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ABSTRACT  

To address challenges in developing the rice-wheat harvester cutting platform controller—such as sensitivity 

to working conditions, long development cycles, and cumbersome performance testing—a semi-physical 

simulation platform is designed. Based on the functional requirements of the cutting platform, Simulink is used 

to build a mathematical model of the controller and its I/O hardware model. A hardware-in-the-loop simulation 

test platform is developed using the TC377ECU controller. By integrating the Whale Optimization PID 

algorithm, overshoot is reduced by 3.5%, and rise time improves by 0.303 s compared to conventional PID. 

Testing in both simulation and real environments shows a maximum absolute error of 10.58 mm for cutting 

height and a correlation coefficient of 0.9474. The rotational speed errors for the reel and auger have 

expectations of 0.106 rad/min and 0.101 rad/min, with standard deviations of 0.165 rad/min and 0.172 rad/min. 

This validates the controller’s feasibility, shortens development time, and lowers costs. 

 

摘要  

针对稻麦收获机割台控制器开发过程受工况影响较大，传统开发过程周期长，测试控制器性能过程繁琐等问题，

设计了一套稻麦收获机割台自动调控系统半实物仿真平台。以稻麦收获机割台功能需求作为开发指标，利用

simulink搭建控制器数学模型以及 I/O硬线模型，基于 TC377ECU控制器搭建硬件在环仿真测试平台。结合鲸

鱼优化 PID算法对控制策略进行了优化，相较于普通 PID，超调量降低了 3.5%，上升时间提升了 0.303s。通

过仿真平台与真实环境进行试验对比，割台高度的最大绝对误差是 10.58mm，相关系数为 0.9474；拨禾轮和

搅龙转速误差的数学期望依次为 0.106 rad/min和 0.101 rad/min，标准差为 0.165 rad/min和 0.172 rad/min，

测试了控制器和仿真平台的可行性，缩短了开发周期，降低了开发成本。 

 

 

INTRODUCTION 

 As one of China's major food crops, ensuring the production of rice and wheat is of primary importance. 

In 2024, 23,090.7 thousand hectares of wheat were sown, marking an increase of 31.7 thousand hectares, or 

0.1%. With the growing prevalence of machine harvesting across the country, the automation level of 

agricultural machinery has reached a point where higher standards are required. This makes the development 

and optimization of agricultural machinery functions increasingly significant. To overcome the limitations of 

using joysticks for regulating the cutting platform parameters in traditional harvesters, researchers have 

increasingly focused on developing automatic regulation systems for the cutting platform of grain combine 

harvesters. Ji et al., (2023), employed the polar filling method to model the rigid and flexible discrete elements 

of reed stalks, and conducted a three-point bending test in EDEM software to calibrate the bonding parameters. 

The optimal parameter combinations for the cutting table were identified through simulation analysis and later 

verified by field tests, confirming their alignment with the simulation results. Yao et al., (2023), investigated the 

impact of harvester forward speed, transverse cutter cutting height, and longitudinal cutter cutting speed on 

the cutting table loss rate in rapeseed combine harvesting, addressing the issue of high loss rates. The analysis 

revealed that the significance order of these factors was: cutting speed > forward speed > cutting height. 

Optimal parameter combinations were determined through response surface analysis and regression model 

optimization, with the results experimentally verified for reliability.  
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 Aiming to address the issues of low gripping capacity, poor cutting quality, and easy damage of existing 

harvester tools, Zhao et al., (2024), designed a bionic knife blade inspired by the maxillary teeth of ants. They 

investigated the effects of parameters such as blade tooth pitch, constructed edge angle, and tilt angle on the 

stress field and deformation through finite element analysis. The results confirmed that optimizing the knife 

edge design significantly enhances its performance, providing a theoretical foundation for the design of 

harvester knives.  

 Chen et al., (2018), addressed the low automation levels in cutting platform parameter regulation by 

using a PLC as the controller to design an automatic adjustment device for the rice combine harvester's cutting 

platform. In their system, the response time for controlling the rotational speed of the reel was ≤ 0.8 s, with a 

control accuracy of 91.5%.  

 Liu et al., (2022), designed an adaptive profiling cutting table to ensure the stubble height remains 

within an optimal range during harvesting. The table could adjust its height and level adaptively, using a PLC 

controller and a fuzzy PID method for regulation. The cutting table's rising speed was 0.216 m/s, and its 

descending speed was 0.244 m/s.  

