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Abstract

:

Corn harvester row alignment is a critical factor to improve harvesting quality and reduce cob drop loss. In this paper, a corn harvester automatic row alignment system is designed with a self-propelled corn combine harvester, incorporating a front-end touch row alignment mechanism of the cutting table and a harvester steering control system. Corn stalk lateral deviation from the reference row during harvesting is detected by a front-end touch-row alignment mechanism that serves as an input to the automatic alignment system. The harvester steering control system consists of Hirschmann PLC controller, electric steering wheel, steering wheel deflection angle detection device, display module and mode selection module, etc. The adaptive fuzzy PID control algorithm is used to determine the desired turning angle of the harvester steering wheel by combining with the harvester kinematic model, and the model is simulated and analyzed by Matlab/Simulink software. The automatic row alignment system was mounted on a 4LZ-8 self-propelled corn harvester for field tests, and the test results showed that the average percentage of deviation of corn stalks from the center of the row alignment cutting path within ±15 cm during the automatic row alignment process was 95.4% at harvester speeds ranging from 0 to 4.6 km/h, which could meet the requirements of the corn harvester for row alignment harvesting. The test results meet the requirements of the corn harvester for row alignment and serve as a benchmark for the research on automatic row alignment of corn harvesters.






Keywords:


corn harvester; automatic row alignment; touch row alignment mechanism; fuzzy PID control; electric steering wheel












1. Introduction


Mechanized corn harvesting is already commonplace in most of China’s maize-growing regions [1]. To increase the quality of corn harvesting, it is essential to reduce losses during harvesting. The loss of ears may be significantly reduced, and harvesting quality can be much improved, when the harvester platform is placed in opposing rows. To accomplish row harvesting, corn harvesters in China now have a low level of intelligence and depend heavily on manual steering during harvesting, which results in a high level of labor intensity for the driver, as well as an inability to guarantee harvest quality. In order to cut labor expenses, reduce harvest losses, and increase quality, an autonomous row alignment system for corn harvesters is needed.



Corn harvester cutting table has been extensively investigated by domestic and foreign researchers because of their critical role in harvesting the crop. Based on a thorough examination of corn-picking mechanism boundary conditions, Zhang et al. calculated the impact of picking loss [2]. The seed removal and cob removal models were established to determine the best combination of parameters for corn picking and harvesting. Zhang et al. designed a low-injury corn picking mechanism and verified through experiments that the primary and secondary order of influencing the damage rate of the cob was the picking roller speed, spring stiffness, and forward speed [3]. Monhollen, NS developed a corn grain loss assessment system comprised of a machine vision image system to evaluate cutter seed loss and harvest loss [4]. These studies have achieved good research on the factors influencing the loss of the cutting table and the determination of the loss rate, but most of these studies have only obtained the influence law of individual factors and the optimal combination parameters, and there is a lack of research on how the harvest quality of the cutting table can be improved and the specific measures to reduce the harvest loss of the cutting table.



Since the advent of RTK satellite positioning systems, which have been widely used for AB line navigation in agricultural machinery [5,6,7,8,9], autonomous driving and automatic navigation have become increasingly popular in the agricultural industry. In corn harvesters, however, the cutting table mechanism must always be aligned with the AB line driving mechanism. Alignment detection and body steering control are the two most important aspects of the automatic alignment system.



In terms of row perception, in 2000, Keicher developed a machine vision-based hoe guidance system capable of achieving 5.0 cm at a vehicle speed of 3.5 m/s with high system accuracy [10]. E. R. Benson developed and conducted field trials of a machine vision navigation system for a corn combine harvester [11]. The system separated the uncut crop rows from the surrounding background material, parameterized the corn rows, and calculated their position signals. Wang Chong et al. designed a new type of corn cutting table based on image recognition that can automatically align rows, collecting corn images by CCD cameras, analyzing and processing them with LabVIEW software, segmenting corn stalks in the case of natural lighting and complex farmland background, discerning the true distance between corn plants, and finally completing the automatic adjustment of cutting table row spacing [12] (Wang Chong, 2017). Automatic row alignment on corn harvesters is difficult because of the challenging working conditions of the dusty field during harvest and the numerous variables involved in the operation. Due to these challenges, visual image processing technology is unable to function well. How to accurately perceive the maize rows to be harvested is a pressing issue in automatic row alignment research that must be resolved immediately.



