
⎢⎢⎢⎣

γu,1 0 · · · 0
0 γu,2 · · · 0
...

...
...

...
0 0 · · · γu,m

⎤
⎥⎥⎥⎦ (19)

And

γu,i =

[
γTe ,i 0

0 γ .
Tc ,i

]
(20)

Ty is the weight factor of the output sequence. The larger the value is, the smaller the
error of clutch oil pressure tracking is. Tu is the weight factor of the control signal. The
larger the value, the smaller the cost and the smaller the consumption when the controller
moves. Ty and Tu are mutually restricted, so it is necessary to coordinate these two values
according to the control requirements in the actual system.

The constraint conditions are:

umin(k + i) ≤ u(k + i) ≤ umax(k + i), i = 0, 1, . . . , m − 1 (21)

�umin(k + i) ≤ �u(k + i) ≤ �umax(k + i), i = 0, 1, . . . , m − 1 (22)

yc min(k + i) ≤ yc(k + i) ≤ yc max(k + i), i = 0, 1, . . . , p (23)
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The optimal control sequence is obtained by solving, and the optimization results are
applied to the system.

�U(k) = [�u(k),�u(k + 1), . . . ,�u(k + m − 1)] (24)

According to the analysis of the starting process and the starting control strategy of
the power shift tractor, the speed differences between the clutch Δω and the clutch and
the torque transmitted by the clutch Tcl are selected as the state variables, and the first
derivative of the torque transmitted by the clutch is taken as the control variable. The state
space equation of the PST starting process is:{ ·

x = Ax + Bu + D
y = Cx

(25)

Among them, A =

[
0 −( 1

Ie
+ 1

I0
)

0 0

]
,B =

[
0
1

]
,C =

[
1 0

]
,D =

[
i1
Ie

Te +
1

ivi0 Ic
Tf

0

]
,

x = [Δω, Tcl ], u =
·

Tcl , Δω = ωe − ωc.ωe is the speed of the active end of the clutch, ωc
is the speed of the driven end of the clutch. Ie is the equivalent rotational inertia of the
active end of the clutch, I0 is the equivalent rotational inertia of the clutch driven end, i1 is
the transmission ratio of PST starting section, Te is the output torque of the engine, Ic is
the equivalent rotational inertia of the whole machine, ivi0 is the transmission ratio of the
central drive and the final drive, Tf is the resistance moment.

According to the principle of model predictive control, the Formula (25) is discretized
and rewritten into an augmented format. The discretization step size = 0.05 s, and the
predictive model of starting clutch control is obtained as follows:

{
x(k + 1) = A1x(k) + B1u(k) + D1
y = C1x(k)

(26)

Among them,

A1 =

[
1 −(Δt

Ie
+ Δt

I0
)

0 1

]
, B1 =

[
0

Δt

]
, C1 =

[
1 0

]
, D1 =

[
i1Δt

Ie
Te +

Δt
ivi0 Ic

Tf
0

]

When the PST tractor starts, it is necessary to ensure that the oil-filling process of the
wet clutch is consistent with the target process as much as possible, and the change range
of the control quantity cannot be too large. The objective function of the controller is set
as follows: ⎧⎪⎪⎨

⎪⎪⎩
minJ
Δu(k)

= J1 + J2

J1 = ‖y(k + 1)− R(k + 1)‖2

J2 = ‖Δu(k)‖2

(27)

Among them, y(k + 1) is the prediction oil pressure (MPa); R(k + 1) is oil pressure
target trajectory.

When the PST tractor starts, the change of the oil filling pressure is too fast to produce
the starting impact. The constraint condition of the controller is set to:

Δumin(k) ≤ Δu(k) ≤ Δumax(k), ∀k ≥ 0 (28)

According to the prediction model, objective function and constraint conditions, the
MPC tracking controller of the starting clutch is designed as follows (Figure 10):

The oil pressure tracking control flow is as follows: The system’s current state error
is input into the system error model, and the system’s predicted output can be obtained.
After the solution of the objective function is completed in each control cycle, the control
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error increment sequence is obtained. The first amount in the control sequence is used as
the actual control error increment of the system at the current time. The control error at the
current time can be obtained by combining the control error at the previous time, and then
the reference control amount is corrected to obtain the current actual control amount, u(k).