 Ji et al., (2022), aimed to improve harvesting quality by designing a cutting table with a response time 

of ≤ 0.8 s and control accuracy of 91.5%. They also developed a device to match the rotational speed of the 

reel with the forward speed using an STM32 controller and fuzzy PID control strategy. This system could adapt 

to different crops, with a rotational speed-to-vehicle speed ratio between 1.4 and 1.8, yielding better harvesting 

results.  

 Shi et al., (2024), designed an adaptive control system for the cutting platform to address the 

inefficiency and inaccuracy of manual adjustments. Using a PLC as the controller, the system achieved an 

average response time of 2.3 s for height control. These studies demonstrate that factors such as the height 

of the cutting platform, reel height, rotational speed of the reel, and auger speed directly affect the harvesting 

loss rate of rice and wheat. However, most of the research primarily focuses on optimizing the regulation 

process of the reel using fuzzy PID methods for height and speed control. The optimization of cutting platform 

regulation strategies remains under developed. Moreover, the process of controller development and testing 

requires numerous experiments for validation. This not only increases the risk of actuator burnout due to errors 

in control strategies but also raises testing costs and demands frequent mounting, dismounting, and 

optimization operations. Additionally, given the growth cycles of rice and wheat, continuous field experiments 

are necessary for verification, resulting in a lengthy development cycle. HIL simulation allows for effective 

testing of controllers by simulating realistic controlled objects. While HIL simulation has been widely applied in 

industries such as automotive and aviation, Shahir et al., (2021), uses HIL to test complex algorithms in electric 

vehicle propulsion architectures, validating the correctness of the proposed theoretical concepts.  

 Abboush et al., (2024), applies semi-physical simulation techniques for fault injection, testing the safety 

of automobiles. Klionovska et al., (2021), utilizes the HIL technique for spacecraft rendezvous simulation 

testing. Its application in agriculture has only emerged relatively recently, primarily for tractor steering control 

and gearshift simulation, Hang et al., (2024), improves the steering control strategy for tractors and develop 

HIL testbeds. Cevallos et al., (2022), applies the HIL technique to validate a hybrid control method for a 

greenhouse model.  

 Wu et al., (2023), uses HIL technology for an electric tractor seeding unit, building a hardware-in-the-

loop simulation testbed to compare and validate proposed improvement strategies. Zhu et al., (2022), applies 

the HIL technique to a corn harvester threshing unit, creating a low loss intelligent control simulation platform 

for corn.  

 Zhai et al., (2023), establishes a semi-physical simulation test platform for the tractor electro hydraulic 

suspension control system, verifying the performance of the designed controller in this system. It is evident 

that the introduction of semi-physical simulation technology has accelerated the development of automation in 

the agricultural sector, yet its application in the development of cutting table regulation systems remains limited. 

 Therefore, this paper aims to optimize the cutting platform’s automatic regulation system, addressing 

the gap in current research regarding the optimization of cutting platform height control strategies. By 

combining the Whale Optimization Algorithm (WOA) with a PID based control strategy for height regulation, 

this approach reduces overshoot by 3.5% compared to traditional PID control, thereby enhancing system 

stability. Additionally, the rise time is improved by 0.303 seconds, which boosts the system's response speed. 

Agricultural automation systems are often influenced by environmental changes and the aging of equipment, 

which can impact response speed.  
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 However, the WOA-optimized controller demonstrates strong adaptability to these variations, 

enhancing the system's robustness. In terms of reel and auger speed regulation, this study integrates findings 

from existing research to ensure that the speed ratio between the reel and vehicle speed remains within an 

optimal range. The TC377 is selected as the control center for the system, offering better compatibility with the 

harvester. To address the long testing cycles in traditional development processes, a semi-physical simulation 

platform for the cutting platform’s automatic control system is constructed. The feasibility of the platform is 

evaluated in comparison with traditional methods, providing a solid foundation for the continued development 

of the cutting platform control system. 