In terms of body steering control for automatic alignment systems, agricultural machinery is often used on the electro-hydraulic control method, motor control method [13,14].



An automatic steering wheel alignment system was developed by Zhang et al. at China Agricultural University, which used a combination of LIDAR and alignment sensor contacts to detect and change the steering wheel deflection angle [13]. For corn harvesters, Chen et al. at Shandong Agricultural Machinery Research Institute developed an autonomous alignment direction self-correction system that triggered the system via a sensing switch and also controlled the harvester travel direction using hydraulics [14]. Zhang et al. developed an electro-hydraulic circuit and integrated it into a small farm tractor’s traditional hydraulic steering circuit [15]. To achieve speed and position control of the steering, a PID controller was employed to operate the hydraulic valve. Yu et al. adopted a wheeled mobile robot as a test platform to effectively minimize the process of manually tweaking parameters in the path tracking task [16], allowing for improved driving of the controller’s DC motor.



He et al. in South China Agricultural University designed an electric steering wheel rice transplanter steering control system [17], adopted electric steering wheel as steering actuator, studied the automatic steering control of rice transplanter, constructed a model of rice transplanter steering system, and designed a nested steering control algorithm based on PID. The system offers good dynamic responsiveness and control stability, according to the research.



Through analysis, it has been determined that both electro-hydraulic control methods and motor control methods are extensively used in agricultural machinery and have been intensively investigated [18,19,20,21,22]. Consequently, there is a clear lack of research on the control method for automatic row alignment of corn harvesters, and it is necessary to design a set of control methods with high accuracy and low cost that are suitable for automatic row alignment of corn harvesters. In general, the steering fine-tuning control is implemented by altering the oil circuit of the hydraulic valve train. The advantages of electronically controlled hydraulic steering are great control precision and rapid reaction. However, its system adjustment is complicated and tough to implement in practice. The electric steering wheel can match the functional requirements of the end-effector of this study [17] because to its ease of installation, broad applicability, and manual automated switching function. Therefore, to address the aforementioned issues, this study takes the 4LZ-8 self-propelled corn harvester of Shandong Wuzheng Group as the carrier, designs an automatic alignment system with Hirschmann PLC controller as the main control unit, touching alignment mechanism as the system input, and electric steering wheel as the actuator, establishes the system kinematic analysis model, adopts adaptive fuzzy PID control algorithm, and realizes the automatic alignment system of corn The system kinematic analysis model is established, and the adaptive fuzzy PID control algorithm is used to realize the closed-loop control of the automatic alignment system of corn harvester.




2. Materials and Methods


2.1. The Overall Design Solution of the Automatic Alignment System


2.1.1. System Composition


The automatic row alignment system of the grain harvester consists of a mechanical touch row alignment mechanism, a Hirschmann PLC, an electric steering wheel, a rear wheel angle detection device, an LCD display and a keypad, as shown in Figure 1.



4–5 rows on the left side of the corn harvester have touch-row alignments, which provide input to the automatic alignment system by measuring the deviation from the reference row between the corn stalk and the reference row; the Hirschmann PLC is installed in the cab and is the core of the automatic alignment control system; the electric steering wheel is the actuator of the automatic alignment system and communicates with the controller through the CAN bus [23,24,25,26]. Control signals from the controller are sent to the electric steering wheel, which takes appropriate action in response to the controller’s instructions; it detects the angle of the rear wheels in real-time by installing a rear wheel angle detection device in the steering wheel (rear wheel) position; In the cab, an LCD display provides real-time information regarding the rear wheel angle and alignment, plus a button that permits automatic and manual mode selection.




2.1.2. Working Principle


An alignment lane corresponds to the corn harvester that has the alignment mechanism installed, while a reference lane corresponds to the corn row that corresponds to the alignment lane [20,21]. The automatic alignment system of the corn harvester determines whether the alignment lane is aligned with the reference corn row by the alignment mechanism. A touch-row alignment system is shown in Figure 2. The system detects deviations from the reference row by measuring the heights of the stalks and determining whether or not to initiate automatic alignment. With the electric steering wheel, there is also a speed sensor, which transmits speed measurements to the steering wheel control unit in real time and displays the data on the LCD display through the CAN bus [27]; additionally, the steering wheel is equipped with an angle detection device that transmits information from the steering angle to the control system to provide a closed-loop control system.





