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Abstract: Complex harvesting environments and varying crop conditions often lead to
threshing cylinder blockage and increased entrainment loss in maize grain harvesters. To
address these issues, an electric-driven automatic control system for maize threshing con-
cave clearance based on real-time entrainment loss monitoring was developed. The system
automatically adjusts concave clearance parameters at different harvesting speeds to main-
tain grain entrainment loss within an optimal range. First, an adjustable concave structure
based on a crank-link mechanism was designed, with a threshing clearance adjustment
range of 15-47 mm and motor rotation angle of 0-48°. Subsequently, an EDEM simulation
model of the mixed material discharge inside the threshing cylinder was established to
determine the optimal installation position of the entrainment loss monitoring sensor based
on piezoelectric ceramic-sensitive elements. The sensor was positioned at the left tail end of
the concave sieve, with a minimum distance of 58 mm between the sensitive plate centerline
and threshing concave sieve and an installation angle of 65° relative to the horizontal plane.
A maize threshing clearance control method based on fuzzy neural network PID control
algorithm was proposed, and Simulink simulation optimization verified its superior perfor-
mance with fast response speed. After system integration, field trials were conducted at
low, medium, and high operating speeds with preset ideal entrainment loss intervals. The
results showed that control was unnecessary at low speed, the control system-maintained
entrainment loss within set range at medium speed, and maximum threshing clearance
was needed at high speed. Finally, comparative trials of threshing performance with and
without the control system were conducted at medium harvesting speed. Results showed
that the entrainment loss rate decreased by 43.75% with the control system activated, sig-
nificantly reducing maize threshing entrainment losses. This study overcame the barrier
of maize threshing parameter adjustment being heavily reliant on manual experience and
provided theoretical support for the intelligent grain harvesting equipment.

Keywords: maize harvester; threshing cylinder; concave clearance; entrainment loss;
automatic control system

1. Introduction

Maize is an important crop that can be processed into various food and industrial prod-
ucts such as starch, sweeteners, beverages, glue, industrial alcohol, and fuel ethanol [1-3].
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In 2023, China’s maize planting area was approximately 44.22 million hectares, making
it one of the world’s largest maize producers and consumers [4-6]. Maize harvesting is
typically conducted when the grain moisture content is between 20 and 35%, followed
by extended drying until the moisture content reaches around 15% before threshing with
small threshers [7,8]. This method has disadvantages, including long processing cycles,
high labor intensity, and high operating costs, which cannot meet modern maize produc-
tion requirements [9,10]. Therefore, China’s maize harvesting operations are gradually
transitioning to direct grain harvesting, which is significant for shortening harvest cycles,
saving production costs, improving operational efficiency, and promoting agricultural
mechanization.