Figure 10. Oil pressure tracking control based on MPC.

2.4.2. Construction of Starting Simulation Platform for Power Shift Gearbox

The proportional pressure electromagnetic of the starting clutch has strong nonlin-
earity. In order to simplify the system modeling, this paper studies the following two
simplifications: (1) ignore the influence of hydraulic oil leakage during valve movement;
(2) the hydraulic pressure of the pressure feedback chamber is approximately equal to the
output pressure of the proportional voltage valve; (3) ignore the volume of the proportional
hydraulic chamber and the inflow of hydraulic oil flow.

Using AMEsim and Simulink to build a joint simulation platform to simulate and
analyze the PST start-up process (Figure 11).

Figure 11. Construction of electronic control simulation platform for starting clutch.

3. Results

3.1. Accuracy Verification and Comparison of PSO-ELM Identification Model for Driver’s
Starting Intention

From the 60 sets of starting tests, 48 sets of data, including the pedal-opening signal
and acceleration signal, were randomly selected as training data, and 12 sets of tests were
used as test data. Because of the dimension and order of magnitude of the data, it is difficult
to guarantee the accuracy of the trained neural network for the recognition results of the
new sample data. Therefore, it is necessary to normalize the data of each node first. The
validation data are imported into the trained PSO-ELM identification model.

The experimental resultsshow (Figure 12) that the error between the output value
and the true value is less than 0.15, and the circle is an integer value. It can be seen from
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Figure 5 that the R2 of the prediction set of the PSO-ELM model is 0.96891, and the R2 of
the ELM model prediction set is 0.91593, indicating that the PSO-ELM model has a better
degree of nonlinear fitting. The simulation mean square error mse of the PSO-ELM model
is 0.01.
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Figure 12. The identification results of ELM and PSO-ELM compared with the real values.

Among the 12 sets of verification data (Table 2), the ELM model correctly identified 6
sets of intentions, and the recognition accuracy was 50%. The PSO-ELM model correctly
identified 11 sets of intentions and only one set of errors, and the recognition accuracy was
91.67%, which was 41.67% higher than that of ELM. In driving intention recognition, the
PSO-ELM identification model performs better.

Table 2. Comparison of model prediction accuracy.

Test Number 1 2 3 4 5 6 7 8 9 10 11 12

True value 3 2 1 2 3 1 1 1 2 3 1 2
ELM value 3 2 1.42 1.73 3 1.17 1.17 1 2 3 1.54 1.65

PSO-ELM value 3 2 1 2 3 1 1 1 2 3 1 1.83

3.2. Tractor Starting Control Strategy Considering Driver’s Intention
3.2.1. Starting Clutch Engagement Oil Pressure Range to Determine the Test Results

It can be seen from the Table 3 that when the clutch oil pressure is less than 1.1 MPa,
the clutch is not fully engaged, and the maximum output speed of the gearbox does not
reach the theoretical output speed (Figure 13). At this time, the bench will emit obvious
abnormal noise, and the speed drop during the speed rise is a sign that the clutch is not
fully engaged.

Table 3. The maximum output speed of gearbox under 6 kinds of oil pressure.

Oil Pressure of Wet
Clutch/MPa

Maximum Output Speed of
the Gearbox/r/min

Theoretical Output
Speed/r/min

0.5 128.52 297
0.6 161.09 297
0.7 191.7 297
0.8 225.61 297
0.9 268.82 297
1 293 297

When the oil pressure is greater than 4.9 MPa, the clutch engagement will produce a
significant impact during the test, and a large noise will be generated. Figure 14 shows the
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oil filling process of the clutch when the oil pressure is 5 MPa. It can be seen from the dia-
gram that the oil pressure rises very fast, and the clutch oil filling process is too fast, which
will affect the clutch engagement speed and increase the impact of the clutch engagement.
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Figure 13. The output speed change curve of gearbox under 6 kinds of oil pressure.
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Figure 14. Five megapascals oil pressure change curve of clutch.