 

MATERIALS AND METHODS 

Simulation platform overall structure 

 The overall structure of the simulation platform should have the function of simulating the environment 

of the real vehicle, so it is necessary to analyze the overall architecture of the cutting platform first; as shown 

in Figure 1, the whole simulation platform consists of on-board controllers, driver operating system, hydraulic 

model, actuator model, operation interface, information processing system, and power supply module, the on-

board controller as the core component of the whole system. The simulation platform board issues its input to 

simulate the voltage signal of the sensor so that the controller mistakenly thinks that the current working 

environment is the real machine, to achieve the purpose of testing the controller function. The data 

transmission between the controller and the simulation platform is via I/O hardwire. The CAN communication 

bus and the current value of each data can be monitored in real-time via telegrams. The operator interface 

interacts with the information processing system to send user operation data and controller feedback results. 

Its functional design mainly includes the working mode selection of the whole machine, the height of the cutting 

platform, the height of the reel, the speed regulation and monitoring of the reel, and the entire regulation 

process is realized by the controller sending out PWM pulse signals to control the openness of the solenoid 

valve. 

 

 
Fig. 1 - Block diagram of grain harvester cutting platform control system components 

 

 A complete grain harvester cutting table model is established using existing experimental data and 

formulas to create a realistic test environment for the controller. This includes simulating the conventional 

vehicle voltage signals required by the controller, the voltage signals from the cutter sensors, the control signals 

from the receiver controller, and the feedback status signals. The input and output signals of the entire system 

are regulated by the real-time simulator, and the regulation strategy is implemented based on the established 

I/O model. The controlled variables include the cutting platform height, the reel’s height and rotational speed, 

and the auger’s rotational speed. Modeling of the actuator based on the hydraulic system, with its schematic 

diagram shown in Figure 2.  



Vol. 75, No. 1 / 2025  INMATEH - Agricultural Engineering 

 800  

 
Fig. 2 - Hydraulic system schematic 

 

 The complete model must account for the following considerations: ①The hydraulic element’s power 

source is the pressure generated by fluid flow, requiring incorporation of the nonlinear relationship between 

flow rate and pressure. ②Assuming the hydraulic oil is compressible, the mechanical analysis must include 

the elastic resistance of the liquid. ③To ensure compatibility with the controller and minimize computational 

burden, the model must be discretized. 

 The height regulation of the cutting platform is primarily achieved by controlling the expansion and 

contraction of the hydraulic cylinder. The hydraulic cylinder’s power is derived from the conversion of hydraulic 

oil flow, and the displacement of the hydraulic cylinder is determined through the mathematical relationship 

between pressure and acceleration. A piston pump model is selected as the power source for the entire 

hydraulic system, with its displacement formula given by: 

V=
π

4
d
2
Dzη

v
tanδ (1) 

where d is the plunger diameter, m; D is the diameter of the distribution circle of the plunger on the cylinder 

body, m; z is the number of plungers; 𝜂𝑣 is the pump volumetric efficiency; δ is the inclination of the swashplate, 

rad. 

 Find the flow rate produced by the pump based on the displacement of the piston pump: 

Q=nV (2) 

where: 

Q is the output flow rate of the piston pump, m3/s; n is the engine speed of the piston pump, r/min; V is 

the displacement of the piston pump, L/rev. 

 Hydraulic oil exits the hydraulic pump, with one path flowing through the relief valve into the tank and 

the other passing through the check valve into the solenoid directional valve. During this process, a localized 

fixed capacity cavity is formed. Assuming the liquid is compressible, if the volume of the fixed-capacity cavity 

is V and the initial internal pressure is P0, then as the liquid continues to flow into the cavity at a changing rate 

of ΔQ, the pressure inside the cavity can be expressed as follows: 

 P=P0+B∫
∆Q

V
dt (3) 

where: 

 P is the hydraulic chamber pressure in Pa; P0 is the initial pressure of the hydraulic chamber in Pa;  

 B is the bulk modulus of elasticity of the hydraulic fluid in Pa; ∆Q is the amount of flow change in m³/s;  

 V is the volume of a fixed volume in m³. 

 The hydraulic fluid output from the check valve serves as the input to the three-position four-way 

proportional directional valve. The position and opening of the proportional directional valve are controlled by 

a PWM signal from the controller. Given that the valve port opening is not strictly linear, the flow rate output 

from each valve port, based on the valve port characteristics, can be expressed as follows: 
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 Q=CdA0√
2∆p

ρ
 (4) 

A0= {
0, x<x0,
Kx, x>x0.