The threshing device is a crucial component for direct harvesting of maize
grain [11-13]. When maize kernels enter the threshing chamber, they are separated from
the cob through impact, collision, and kneading [14]. The structural design and operating
parameters of the threshing device directly affect the grain entrainment loss rate and break-
age rate [15,16]. Currently, operations mainly rely on operators’ sensory perception and
experience, leading to performance fluctuations that vary by operator [17-19]. Therefore,
research on automatic control of threshing devices is extremely important. Domestic and
international scholars and agricultural machinery enterprises have conducted extensive
research and experiments on threshing and cleaning intelligence over the past two decades.
Currently, only a few Chinese brands (such as Lovol Guoshen GK120, World Dragon,
etc.) are equipped with simple information functions like multi-channel speed monitoring
and blockage alarms for threshing and cleaning components, generally lacking intelligent
control technology [20]. Advanced agricultural machinery companies from Europe and
America, such as JOHN DEERE, CLAAS, and CNH, have widely applied real-time monitor-
ing of operational performance and intelligent control technologies in their grain combine
harvesters, achieving adaptive adjustment of working parameters such as threshing cylin-
der speed, sieve box inclination, and sieve opening. However, their sensors for monitoring
losses, impurities, and breakage, as well as performance control systems, are not well-
suited to Chinese crop varieties, lack universality, and their core technological equipment
is restricted to China [21,22]. In 2010, Omid et al. [23] designed a fuzzy logic controller
(FLC) based on expert knowledge, achieving automatic control of the combine harvester’s
threshing cylinder speed, concave clearance, fan speed, and forward speed based on real-
time monitoring of entrainment and sieve losses to minimize grain losses. In 2015, AGCO
Corporation invented a constant-pressure concave sieve for combine harvesters that adjusts
concave clearance by automatically controlling hydraulic cylinder piston rod extension to
maintain optimal threshing load and prevent blockage. In 2015, Ning Xiaobo et al. [24]
established a dynamic model of the threshing system and combined it with a fuzzy logic
controller to build a cylinder speed control system simulation model to avoid cylinder
overload or blockage. In 2018, Zhang et al. [25] proposed a threshing separation quality
control strategy based on fuzzy logic, using concave clearance and cylinder speed as inputs
in a dual input-single output two-dimensional Mamdani-type fuzzy controller structure to
control threshing separation quality, with objectives of low loss rate and low breakage rate.
In 2020, Lian [26] proposed an inference method for grain entrainment loss, breakage, and
impurity rate based on BP neural network technology, using monitoring data of concave
clearance, cylinder speed, and forward speed to predict multi-operational parameters of
the threshing device. In 2022, Zhu et al. [27] designed a low-loss threshing intelligent
control system simulation platform for developing harvester intelligent control systems
and testing control strategies, improving system development efficiency and shortening
development cycles. The above threshing device control system achievements are mainly
in paper form and still some distance from actual productization [28]. Furthermore, input
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feedback conditions in existing threshing parameter control model research mostly come
from calculated values, lacking accurate sensors for monitoring operational performance
such as losses, impurities, and breakage, resulting in unsatisfactory control system effects
in actual harvesting operations and low robustness.

To enhance the accuracy and robustness of the parameter control system for maize
threshing, the fuzzy control method demonstrates significant advantages in the field of
maize harvesting. It enables precise control of complex nonlinear systems, particularly in
scenarios where environmental variables are highly variable during mechanical operations
and where it is difficult to establish precise models. By introducing fuzzy control, the sys-
tem can dynamically adapt based on real-time monitoring parameters (such as threshing
gap, drum speed, and grain loss rate) without relying on an accurate mathematical model.
Compared with traditional PID control, fuzzy PID control exhibits stronger robustness and
adaptability, effectively reducing delays and instabilities in machinery parameter adjust-
ments, thereby lowering both loss rates and grain breakage rates. It enhances harvesting
efficiency and quality, providing a reliable guarantee for the automation and performance
optimization of maize harvesting machinery.

Therefore, to address the issues of monitoring and adjusting the operational perfor-
mance of advanced harvesting equipment imported from abroad, which cannot adapt
to Chinese crop varieties, this paper focuses on the mechanical harvesting of Chinese
maize varieties and innovatively proposes an automatic control method for the threshing
concave clearance of maize combine harvesters based on entrainment loss monitoring. The
rest of the paper is arranged as follows: Section 2 provides a detailed introduction to the
mechanical structure of the electric control adjustment device for the threshing concave
clearance, the adjustment system, the installation position of the entrainment loss sensor,
and the system simulation results based on entrainment loss monitoring and fuzzy PID
control. Field experimental results and discussions are provided in Section 3, discussing
the impact of different operational speeds on the control performance of entrainment loss
and the comparative results of threshing performance before and after the control system
was activated.

2. Materials and Methods
2.1. Electric Control Adjustment Device for Threshing Clearance

Threshing clearance refers to the gap between the cylinder threshing elements and the
concave surface. This clearance plays a crucial role in the combined harvester’s operational
performance. The electric control adjustment device for threshing clearance designed in
this paper is shown in Figure 1, comprising an adjustable threshing lower sieve, stepper
motor, rotating shaft, connecting arm, displacement sensor, etc. The adjustment device
structure uses a crank-rocker mechanism design, converting the axial rotational motion
from the stepper motor output end into threshing clearance changes through connecting
arms and various pins and shafts.