2.2. Key Component Design


2.2.1. Touch to Line Mechanism Design


The touching alignment mechanism consists of a non-contact angle sensor, a four-rod mechanism, a rotary shaft, a reset torsion spring, bearings, a touching rod, a limit sleeve and a fixed frame, as shown in Figure 3. As shown in Table 1, the actual needs of the touch alignment mechanism are taken into consideration when designing components and performance parameters for the 4LZ-8 corn harvester.



The four-bar mechanism of the touching alignment mechanism is positioned coaxially with the crossbar of the alignment system when it is operating normally. It is the touching bar that rotates coaxially the four-bar mechanism when a corn stalk touches it; rain harvesters are guided by the deflection of the four-bar mechanism in order to steer the blade in the direction of the angle sensor; depending on the arrangement of the torsion springs, it can be assured that the touching mechanism will be reset in a timely manner following the removal of the touching bar from the stalk.



Consequently, this study has devised a touch-type alignment mechanism using a high-precision angle sensor, which can accurately estimate the size of the offset by using the change law of the output value of the angle sensor [28,29], and the structure schematic is shown in Figure 4.



A grain harvester that starts its operation is successful if the corn stalk is placed between two touching bars and no contact is established between the corn stalk and the touching bar. The angle sensor’s output does not change in this situation, and the harvester angle does not need to be changed as shown in Figure 5a. If the corn stalk collides with one of the touch bars, i.e., the corn stalk is not in the reference row, the touch bar drives the angle sensor to shift as demonstrated in Figure 5b; the harvester continues to advance until the touch bar and corn stalk are about to separate. As shown in Figure 5c, the angle output of the angle sensor achieves the maximum value at this time, and set the deflection angle of the touching rod as α.



The working principle of the touch-to-travel mechanism is shown in Figure 6, where the angle between the first and middle sections of the touch-to-travel mechanism is 120°, and the offset can be calculated according to the schematic diagram as,


  Δ L =  L 0  cos 30 ° −  L 0  cos ( 30 ° + α )  



(1)




where, L0: length of the initial section of the touch bar, mm; L1: length of the middle section of the touch bar, mm; α: offset angle of the touch bar, °; L2: length of the last section of the touch bar, mm.




2.2.2. Electric Steering Wheel Steering Mechanism


When it comes to automated alignment systems, classic hydraulic systems and electric valves are used, but these methods have a number of disadvantages, including a high degree of complexity and a sluggish reaction time and lack of flexibility [30,31,32]. It is common for conventional automated alignment systems to control steering by changing the hydraulic system and developing an electronic hydraulic valve, but this technology has the drawbacks of complex operation, difficulties regulating the steering, poor reaction time, and limited adaptability [33]. Table 2 lists the electronic steering wheel’s most important specs, and Figure 7 depicts the whole installation.





2.3. Control System Design


2.3.1. Automatic Line Pairing System Program Design


In this system, Hirschmann IMC series PIC controllers are used, the programming language is ST, with CODESYS as the software platform. Pressing the button of the automatic alignment system will cause the automatic alignment mode to be initiated. The program design of the automatic alignment system includes the acquisition of the angle sensor signal of the touch alignment mechanism, the electric steering wheel motion control, and the steering wheel angle sensor signal acquisition. When the automated alignment system is operating normally, the system employs a fuzzy PID control method to alter the electric steering wheel deflection angle through CAN bus and subsequently regulate the harvester’s travel direction. After the signal processing, the main control unit calculates the lateral deviation of the front-end touch mechanism through the kinematic model, and then fuzzes and defuzzes it to acquire the three coefficients for controller adjustment and the final output control quantity. Simultaneously, following the steering wheel deflection, according to the feedback angle signal from the rear wheel angle sensor to determine whether the rear wheel meets the predetermined criteria, and then complete the automatic alignment system design process as shown in Figure 8.




2.3.2. Kinematic Model of Body Steering Control System


Installed in the center of the harvester’s front end, the mechanical touch-to-row mechanism detects the angle between the corn plant and the reference row. To investigate the relationship between the mechanical touch-to-row mechanism and the deflection of the harvester, this section establishes a simplified model of the touch-to-row mechanism and the grain harvester during the normal harvesting process [34], taking the right mechanical touch-to-row mechanism colliding with the corn plant as an example, assuming that after starting the automatic alignment system, the deflection angle of the harvester’s touch-to-row mechanism during the harvesting process is α and the wheel deflection angle is δ. The grain harvester is simplified to a vehicle model, as shown in Figure 9.