 (5) 

Cd is the flow coefficient, dimensionless; A0 is the cross sectional area of the hole, m2; ρ is the density of the 

liquid, kg/m3; ∆p is the pressure difference between the inlet and outlet of the small hole, m2; x0 denotes the 

deadband flow rate, m2; K is the gain coefficient, dimensionless. 

 The hydraulic oil output by the reversing valve flows to the hydraulic cylinder, and the flow of hydraulic 

oil realizes the reciprocating motion of the hydraulic cylinder push rod; according to the relationship between 

the force and acceleration can be calculated the displacement of the hydraulic bar, and its kinetic equation can 

be expressed as: 

Fi-Fo-Fc-Fk-Fload=ma (6) 

Fi is the inlet chamber pressure, N; Fo is the outlet pressure, N; Fc is the liquid damping force, N; Fk is the liquid 

elastic force, N; Fload is the model load force, N; m is the mass of the piston rod, kg; a is the piston rod 

acceleration, m/s2. 

 The RPM model hydraulic circuit is similar to the height model, with the key difference being that the 

actuator in the RPM model is a hydraulic motor. This motor converts the pressure of the hydraulic fluid into 

mechanical energy to drive the rotation of the reel. The moment balance equation for the hydraulic motor and 

the load can be expressed as (Lu et al., 2023): 

Dm(p
H
+p

L
)=Jt

d
2
θm

dt2
+Bm

dθm

dt
+Gθm+Tl (7) 

p
H
 and p

L
 are the hydraulic motor inlet chamber pressure and return chamber pressure, respectively, Pa; Dm 

is the displacement of the hydraulic motor, m3/s; Jt is the total inertia of the hydraulic motor and load, kg·m2; 

Bm is the viscous damping coefficient, kg/s; G is the load spring stiffness, N·m; Tl is any unintentional load 

moment acting on the hydraulic motor shaft, N; θm is the motor rotation angle, rad. 

 As the command processing center of the entire platform, the controller's control strategy plays a 

pivotal role, directly impacting the functionality of the cutting table and the overall effectiveness of the test. 

Among the various control tasks, height regulation of the cutting table is particularly critical. To achieve fast, 

stable, and precise control, a PID control strategy optimized using the Whale Optimization Algorithm (WOA) 

has been selected. WOA is an innovative bio-inspired intelligence algorithm modeled after the foraging 

behavior of humpback whales (NadimiShahraki et al., 2021; Miao et al., 2025; Wei et al., 2025). In the WOA 

optimization process, each humpback whale represents a candidate solution. These whales utilize a distinctive 

hunting technique known as the bubble-net predation strategy, which serves as the foundation for the 

algorithm’s search and exploitation mechanisms. 

 In the encircling prey phase, the current best candidate solution is assumed to be the optimal solution 

for the target prey, or at least close to it (Yan et al., 2022). The humpback whale then moves around this best 

candidate solution, continuously updating its position. The mathematical model for this phase is represented 

as: 

 X(t+1)=X*(t)-A×|CX*(t)-X(t)| (8) 

t is the number of iterations for the current update position, dimensionless; X*(t) is the current optimal position 

vector, m; X(t) is the current position vector of the whale, m; A and C are position vector coefficients which 

operate as follows: 

 A=
2Tmax

Tmax+t
(2r1-1) (9) 

C=2r2 (10) 

r1 and r2 is a random vector in the range (0,1), dimensionless; Tmax is the iteration maximum, dimensionless. 

 During the prey search phase, humpback whales update their position in an upward spiral and keep 

approaching their prey, its hunting model is: 

 X(t+1)=X*(t)+eblcos(2πl)|X*(t)-X(t)| (11) 

b is the whale spiral path coefficient and l is a (0,1) random number conforming to a uniform distribution, 

dimensionless. 

 From this, two behaviors of whales when catching prey are derived, assuming that the probability of 

both behaviors is the same. 
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 X(t+1)= {
X*(t)-A×|CX*(t)-X(t)|,p<0.5

X*(t)+eblcos(2πl)|X*(t)-X(t)|,p≥0.5
 (12) 

where p is the probability of the two behaviors, dimensionless. 
 