As shown in Figure 1, one side of the concave is connected via suspension, while the
other side is hinged to the turning arm of the threshing clearance adjustment mechanism.
The hydraulic cylinder’s motion causes the crank to rotate, making the push rod move
up and down, adjusting the concave up and down. During threshing, maize ears move
counterclockwise with the threshing rotor. To prevent damage to the actuator when
reaching limit positions in special circumstances, the crank-link mechanism’s limit positions
are calibrated. When the motor rotation angle is between 0 and 48°, the threshing clearance
adjustment range is 15-47 mm. The threshing clearance can be adjusted according to
the motor’s rotation angle—the larger the motor rotation angle; the greater the threshing
clearance adjustment.
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Figure 1. Adjustable threshing concave sieve, (1) adjustable lower threshing screen; (2) fixed upper
threshing screen; (3) drum inlet baffle; (4) bearing seat; (5) rod end joint bearing; (6) displacement
sensor; (7) connecting arm; (8) rotating shaft; (9) connecting ear; (10) stepper motor; (11) gearbox;

(12) mounting bracket.

2.2. Threshing Clearance Control System Architecture

The automatic control system for threshing clearance mainly consists of threshing
separation devices, electric control threshing clearance adjustment mechanisms, grain en-
trainment loss monitoring devices, and controller units, with the overall system architecture
shown in Figure 2. The grain entrainment loss monitoring device is located below the
tail end of the threshing concave sieve, collecting maize grain entrainment loss count and
outputting it to the controller to guide automatic threshing clearance adjustment. Through
the crank-link mechanism, the axial rotational motion from the stepper motor output end
is converted into threshing clearance changes.

Threshing gap

5

Figure 2. Control System Architecture. 1. Rotor 2. Hydraulic cylinder 3. Crank of threshing gap
adjustment mechanism 4. Cover plate 5. Piezoelectric loss sensor 6. Threshed concave.

The stepper motor selected for the threshing clearance electric control adjustment
device is the Z5BLD120-24 from Zhongda Lide Company (Ningbo, China), with an RV050
worm gear reducer from Bilin Hardware and Electric Company (Hangzhou, China).
Through force analysis and calculation, the reducer output end’s torque and speed can
meet the requirements for threshing clearance adjustment torque, stroke, and control re-
sponse speed. The stepper motor is equipped with a ZBLD.C20-400LR type driver, and the
threshing clearance measurement feedback device uses a KTC1-75 mm type from Milang
Company (Shenzhen, China), with a monitoring error of less than 0.1%.
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2.3. Real-Time Entrainment Loss Monitoring and Result Calibration
2.3.1. Loss Monitoring Sensor Installation Position

The entrainment loss monitoring sensor is developed based on piezoelectric principles.
To reduce the sensor’s blocking effect on falling mixed material, each monitoring sensor’s
sensitive plate dimensions are 150 mm (length) x 120 mm (width), with an effective
monitoring area of 17,867 mm?. The sensitive plate is made of 304 stainless steel with a
1 mm thickness. PZT-5 type piezoelectric ceramics are adhered to symmetrical positions
on the back center of the sensitive plate, with dimensions and thickness the same as the
previously mentioned piezoelectric ceramics.

Based on the threshing separation probability model of the axial-flow cylinder, the
structure and installation position of the entrainment loss monitoring sensor were designed
and determined, as shown in Figure 3. The sensor is located below the rear end of the
threshing concave sieve and mounted on the inner wall of the threshing device, avoiding
the impact of large amounts of long stalks at the straw discharge outlet. The material baffle
is positioned above the sensitive plate to prevent the accumulation of a threshed mixture
between the sensitive plate and the inner wall of the threshing device. The minimum
distance between the centerline on the sensitive plate and the threshing concave sieve is 58
mm, and the installation angle of the sensor relative to the horizontal plane is 65°. Through
previous research team’s calibration experiments on maize threshing impact signals [22],
it was determined that bandpass filtering frequency of 14-20 kHz can accurately identify
grain kernels.

 —
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Figure 3. Structural and Installation Position of Entrainment Loss Monitoring Sensor. 1. Entrainment
Loss Sensor 2. Threshing Cylinder 3. Separation Concave Sieve.