When harvesting at a deflection angle of δ, the harvester is deemed to be operating normally because it maintains a low operating speed and the interval between predictions is generally short. A model can be calculated from this data to determine the harvester’s lateral deflection.


   y 0  =  |   b k   |  +  L 0  sin φ  



(2)






  φ = α − θ  



(3)






  θ = arcsin  (    d −  y 0     L 0     )   



(4)






  Δ L = d −  y 0   



(5)






   ν x  = ν sin γ  



(6)






  γ = δ − φ  



(7)




where, y0 is the distance between the position of the mechanical touching counter-row mechanism on the right side of the corn harvester and the center offset of the corn reference row; bk is the lateral offset of the corn harvester at the current moment; S is the distance from the position of the mechanical touching counter-row mechanism on the right side of the harvester to the center of the front end; φ is the angle between the body of the corn harvester and the direction of the corn reference row; α is the deflection angle of the mechanical touching counter-row mechanism; θ is the angle between the mechanical touching counter-row mechanism and the direction of the corn reference row d is the distance between the orientation of the corn plant and the reference corn row; v is the speed of the harvester, vy is its component in the direction of the reference corn row, vx is its component in the vertical direction of the reference corn row, and the angle between v and vy is γ; δ is the deflection angle of the steering wheel.



The lateral deviation of the touch-to-travel mechanism is denoted by the Formula (1). The connection between the harvester body steering system and the preceding formula can be determined as illustrated in Equation (8).


  γ = δ − arcsin  {    d −  L 0  cos 30 ° +  L 0  cos ( 30 ° + α ) −  |   b k   |     L 0     }   



(8)






   b  k + 1   =  ν x  ⋅ Δ t +  b k   



(9)




where, bk+1 is the predicted lateral offset of the harvester at the next moment; ∆t is the sampling time. Substituting γ into vx = v × sin γ yields vx, and substituting vx into equation, bk+1 can be calculated.




2.3.3. Fuzzy PID Control Algorithm and Matlab/Simulink Simulation


Fuzzification, fuzzy inference, and defuzzification are used to acquire real-time updated PID parameters, which are then applied to the PID controller to accomplish the control function of the controlled object [32]. PID parameters may be self-tuned by adjusting the size of the fuzzy PID control parameters based on the system’s reaction to external disturbances, thereby boosting the system’s dynamic responsiveness and its resilience. Figure 10 shows the schematic diagram of fuzzy PID control strategy.



According to the harvester driving experience, when the lateral deviation of the touching pair of rows mechanism and corn reference rows is large, it means that the harvester has a greater tendency to shift, then the harvester needs to move a greater distance in the opposite direction in a shorter time, at this time, it will increase the steering wheel angle of the harvester, so that the harvester can quickly reach the target path, in order to reduce the corn falling loss caused by heavy cutting or missing cutting; As a consequence, when the lateral deviation is large, it is imperative to prevent excessive steering wheel adjustment from overshooting the system; at the same time, when the forward speed of the harvester is large, too sharp a turn of the harvester will lead to overturning and danger, and it is also necessary to avoid excessive steering wheel angle. A fuzzy PID adaptive control system model has been developed based on the above analysis in order to test the feasibility of the proposed control strategy [35].



Firstly, the fuzzy controller is established in MATLAB’s fuzzy toolbox, the quantization domain and fuzzy subset of the input and output variables are determined, respectively [36], the affiliation function is determined, the fuzzy control rules are added, and finally the specific values at different inputs are observed through the observer simulation, as shown in Figure 11.



A fuzzy PID simulation model which includes the fuzzy control module, the PID module, the transfer function from the control system, and state update modules is developed in MATLAB/Simulink in order to verify the feasibility of the automatic alignment system, as shown in Figure 12.