 When attacking the prey, the difference between the iteration value t and the maximum iteration value 

gradually decreases, causing the range of values of A to decline. When the value of A is within [-1,1], the next 

position of the whale can be any position between it and the prey, and at A < 1, the attack is launched at the 

prey. 

 To ensure that all humpback whales can perform a thorough search in the solution space, they must 

randomize their targets based on each other's positions. When the value of A is outside the range of [-1,1], the 

algorithm randomly selects a whale's position to modify the position vectors of other whales. This helps them 

locate suitable prey and enables global search capabilities. 

 X(t+1)=Xrandom(t)-A×|CXrandom(t)-X(t)| (13) 

where Xrandom(t) is a vector of randomly selected whale positions, m. 
 

 Based on PID control of the cutting table elevation, the system error is used as the evaluation function 

for the whale optimization algorithm. The fitness function value is calculated, and the proportional, integral, 

and derivative parameters are adjusted according to the fitness to optimize the PID controller, thereby 

achieving optimal control. 

 To reduce the computational load of the simulation platform and facilitate test sampling, the model 

must be discretized. The Simulink tool is used to automatically solve the discrete model using the forward 

Euler method, which can be expressed as follows: 

 x(k+1)=x(k)+Tf(x(k),t(k)) (14) 

where x(k) is the state variable at the current moment k, m; x(k+1) is the state variable at the next moment 

k+1, m; T is the sampling time, s; f(x(k),t(k)) is the derivative of the system, m/s. 

 

RESULTS AND ANALYSIS 

 The simulation platform functionality test primarily includes the simulation function test of the controller 

signals and the hardware-in-the-loop (HIL) test. 

 Taking the cutting platform height regulation signal as an example, the controller adjusts the lift of the 

hydraulic cylinder based on the detection signal from the profiling device. The profiling device's source is the 

angle detected by the angle sensor, which sends out a voltage signal. This process can be used as the basis 

for analog signal testing. The voltage signal value can be set on the control panel, and a multimeter can be 

used to measure the voltage signal output from the corresponding board to conduct the test. 

 For the selection of an angle measurement sensor in a cutting table profiling device, the GT-B type 

Hall angle sensor is a suitable choice. This sensor features an output voltage range of 0-3.3 V, which 

corresponds linearly to an angular range of 0-360°.  

 

 The relationship between the measured angle and the simulated angle value follows the equation: 

V=a×
3.3

360
 (15) 

where: V is the simulation platform voltage setting, V; a is the angle value measured by the true angle sensor, °. 

θ=V×
360

3.3
 (16) 

where θ is the simulation platform angle analog input value, °. 

 

 Based on the measured angle value, the required voltage parameter V can be determined and set on 

the platform, allowing for the calculation of the corresponding angle input. A comparison between the 

measured sensor values and the platform’s angle measurement values was conducted, with the test results 

presented in Table 1.  

 The results indicate that the maximum absolute error between the simulation platform and the 

measured sensor angle is 0.98°, while the maximum relative error is 0.08°. This discrepancy arises because, 

after setting the voltage parameter V, the board card outputs the voltage according to the set value, but minor 

deviations exist in the actual output. This conclusion is further validated by measuring the board card's output 

voltage using a multimeter.  
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Table 1 

Sensor and simulation platform angle measurements 

Experiment 
number 

Measured angular 
value a  

Simulation 
platform voltage 
setting value V 

Simulation angle 
value 𝜽  

Absolute error  Relative error 

[°] [V] [°] [°] [-] 

1 10.37 0.095 11.15 0.78 0.08 

2 10.89 0.990 11.69 0.8 0.07 

3 11.03 0.100 11.8 0.77 0.07 

4 12.36 0.113 11.38 0.98 0.08 

5 13.45 0.123 14.31 0.86 0.06 

6 13.91 0.128 13.17 0.74 0.05 

7 14.16 0.130 13.38 0.78 0.06 

8 14.87 0.136 15.6 0.73 0.05 

9 15.34 0.140 16.07 0.73 0.05 

10 15.96 0.146 16.74 0.78 0.05 

 

 The CAN signal test uses VBA software to monitor real-time changes in message transmission data, 

assessing the accuracy and timeliness of signal transmission. Figure 3 displays the screen of real-time 

monitoring during the test. The CAN message monitoring screen displays real-time data transmission between 

the platform and the controller. The current value of each signal is updated in real-time, simulating an 

environment where CAN communication is active. 