Therefore, in this paper, the range of oil filling pressure is set to 1.1–4.9 MPa when
establishing the knowledge base of starting clutch control strategy. In the process of a single
test, the opening of the flow valve is first adjusted, and then the oil filling pressure of the
clutch is set in the host computer to record the change in the oil filling pressure of the clutch
with time. By changing the oil filling pressure (1.1, 2.1, 3.1, 4.1, 4.9 MPa) and the opening
of the flow valve (30%, 50%, 70%, 90%), 20 sets of clutch oil filling strategies are obtained
(Figure 15 is the clutch oil filling control strategy of 1.1 MPa and 2.1 MPa).
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Figure 15. Wet clutch oil filling control strategy. (a) 1.1 MPa; (b) 2.1 MPa.

3.2.2. Accuracy Verification Results of Wet Clutch Simulation Test Platform

Simulation test platform for starting clutch based on SimulationX: Because of the
noise interference of the test bench, the impact degree is increased, and the calculated
clutch engagement quality is distorted. Therefore, in this paper, we choose to carry out the
engagement quality test on the wet clutch simulation test platform based on SimulationX
(ESI ITI, GmbH, Germany) [1–3]. Before that, we first verified the accuracy of the simulation
test platform. For these test conditions, the relative error between the simulation results
and the test results of the maximum output speed of the gearbox is 5.3%, which verifies the
correctness of the simulation model (Figure 16).

(a) (b)

Figure 16. The simulation platform is compared with the test bench to verify the results. (a) Simulation
output speed and bench test output speed; (b) Relative error.

The working condition of the test is that a certain type of power shift tractor (8.5 t) runs
on the ground without hanging agricultural machinery, and the engine speed is 1070 r/min
(engine minimum stable speed) and load is 85.17 Nm.

3.2.3. The Knowledge Base of Tractor Starting Clutch Control Strategy

Through the clutch simulation test platform, the knowledge base of the starting clutch
control strategy is obtained, as shown in Table 4:
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Table 4. Starting clutch control strategy knowledge base.

Test
Number

Oil
Pressure/MPa

Flow Valve
Opening%

Maximum
Sliding
Power J

Friction
Power J

Speed
Stability
Time s

Impact m/s3

1 1.1 0.3 575,489.94 56,400.61 0.20 584,899.50
2 1.1 0.5 755,803.53 57,981.71 0.25 937,238.46
3 1.1 0.7 981,585.26 55,403.02 0.38 1,258,678.03
4 1.1 0.9 698,689.29 60,328.37 0.31 1,090,579.35
5 2.1 0.3 833,068.79 49,755.37 0.18 1,064,541.15
6 2.1 0.5 888,340.15 36,262.43 0.12 1,446,325.92
7 2.1 0.7 1,022,171.96 38,896.36 0.17 1,624,146.11
8 2.1 0.9 964,428.49 36,996.41 0.13 1,273,260.25
9 3.1 0.3 1,665,466.82 36,756.97 0.14 1,986,833.58

10 3.1 0.5 379,151.35 35,698.86 0.11 598,887.57
11 3.1 0.7 1,222,831.56 33,686.07 0.12 1,685,159.26
12 3.1 0.9 546,644.01 19,182.57 0.06 543,346.56
13 4.1 0.3 835,046.18 21,643.97 0.06 1,080,757.57
14 4.1 0.5 379,151.35 35,698.86 0.11 598,887.57
15 4.1 0.7 417,575.59 24,198.42 0.06 681,833.18
16 4.1 0.9 325,316.41 6429.21 0.07 504,150.58
17 4.9 0.3 829,032.18 68,997.07 0.24 1,066,653.49
18 4.9 0.5 806,755.85 60,128.87 0.28 1,084,836.86
19 4.9 0.7 379,151.35 4798.62 0.02 535,396.52
20 4.9 0.9 474,832.52 45,256.81 0.11 751,212.03

3.3. Verification of Starting Clutch Control Effect Based on MPC Controller

Taking the step signal within 100 s of sampling time as the target value, the control
effect of the starting clutch MPC controller is verified.