A simulation test determined that turning the harvester steering wheel to the right will yield positive results, while turning to the left will yield negative results. A deflection of the right touch bar to the right will yield positive results, while a deflection of the left touch bar will yield negative results; in the reference row of corn, the stalk deflection was positive for the right side and negative for the left. Assuming the travel speed of the corn harvester is 0.5 m/s, the harvester conducts a simulation test after 6 s of travel, when the corn row is deflected to the right from the reference row and returns to the reference row at 8 s. Currently, the corn stalks are 0.2 m away from the reference row. The simulation results are shown in Figure 13. Observed from the simulation results, the automatic row alignment system was adjusted twice during the whole harvester walking process, and the steering wheel was able to adjust quickly and with a short reaction time when the touch-to-row deflected. A maximum deflection angle of 12.3° was experienced when the harvester’s right touch lever was deflected. Similarly, during normal travel, when the touch-to-row mechanism detected that the left side of the row deflected when the corn stalk returned to the reference row, the harvester deflection angle then deflected to the left, and the system made fine adjustment, while the system judged according to the signal from the steering wheel angle detection device and controlled the body back to the right, and this process shows no noticeable oscillation. Consequently, it is evident that the automated alignment system has a strong control and tracking effect, and that the system is stable, allowing the following test to be conducted.





2.4. Test Method


2.4.1. Electric Steering Wheel Motor Speed Test


The stability of the electric steering wheel’s performance is critical to the overall stability of the autonomous steering system. Debugging the electric steering wheel speed involves changing the controller execution programme, setting the electric steering wheel to a specific speed on the host computer, measuring the actual speed with the tachometer, and then looking at the difference in error between the set speed and the real speed.



Figure 14 shows the various pieces of equipment used throughout the testing process, including the electronic steering wheel, Hirschmann IMC3653 controller, laptop computer, and tachometer.



The electric steering wheel employed in this system is the electric steering wheel of Heilongjiang Huida Technology Development Company, the motor is a high performance PMSM motor, CAN interface [37], communication protocol is CAN2.0B protocol (extended frame). According to the relevant specifications of the communication protocol, the maximum speed of the motor is 60RPM, according to the need to send the percentage of the maximum speed can set the required speed, after completing the speed setting to start the electric steering wheel, use the tachometer to measure the actual speed of the electric steering wheel motor.




2.4.2. Field Trial of Automatic Row Alignment System


As a testing machine, the Shandong Wuzheng Group’s self-propelled corn harvester 4LZ-8 was used in order to verify the feasibility of the automatic row alignment system. In order to verify the reliability of the automatic alignment system more accurately, a three-in-one system test of the touch alignment mechanism, electric steering wheel, and rear wheel angle sensor, as well as the insertion of wooden sticks to simulate corn stalks for relevant tests were conducted in advance of the field test, and the system was further optimized according to the test results, and the improved and optimized system was used for the field test. On 20 October, 2021 in Xindianzi Village, Haiqing Town, Qingdao City, Shandong Province, a trial was conducted. The test equipment included: mechanical alignment mechanism, electric steering wheel, rear wheel angle detection device, Hirschmann IMC3654 controller, tape measure, and laptop computer, etc., as shown in Figure 15.



It was decided to divide the corn field into lengths of 20 m and to mark the length of each test unit, and 5 m were reserved for accelerating and decelerating by the harvester. Data were collected prior to the test on the deviations of the corn rows and the corn plants. During the test, the driver did not touch the steering wheel with both hands and only controlled the throttle to make the harvester reach the expected driving speed, turned on the automatic row-pairing system, and the automatic row-pairing system controlled the forward direction of the harvester to make it reach the predetermined driving speed, and detected the position of the corn plants by the touch-pairing mechanism. A drip device was installed at the horizontal position of the mechanical touch-to-row mechanism at the front of the harvester’s cutting table to track the walking trajectory of the harvester to measure the regulation effect of the control system and to measure the deflection of the harvester relative to the corn plants. For better tracking, a drip device was located within the proximity of the mechanical touch-to-row mechanism. A screenshot of this is shown in Figure 16.






3. Results and Discussion


3.1. Electric Steering Wheel Motor Test Analysis


Based on the test results, the electric steering wheel will have difficulty driving the harvester when the speed setting is less than 20 r/min, and the steering wheel should not be deflected quickly during the automatic pairwise turning process, otherwise it will be easy to roll over during the travel [13,38,39]. Therefore, the electric steering wheel control dead zone is set to [0°, 20°], [80°, 120°]. Table 3 illustrates the test results, which demonstrate that there are no differences in speed between the set and measured values within 2%.