 
Fig. 3 - CAN communication real-time monitoring messages 

 

 To verify the optimization effect of the whale optimization PID and traditional PID control in regulating 

the lift of the cutting table, the dynamic response of the system will be observed. The mathematical transfer 

function for the lift of the cutting table is established. The opening of the reversing valve directly influences the 

speed of the hydraulic cylinder's lifting. The hydraulic cylinder's speed changes in accordance with the variation 

in the valve opening. The acceleration and deceleration, as well as the expansion and contraction of the 

hydraulic cylinder, are considered inertial elements (Qin et al., 2009). The transfer function for this process 

can be expressed as follows: 

 G(s)=
1

Ts+1
 (17) 

where s is the Laplace operator, s-1; T is the hydraulic cylinder inertia constant, s, here take 0.83. 
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 The simulation model of the control strategy is built in Matlab/Simulink environment and its model 

diagram is shown in Figure 4. 

 
Fig. 4 - WOA-PID Simulink model 

 

 A step signal is used as the input to the system. After 10 iterations of the whale optimization algorithm, 

the optimal solution is obtained, yielding the corresponding values of Kp, Ki, and Kd. A comparison curve 

between the results of the optimized PID and the standard PID is then generated, and the resulting graph is 

shown in Figure 5. 

 
Fig. 5 - Control strategy step response comparison curve 

 

 From the dynamic response curve, it can be observed that the regulation effect of the whale optimized 

PID is significantly improved compared to the standard PID. The overshoot is reduced by 3.5%, and the rise 

time is improved by 0.303 seconds, enhancing the system’s speed and stability. 

 To verify the feasibility of the semi-physical simulation platform for controller testing, a control 

experiment was conducted using the platform to simulate the working process of the rice and wheat harvester. 

The experimental indices included vehicle speed, cutting platform height, reel height and rotational speed, and 

auger rotational speed. These parameters were used to assess the accuracy and feasibility of the platform. 

The experiment was conducted in Junan County, Linyi City, Shandong Province, in a field of wheat to be 

harvested. The wheat had a grain height of approximately 450 mm, row spacing of about 300 mm, and a 

ground undulation of around 60 mm, with a uniform crop density across the field. The actual field 

measurements are shown in Figure 6. Based on the field conditions, the stubble height was set to 200 mm, 

and both the field experiment and semi-physical simulation platform experiment were carried out sequentially. 

According to the actual situation in the field, the stubble height was set to 200 mm, and the field experiment 

and semi-physical simulation platform experiment were carried out in turn. 
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(a) plant height (b) spacing 

Fig. 6 - Control strategy step response comparison curve 

 

 During field experiments, the harvester is set to harvesting mode, with the stubble height adjusted to 

200 mm. The driving speed is increased to 12 km/h and maintained at a steady pace. As the terrain changes, 

the height of the cutting platform dynamically adjusts based on the detection values from the mimic device. 

The cutting platform's height is continuously recorded and using the mathematical relationship between the 

platform height and the angle sensor of the mimic device, the corresponding angle values are derived in 

response to terrain variations. 

 After harvesting a certain distance, the vehicle speed is reduced to 8 km/h. In harvesting mode, the 

rotational speeds of the reel and auger vary with the vehicle speed; therefore, the changes in rotational speed 

during acceleration and deceleration are recorded. The simulation platform parameters are configured based 

on the recorded angle values and vehicle speed from the field experiment. In the human-computer interaction 

interface, real-time monitoring is conducted to track the variations in cutting platform height in response to 

terrain changes, as well as the fluctuations in reel and auger rotational speeds corresponding to vehicle speed 

adjustments. The experimental results are presented in Table 2, Figure 7 and Figure 8. 

 As shown in Table 2, during the field test, the cutter height was recorded every 10 seconds from the 

actual vehicle and converted into the corresponding angular change as an input to the simulation platform. 

Throughout this process, the maximum absolute error in cutter height was 10.58 mm, which primarily resulted 

from conversion inaccuracies and voltage output errors from the platform. To evaluate the linear relationship 

between the actual cutter height and the simulated cutter height output from the platform, Pearson correlation 

analysis was conducted. The calculated Pearson correlation coefficient was 0.9474, indicating a strong 

correlation between the two. This result confirms that the simulation platform effectively replicates the cutter 

lifting and lowering process of the test vehicle. 