2.3.2. Simulation of Entrainment Loss Monitoring Process

To obtain the actual number of entrained grain kernels during the threshing process,
it is necessary to establish a mathematical relationship between the monitored and actual
entrainment loss values. This paper uses DEM (Discrete Element Method) simulation
to study the actual distribution pattern of entrainment loss, investigate the variation in
the proportion of sensor-monitored losses to actual losses under various working condi-
tions, and perform parameter correction of the monitoring system to further improve the
monitoring accuracy of the loss sensor.

(1) Simulation Model Establishment and Parameter Settings

Based on the three-dimensional model of the full-ribbed threshing cylinder designed
in SOLIDWORKS software (length 1900 mm, total width 930 mm, total height 714 mm),
including the closed threshing cylinder shell, threshing elements, threshing concave sieve,
threshing cylinder sidewall, top cover guide plate, entrainment loss monitoring sensor, and
other structures, it was imported into the EDEM simulation model. Threshing operation
simulation was conducted by manually setting varying feed rates.

In the EDEM simulation model, the gravity acceleration direction was set perpendicu-
lar to the top cover of the threshing device, with a magnitude of 9.81 m/s?. The threshing
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cylinder speed was set to the rated condition of 700 r/min, with rotation axis and direc-
tion specified. The three-dimensional dimensions and mechanical property parameters of
various particle models in the threshing device mixture are shown in Figure 4 and Table 1.
During actual harvesting, crops in the threshing device may deform or break, and kernels
may separate from the ear, but these processes are difficult to simulate in EDEM software.
Therefore, to simplify the simulation process, stalks in the threshing device were set as
rigid bodies, and kernels were set as discrete bodies after separation. The Bonding model
was used for discrete element simulation, with a calculation time step of 0.000002 s and a
total simulation duration of 4.8 s.

SR : [ =ty
Sl — y b
S w’{ & e : ’ﬂ S
Y {“ ~ C // S—— o B \ “\‘:\ \/
PGSR — 2 \q ¥
@ ) 4) (5)
Figure 4. Maize threshing mixture particle models: (1) grain kernels; (2) short stalks; (3) maize cobs;
(4) maize leaves; (5) light residue.
Table 1. Three-dimensional Mechanical Property Parameters of Maize Particle Models.
Parameters Maize Kernels Short Stalks Maize Cobs Maize Leaves Light Residue
Length x Width g1 65 25 632x37x37 401 x217x159  83.0x262x10 109 x 1.5 x 0.8
Thicness/mm
Density /kg-m 3 1180 112 421 88 75
Poisson’s Ratio 0.4 04 0.5 0.4 04
Shear Modulus/Pa 9.8 x 107 7.5 x 10° 4.7 x 10° 1.8 x 106 2.0 x 10°
(2) Calibration of Entrainment Loss Monitoring Ratio

The DEM simulation results of the proposed maize threshing device under maximum

feed rate and 28 mm threshing clearance conditions are shown in Figure 5. In the

simulation diagram, the different colored particles represent different organs of the

maize plant: yellow represents maize kernels, green represents short stalks, red

represents long stalks, cyan represents light contaminants, magenta represents maize

cobs, and light green represents maize leaves.

@

At t = 0.6 s, the mixture is mainly concentrated in the front-middle part of the
threshing device. Some mixture components, such as short stalks and light
residue, have already moved to the device outlet, while most kernels and some
short stalks and light residue pass through the threshing concave sieve and fall.
At t = 1.8 s, the mixture fills the entire threshing device. A small portion of
kernels and most short stalks, long stalks, and light residue are discharged
from the device outlet. Most kernels and some short stalks and light residue
pass through the threshing concave sieve and fall. Some kernels impacting
the entrainment loss monitoring sensor constitute the monitored loss, while
kernels discharged through the device outlet cannot be monitored.

At t = 4.8 s, the degree of mixture filling, discharge rate, and sieve passage
show little difference compared to t = 1.8 s, indicating that mixture movement
has reached a relatively stable state during t = 1.8 s to t = 4.8 s. Therefore, this
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time period is selected as the optimal phase for analyzing the monitoring ratio

data of the entrainment loss sensor.