As depicted in Figure 17, the experimental results are fitted and the R2 is 0.9981, which indicates that there is a good correlation between the set speed and the measured speed, and the fitting function y = −0.0892 + 1.0084x, which shows that the electric steering wheel has a good fit between the set value and the actual value, allowing it meet the actual operation needs.




3.2. Analysis of Automatic Row-To-Row Field Trials


A comparison of the results of automatic row alignment for the harvester at three different speeds is shown in Table 4. According to the analysis of the experimental data, with the increasing forward speed of the corn harvester [34,38,39], the deviation of the automatic alignment system adjustment trajectory and the corn reference rows showed a gradually increasing trend, and the corn harvester harvesting quality gradually decreased, which is mainly due to the increase in the forward speed of the harvester will lead to the decrease in the number of alignment adjustments at the same distance forward, which also leads to the increase in the alignment deviation, under the condition that the other conditions of the automatic alignment system remain unchanged. On the basis of the test data and the field water droplet trajectory, it can be seen that within the range of 0~5 km/h of the forward speed of the harvester, the average value of deviation of the automatic alignment system is 0.0633 m, the average value of standard deviation is 0.0668 m, the average value of percentage of deviation within ±15 cm is 95.4%, and the deviation values are all within ±30 cm, satisfying the requirements of corn harvester alignment operation. However, when the speed of the harvester exceeds 5 km/h, the deviation of automatic row alignment will increase, which is insufficient to fulfill the demand of automatic row alignment of corn, and lifting the speed restriction will be the focus of future research. Zhang et al. reported that the mean value of automatic row alignment deviation for the harvester in the range of forward speed from 0 to 5 km/h was 0.876 m, and the mean value of the percentage of deviation within ±15 cm was 83.1% [13]. Our findings outperformed theirs by 12.3%, which supports the research of a corn harvester.




3.3. Automatic Alignment System Effect Discussion


To verify the effect of the automatic row alignment system on improving the quality of maize harvesting, a field trial was conducted in October 2021 in Rizhao, Shandong Province, on a maize seed direct harvesting machine manufactured by Wuzheng Group. The test was conducted in accordance with GB/T 5667-2007 “Production Test Methods for Agricultural Machinery”, and a plot of 30 m in length was selected for the test before the test, including a 5 m acceleration zone, a 20 m test zone and a 5 m stopping and deceleration zone [40]. Normally, the harvester passed through the acceleration zone and the test zone in turn and finally stopped at the stopping and deceleration zone.



Harvester tests were conducted in two groups, with the first group turning on the automatic alignment system, in which the driver controls the speed of the harvester only through the throttle during the harvesting process and the alignment system automatically controls the direction of travel of the harvester. The second group turned off the automatic alignment system and the driver manually altered the direction of travel of the harvester throughout the harvesting process. The driving speed of the harvester was 3.4 km/h in both test groups, and after each group of tests was completed in the harvesting process, eight 1 × 1 m2 sampling areas were selected in each test area to collect the fallen corn kernels and weigh them, and the corn kernels in the bins at the end of each test were weighed separately to calculate the loss rate of each sampling area, which was weighted to finally obtain the average loss rate using the automatic row-pairing system and without the automatic row-pairing system, respectively. Calculation of the average loss rate was carried out using Formulas (10) and (11). To acquire an average loss rate, the experiment was performed 10 times.


   S 1  =  1 8    ∑ i  i − 10       W i     W i  +  M 1      × 100 %  



(10)




where, Wi is the amount of maize kernel drop loss in the area of the auto-pair harvest plot, i = 1, 2, 3…8, g; M1 is the mass of harvested kernels per unit area of the auto-pair harvest plot, g.


   S 2  =  1 8    ∑ i  i − 10       W i    ′     W i    ′  +  M 2      × 100 %  



(11)




where,    W i    ′    is the mass of maize kernel drop loss in the area of the manual pair-row harvest plot, i = 1, 2, 3… 8, g; M2 is the mass of harvested kernels per unit area of the manual pair-row harvest plot, g.