4. Discussion

(1) According to the comparison of the identification results of the two identification
methods in Table 2, it can be found that the prediction simulation error of the PSO-
ELM model is 38.05% lower than that of the ELM model. Among them, with the
help of the PSO algorithm in the multi-dimensional solution space, a large number of
random particles will search for the position of the current optimal particle and then
update their speed and position to achieve the goal of quickly finding the optimal
solution to the problem. The PSO-ELM identification model can avoid the network
falling into the local optimum and find the global optimal model parameter solution,
thereby improving the accuracy of the model. Compared with the unoptimized ELM,
the PSO-ELM identification model has a better identification effect on the identification
of the driver’s starting intention.

(2) In Figure 17, it can be seen that the MPC controller can better follow the target value.
There is a certain tracking error in the initial stage of control, and the tracking error
decreases rapidly in the later stage, and the oil pressure output value is stabilized at
the target value. On the simulation experiment platform, the starting quality of the
starting control strategy determined by the PSO-ELM-fuzzy weight method and the
conventional starting control strategy is compared.

By using the PSO-ELM-fuzzy weight starting control strategy (Table 5), compared
with the linear control strategy, the maximum sliding friction power y1 is reduced by 45%,
the sliding friction power is reduced by 69.45%, the speed stabilization time is shortened
by 0.11 s, and the impact degree is increased by 0.003%. Compared with the linear control
strategy, the starting control strategy proposed in this paper takes the driver’s intention
as one of the important criteria for the formulation of the starting control strategy. For
different driver intentions, the optimal starting control strategy under the current intention
is proposed. In summary, the PSO-ELM-fuzzy weight starting control strategy proposed in
this paper has better starting quality.
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Figure 17. MPC controller square wave signal tracking control.

Table 5. Comparison between PSO-ELM-fuzzy weight starting strategy and linear control strategy.

Content Maximum Sliding Power J Friction Power J Speed Stability Time s Impact m/s3

PSO-ELM-fuzzy
weight starting strategy 417,575.59 24,198.42 0.06 681,833.18

Linear control strategy 762,047.30 79,213.59 0.17 679,402.27

5. Conclusions

In this paper, aiming at the starting quality of a power shift tractor, a tractor starting
control strategy considering the driver’s intention is proposed. Firstly, the identification
modeling data samples of the driver’s starting intention are obtained by vehicle testing.
After the driver’s intention identification model is established, we match the optimal
control strategy for different starting intentions. Therefore, we establish a knowledge base
for starting control strategies through the joint bench test and simulation test platform.
After the establishment of the control strategy knowledge base and the driver’s intention
identification model, we chose the fuzzy weight method to determine the connection
between the driver’s intention and the control strategy. At the same time, the MPC starting
controller of the power shift gearbox is established to verify the control effect of the
starting control strategy proposed in this paper. The following conclusions are drawn from
this study:

(1) The ELM driver intention identification model improved by the PSO algorithm has
a prediction accuracy of 91.67%. Compared with the ELM identification model, the
prediction accuracy is improved by 41.67%, and the ELM model optimized by PSO
can avoid the network falling into local optimum.

(2) The wet clutch has a minimum oil filling threshold and a maximum oil filling threshold.
The minimum oil filling threshold is determined by the structural size and working
condition of the wet clutch, and the clutch has sliding friction when the value is less
than this value. The maximum oil filling threshold can be obtained from the test. If
the value is greater than this value, the clutch engagement speed is too fast, resulting
in a large impact and poor engagement quality. Through experiments, the oil filling
pressure range of the wet clutch studied in this paper is 1.1 MPa–4.9 MPa.

(3) Compared with the linear control strategy, the maximum sliding friction power is
reduced by 45%, and the sliding friction power is reduced by 69.45%. The speed
stabilization time is shortened by 0.11 s, and the impact degree is in-creased by 0.003%.
In summary, the PSO-ELM-fuzzy weight starting strategy proposed in this paper has
better starting quality.

This paper studies the starting process of power shift tractors from the perspective
of ‘people–vehicle–ground’. It is expected to improve the starting quality of power shift
tractors, improve the working environment of tractor drivers, and protect their physical
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and mental health. At the same time, it is expected to provide research help for tractors to
realize intelligent automatic driving.
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