(b)

() (d)

Figure 5. Maize threshing device simulation, (a) t = 0.6 s; (b) t = 1.8 s; (c) t = 4.8 5; (d) total entrainment
loss counting area (green frame).

After completing the simulation calculations, a particle counting region was created in
the EDEM software analysis interface (Figure 5d) to count all grain particle models discharged
from the rear of the threshing device. From the EDEM software output data, the number of
kernels colliding with the entrainment loss monitoring sensor and the number of kernels in
the total entrainment loss counting area during the period t = 1.8 s to t = 4.8 s were exported.
The entrainment loss monitoring ratio was obtained by dividing these two values. Through
field feeding trials studying the influence of threshing clearance on monitoring ratios, the
following values were obtained (Table 2):

Table 2. Entrainment Loss Monitoring Ratio Values.

Threshing Clearance Range/mm Maize Entrainment Loss Monitoring Ratio/%
[14, 21) 10.8
[21,28] 11.5
(28, 36] 12.3

2.4. Automatic Threshing Clearance Control System
2.4.1. Fuzzy Neural Network PID-Based Threshing Clearance Control System

The automatic threshing clearance control system forms a closed-loop control through
the entrainment loss sensor, control board, power supply, speed controller, driver, actuator,
and displacement sensor. The main function of the control board is to process information
collected by the entrainment loss sensor, output adjusted linear displacement sensor signals,
and issue commands to drive the speed controller and actuator, thereby forming a closed-
loop system. Figure 6 is the control flowchart.
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Figure 6. The control system flowchart.

To achieve optimal threshing effects with real-time parameter updates under complex
harvesting conditions, this paper proposes a threshing clearance control method based on
fuzzy neural network PID. The fuzzy neural network PID control system combines the
advantages of conventional PID control, fuzzy control, and neural networks, improving
system speed and accuracy to effectively solve control system oscillation, delay, and other
issues [27].

With the goal of maintaining the entrainment loss rate within the optimal range, a
fuzzy neural network PID system is established using the entrainment loss monitoring
value and its deviation e from the ideal range, along with the rate of deviation change ec as
inputs and the threshing gap value as output. Each node in the input layer of the fuzzy
neural network is represented as [29]:

net1(i) = X = [x1 xp... Xy 1)

In the Equation, x; represents the deviation, and x, represents the rate of change of
the deviation. A Gaussian radial basis function is used as the membership function, where
cij and bij are the center and width of the membership function for the i-th input variable
and j-th fuzzy set, respectively [30].

(netq (i)—cij)2

b2

net(i,j) = e i 2)

The product of the input signals is used to represent the output of node j in the fuzzy
inference layer:

nets(j) = H]Iil nety (i, j) 3)

The fuzzy inference layer, together with the weighted sum of their respective weights,
represents the output layer [29]:

nety(j) = w x nety = ZJI\; w(i,j) * net3(j) 4)

The controller [31]:

Au(k) = kpxc(1) + kjxc(2) + kgxc(3) (5)
xc(1) = e(k) (6)

xc(2) =e(k) —e(k—1) (7)

xc(3) = A%e(k) = e(k) — 2e(k — 1) +e(k — 2) 8)

The incremental PID control algorithm is adopted [28]:

u(k) =u(k —1) + Au(k) )



Processes 2025, 13, 58

90of 16

The Delta learning rule is used to adjust the tunable parameters, with the objective
function defined as:

E— %(rin(k) — yout(k))? (10)

In the Equation, rin(k) and yout(k) represent the actual measured value and the ideal
reference value, respectively. The control error at step k is defined as e(k) = rin(k) —
yout(k).

The calculation of network weights is as follows [29]:

oE

Aw;i(k) = _Uaiwj

= —n *e(k) * nets(j) (11)

The calculation of the center vector in the fuzzification layer is as follows:

2
oF (-
Abj(k) = = e(k) x 2 x nets(j) * % (12)
) b]
The calculation of the basis width vector in the fuzzification layer is as follows:
2
Xj— Cji
Acj(k) = —qaa?E = —nxe(k) *2xw;(k) *M (13)
ij

2
bj

Under the influence of the momentum factor, the weights of the output layer are
calculated as:

wi(k) = wj(k — 1) 4+ Aw;(k) + tx(wj(k —1) —w;(k - 2)) (14)

The Equation indicates that k represents the iteration step and a is the momentum factor.