 The experimental results show that the rotational speeds of the reel and auger vary with the vehicle 

speed. Directly adjusting their speeds through the platform alone cannot fully ensure consistency with field 

measurements. To accurately control a single variable, the vehicle speed curve is pre-sampled and used as 

an input to the control strategy. However, the output speed curve from the simulation platform is influenced by 

factors such as the simulation step length and refresh period. Therefore, the generated curve must be exported 

for comparison with the actual speed curve. Compared to the harvester, the mathematical expectation of the 

rotational speed error for the reel and auger is 0.106 rad/min and 0.101 rad/min, respectively, with standard 

deviations of 0.165 rad/min and 0.172 rad/min. These results indicate that the control strategy meets the actual 

harvesting requirements. Moreover, the simulation platform provides an accurate evaluation of the controller’s 

functionality, making it a valuable reference for functional testing in the early stages of controller development. 

Table 2 

Sensor and simulation platform angle measurements 

Experiment number 

Calculated height of 
cutter trial 

Calculated height of 
cutting table 
simulation 

Absolute error in 
height above ground  

Relative error in 
height above ground 

[mm] [mm] [mm] [-] 

1 203.0 205.1 2.1 0.010 

2 201.3 200.5 0.8 0.003 

3 205.7 207.2 1.5 0.007 

4 200.9 200.5 0.4 0.002 

5 197.4 198.9 1.5 0.008 

6 201.3 200.2 1.1 0.005 

7 204.6 205.1 0.5 0.002 
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Experiment number 

Calculated height of 
cutter trial 

Calculated height of 
cutting table 
simulation 

Absolute error in 
height above ground  

Relative error in 
height above ground 

[mm] [mm] [mm] [-] 

8 202.4 201.5 0.9 0.004 

9 193.3 193.6 0.3 0.002 

10 204.8 203.4 1.4 0.007 
 

       
(a) Actual measured vehicle speed (b) Simulated speed of the reel 

         
(c) Comparison of the reel speed (d) Rotation speed deviation of the reel 

Fig. 7 - Comparison curve between simulation and actual rotation speed of the reel 

    
(a) Actual measured vehicle speed (b) Simulated speed of the auger 

 

 
(c) Comparison of the auger speed (d) Rotation speed deviation of the auger 

Fig. 8 - Comparison curve between simulation and actual rotation speed of the auger 
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CONCLUSIONS 

 (1) To enhance the output response characteristics of the cutter height regulation strategy, the cutter 

controller is optimized by combining the Whale Optimization Algorithm with PID control. The simulation results 

demonstrate that the optimized PID controller reduces the overshoot by 3.5% compared to the conventional 

PID controller and improves the rise time by 0.303 seconds. These improvements indicate that the optimized 

control strategy can effectively regulate the cutter height with both stability and rapidity. 

  (2) To effectively evaluate the controller's performance under real physical signals, hardware-in-the-

loop (HIL) tests were conducted on a semi-physical simulation platform. Angle sensor variations caused by 

terrain undulations were used as input variables, while the output height values of the platform and the field-

measured cutter height values served as comparison control experiments. The results showed that the 

maximum absolute error between the simulated and measured height variations was 10.58 mm. This indicates 

that the developed cutting platform model has a strong correlation with the actual cutting platform mechanism 

and can serve as a reliable basis for pre-testing the cutting platform controller. 

  (3) When testing control strategies for reel speed and auger speed, the speed values are influenced 

by the vehicle speed. First, the vehicle speeds, along with the corresponding reel and auger speeds, are 

recorded during the field experiment. These recorded speeds are then used as input variables for the semi-

physical simulation platform, which outputs the corresponding reel and auger speeds. By comparing the 

deviation between the actual values and the output values of the platform under the same vehicle speed input, 

it is found that the mathematical expected error for the reel speed is 0.106 rad/min, and for the auger speed, 

it is 0.101 rad/min. The standard deviations are 0.165 rad/min and 0.172 rad/min, respectively. These results 

validate the reliability and feasibility of the simulation platform and provide a theoretical foundation for the 

development and testing of the cutting platform control system. 
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