In this study, a quantification table of entrainment loss prediction deviations and
their changes is used to determine the corresponding quantization levels and fuzzification
metrics. The fuzzification of inputs and outputs is based on the calculation of entrainment
loss and the ideal threshold. The basic range of entrainment loss deviation and its variation
is derived from calibration tests, indicating that the optimal number of entrained loss
grains to monitor is 14-28 g/s (with the ideal loss rate set between 0.5% and 1%). Any
intermediate value within this range can be chosen as the reference value.

To discretize the basic domain into a finite set of values, a fuzzy domain is defined as
e=ec=1{-3,-2,-1,0,1,2,3}. Each fuzzy level corresponds to a specific range of change as
listed in Table 3.

The number of entrained grain losses during threshing is set using fuzzy quantiza-
tion, divided into 7 levels. The optimal zero point for grain losses is set in the range of
14-28 grains. The control system automatically adjusts the actuators, allowing the threshing
concave clearance to dynamically adapt to changes in entrained losses, thereby maintaining
the loss rate within the optimal range. The loss rate during threshing and the threshing
concave clearance are negatively correlated. Therefore, to reduce entrained losses, the
threshing concave clearance must be increased. To keep entrained losses within the ideal
range, the threshing concave clearance must be decreased. The extent of threshing concave
clearance adjustment is represented by the output of a displacement sensor, with a basic
adjustment range of 10 mm.
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Table 3. Quantitative table of threshing deviation e and deviation change rate ec.

Quantization Level e Change Range ec Change Range

-3 <14 <-10
-2 —14~-11 —10~-7
-1 —11~-7 —7~—4

0 —7~7 —4~4

1 7~17 4~10

2 17~28 10~15

3 >28 >20

2.4.2. Simulation Analysis of Threshing Gap Control System

To evaluate the effectiveness and robustness of the assembled fuzzy neural network
PID controller, MATLAB software (R2021a) was used for modeling and Simulink simulation
of the control process, thereby adjusting system parameters and improving the model
structure. Simulink, a visual simulation tool within MATLAB, offers advantages such as a
wide range of adaptability, clear structure and flow, high fidelity and realism in simulations,
efficiency, and flexibility. It has been widely used in complex simulations and designs
in control theory and digital signal processing. The loss data obtained from the filtered
real-time monitoring signals of the entrainment loss sensor, along with the motion data of
the actuator monitored by the linear displacement sensor, are input into the multiplexer
and then processed by the fuzzy neural network PID controller to ultimately output the
desired value of threshing concave clearance. The structural diagram of the fuzzy neural
network PID simulation program is shown in Figure 7.

B e

oo L] B R

E
91
E

[m] [k

b=l ]

Figure 7. Fuzzy Neural Network PID Controller Model.

In the simulation model, the output is the threshing concave clearance displacement
signal. The purpose of adding a limit is to protect the actuator’s movement within a
safe range, restricting the minimum and maximum stroke of the actuator. The loss grain
value is set at 35 (entrainment loss rate of 1.2%) and controlled by the system to reach 18
(entrainment loss rate of 0.7%).

3. Results and Analysis
3.1. Field Trial Design

To verify the performance of the maize threshing gap control system based on fuzzy
PID, using entrainment loss rate as the evaluation index, the working performance of the
control system at different harvesting speeds was compared. Through field trial results, the
entrainment loss rates before and after the control system activation were analyzed to verify
the effectiveness of the control system. The maize field harvesting trials were conducted
from 20 to 24 October 2024, in Erlangmiao Village, Da’an Town, Yanzhou District, Jining
City, Shandong Province. Some maize material characteristics are shown in Table 4.
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Table 4. Maize Material Characteristics.

Parameter Value

Maize variety 958
Yield per mu (kg) 863.55
Plant height (cm) 232.73
Ear height (cm) 118.31
1000-g weight (g) 355.22
Plant spacing (mm) 250.56
Moisture content (%) 22.67
Main stem diameter (mm) 31.72

During the field trials, the maize threshing gap control system was activated, and
the ideal range for entrainment loss was set. The maize harvester was operated at differ-
ent forward speeds for multiple harvest trials. During each harvesting process, the loss
rate monitored by the entrainment loss sensor and the displacement sensor output were
recorded under stable operating conditions.

3.2. Impact of Different Operating Speeds on Entrainment Loss Control Performance

Operators typically harvest at three speeds: low, medium, and high. This study
similarly selected three different constant speeds of 0.5 m/s, 1 m/s, and 1.5 m/s for maize
grain harvesting trials. In each trial group, the control program was activated after the
harvester had been operating for 20 s and reached a stable harvesting phase.

The trend lines of maize grain loss and gap adjustment under different forward speeds
are shown in Figure 8, with the optimal loss grain count range set between an upper limit
of 28 g and a lower limit of 14 g. The control system remained inactive for the first 20 s
with a constant threshing gap and was activated after 20 s. Within 0-10 s, the harvester’s
main working components reached a stable state. The grain loss trend line during normal
harvesting conditions can be observed during 10-20 s, while the regulated grain loss trend
line is visible after 20 s.

Upper limit

Upper limit

Lower limit

The output of displacement sensor
Grains number of entrainment loss
The output of displacement sensor
8
8
Grains number of entrainment loss

Lower limit

]
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Figure 8. Trend lines of entrainment loss regulation with different driving speeds. (a). 0.5 m/s;
(b) 1.0 m/s; (c) 1.5 m/s.

From the grain loss trend line in Figure 8a, when the forward speed was maintained at
0.5 m/s, the entrainment loss grain count stabilized between 10 and 15 g/s during the first
20 s. After 20 s, when the entrainment loss grain count fell below the ideal value of 14, the
displacement output began to increase, and the threshing gap decreased. The loss value
remained within the ideal range for the majority of the time, indicating low entrainment
loss during low-speed operation [32,33]. Therefore, automatic threshing gap control is
unnecessary at lower forward speeds.
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From the grain loss trend line in Figure 8b, when the forward speed was maintained
at 1 m/s, the entrainment loss grain count fluctuated between 10 and 40 g/s during the
first 20 s, showing significant variations. After activating the control system at 20 s, the
entrainment stabilized between 12 and 30 g/s, with an average loss of 21 g/s, showing
reduced grain loss fluctuation within the ideal range. When the loss fell below 14, indicating
low loss, the displacement output increased and the threshing gap decreased; when it
exceeded 28, indicating high loss, the displacement output decreased and the threshing
gap increased.

From the control trend line in Figure 8c, when the forward speed was maintained at
1.5 m/s, the entrainment loss grain count stabilized between 20 and 50 g/s during the first
20 s and between 23 and 50 g/s from 20 to 50 s, with entrainment loss mostly exceeding the
ideal range. Therefore, during high-speed field operations, the threshing gap should be set
to maximum to reduce entrainment loss.

In summary, the comparison of entrainment loss before and after control implementa-
tion at three different forward speeds demonstrates that increased forward speed leads to
increased entrainment loss. Therefore, the control system is unnecessary at lower forward
speeds; at medium speeds, activating the control maintains entrainment loss within the
set range; and at high forward speeds, the threshing gap should be maximized to reduce
entrainment loss.

3.3. Comparison of Threshing Performance Before and After the Control System Is Activated

To verify the performance of the threshing gap control system, manual collection of
the carryover loss amount was conducted before and after the control system was activated
(Figure 9). Given the superior adjustment performance of maize harvesting at medium-
speed operations, a working speed of 0.8-1.3 m/s was adopted. Before the experiment,
a testing area of 30 m was measured, and markers were placed at both ends; during the
test, a net bag was used to catch all the threshing byproducts behind the shredder. After
the test, maize kernels in the net bag were manually sorted and weighed to measure the
carryover loss rate. Three random samples of the maize kernels from the grain bin were
taken, as shown in Figure 9c. The impurities and broken kernels were manually sorted out
from the samples, and the impurity rate and breakage rate were measured, with multiple
measurements taken to obtain an average value. The testing process was divided into
two groups: the first group did not make any adjustments to the threshing gap, keeping
the adjustable lower sieve at the midpoint; the second group activated the threshing gap
control system. The carryover loss rates of the two groups were compared, and the trend
line is shown in Figure 10.

As can be seen from Table 5, the manual detection results for group 1 showed a
carryover loss rate of 1.28%, a cleaning loss rate of 2.47%, an impurity rate of 0.59%, and a
breakage rate of 2.51%. Group 2 had a carryover loss rate of 0.72%, a cleaning loss rate of
1.66%, an impurity rate of 0.62%, and a breakage rate of 2.45%. Comparing the threshing
performance of the two groups, the carryover loss after control was reduced by 43.75%,
and the cleaning loss rate decreased by 32.79%. The impurity rate increased by 5.08%,
and the breakage rate decreased by 2.39%. The results indicate that while the impurity
and breakage rates did not change significantly, the carryover loss rate and cleaning loss
rate were reduced considerably. This study proposes that the threshing concave clearance
control system can maintain grain loss within the ideal range for a period.
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Figure 9. Field operation of harvester and manual collection; (a) field test of harvester material
collection; (b) manual screening of lost grains; (c) grain bin contamination.
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Figure 10. Comparison of loss variation trends before and after the opening of the threshing gap
control system. (a). Turn off the control system; (b). Turn on the control system.

Table 5. Performance change rate before and after activating the threshing concave clearance con-
trol system.

Testing Number Entrainm?}]}ot)Loss Rate Cleaning Loss Rate (%) Impurity Rate (%) Breakage Rate (%)
Group 1 1.28 2.47 0.59 2.51
Group 2 0.72 1.66 0.62 2.45
Performance change rate 43.75 32.79 5.08 2.39

4. Conclusions

To address the challenges during complex field harvesting operations, where the
threshing concave clearance structure of maize harvesters cannot be adjusted online based
on real-time operational performance, this paper proposed an automatic control method
for the threshing concave clearance of maize combine harvesters based on entrainment loss
monitoring. This method achieved automatic control of the threshing concave clearance,
effectively reduced grain loss, and provided important support for loss reduction in grain
production and the intelligent harvesting equipment. The key conclusions are as follows:

(1) A threshing gap adjustable concave sieve structure based on a crank-rocker mecha-
nism was designed, and a mathematical model was established for the relationship
between the threshing gap adjustment range and motor rotation angle. The adjust-
ment range for the threshing gap was 15-47 mm, and the motor rotation angle was
0-48°. A carryover loss monitoring sensor based on piezoelectric ceramic-sensitive
components was used, with signal processing calibration determining that a band-
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pass filter frequency of 14-20 kHz can accurately identify maize kernels. An EDEM
discrete element simulation model was established for maize ears and the mixture of
extruded material, with simulation results identifying the optimal installation position
for the loss sensor as the left rear of the concave sieve, with the minimum distance
from the centerline of the sensitive plate to the threshing concave sieve being 58 mm
and the installation angle of the sensor relative to the horizontal plane being 65°.

(2) A maize threshing gap control method based on a fuzzy neural network PID control
algorithm was proposed. Through Simulink simulation optimization, it was verified
that this controller has superior performance with a fast response time. The designed
maize threshing separation adjustment device was integrated with the carryover loss
monitoring system on the harvester. Based on field harvesting tests at low, medium,
and high speeds, combined with the set ideal carryover loss range, it was determined
that the control device does not need to be activated at low speeds while activating
the control system at medium speeds keeps the carryover loss within the set range,
and at high speeds, the threshing gap should be set to the maximum adjustment plan.
Finally, a comparison test of threshing performance before and after the control system
was activated during medium-speed harvesting operations was designed, showing
that the carryover loss rate was reduced by 43.75% after activating the control system,
verifying the effectiveness of the control system and significantly reducing maize
harvesting threshing losses. Future work will focus on real-time monitoring values
for carryover and cleaning loss rates, impurity rates, and breakage rates, coordinating
the control of threshing gap, sieve opening, fan speed, and other working parameters
to comprehensively improve the threshing and cleaning performance of the harvester.
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