The test outcomes are illustrated in Figure 18. The loss rate of corn seeds falling from the plot harvested by the automatic row-pairing system was 2.42%, and the loss rate of corn seeds falling from the plot harvested manually was 3.18% after the automatic row-pairing system was turned off. To comply with the requirements of GB/T 21963-2020 “Maize Harvesting Machinery”, the total loss rate of maize seed direct harvesters ≤4%, which all meet the conditions. It can be concluded from the analysis that, on the one hand, the reliability of the automatic row alignment system of the corn harvester is verified; in comparison to manual row alignment, the use of the automatic row alignment system for corn harvesting reduces the loss rate of corn seeds falling by 0.76% representing a significant contribution to the reduction of the loss during corn harvesting and improving the harvesting quality [21,41,42].





4. Conclusions


The paper explores the possibility of using electric steering wheels to automatically align grain harvesters. This is a summary of the primary research work conducted in this paper.



	
In view of the current situation that the existing corn harvesters in China are primarily steered by manual operation to achieve automatic alignment, a corn harvester automatic alignment system based on touch alignment mechanism and electric steering wheel is designed, and the CAN bus is used to realize system control, resulting in a novel concept for the development of corn harvester automatic alignment.



	
The kinematic models of touch-to-row mechanism and body steering control system are built, and the automatic alignment control system of corn harvester based on adaptive fuzzy PID control is designed and simulated by Simulink in Matlab.



	
The 4LZ-8 self-propelled corn harvester serves as a carrier to achieve automatic row alignment during corn harvester harvesting, and the system is commissioned in the factory and tested in the field, respectively. The test results indicate that the electric steering wheel motor speed adjustment error is within 2%, and the deviation of corn stalk from the center of the cutting lane of the opposite row during the operation of the automatic row alignment system is 0.063 m at the mean value of deviation, which can meet the requirements of automatic row alignment harvesting of corn harvesters and is improved compared with previous reports. The adoption of automatic row alignment system for harvesting reduces the loss rate of corn kernels by 0.76% compared with manual row alignment, which is beneficial for reducing the loss of kernels in corn harvest and enhancing the harvest quality. Moreover, the deviation of automatic row alignment will progressively increase with the increase of harvester speed during the automatic row alignment harvesting process. To eliminate remove the speed limitation, we will continue to investigate innovative control strategies to lessen the deviation of the automatic row alignment system of corn harvester under high-speed operation.
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Figure 1. Automatic line control system structure diagram. 
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Figure 2. Working principle of automatic row alignment system for corn harvesters. 
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Figure 3. Touch to travel mechanism 3D modeling (1) Angle sensor (2) Four-rod mechanism (3) Rotation shaft (4) Reset torsion spring (5) Bearing (6) Adjustable fixed torsion spring fixing bolt (7) Touch rod fixing sleeve (8) Touch rod (9) Limit sleeve (10) Fixing frame. 
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Figure 4. Sketch of automatic row alignment system for corn harvesters (1) Touch pair of line mechanism (2) Cutting table. 
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Figure 5. Schematic diagram of the action of the touch-to-travel mechanism (1) Touch lever (2) Corn stalk (3) Touch sensor holder. (a) Automatic row close; (b) Automatic row start; (c) Auto row ending. 
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Figure 6. Automatic alignment system angle sensor offset calculation schematic (1) Corn stalk (2) Touching the middle section of the rod. 
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Figure 7. Electric steering wheel installation schematic (1) Steering wheel top cover (2) Steering wheel skeleton (3) Motor (4) Adaptability flange (5) Motor bracket (6) Socket head cap screw. 
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Figure 8. Control flow diagram of automatic alignment system. 
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Figure 9. Harvester lateral offset modeling. (1) Corn stalk (2) Harvester steering wheels (3) Left touch lever (4) Right tough lever. 
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Figure 10. Fuzzy PID controller schematic. 
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Figure 11. Fuzzy controller design. 
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Figure 12. Simulation model of automatic alignment system. 
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Figure 13. Simulation results. 
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Figure 14. Electric steering wheel motor speed debugging part of the test equipment. 
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Figure 15. Experimental composition of automatic row alignment system for grain harvester (1) Power steering wheel (2) LCD display (3) Rear wheel angle sensor (4) Hirschmann IMC3653 controller (5) Touch-activated alignment mechanism. 
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Figure 16. Test of automatic row alignment system for corn harvester. 
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Figure 17. Electric steering wheel speed test. 
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Figure 18. Corn kernels drop loss. 
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Table 1. The main parameters of the touch-to-travel mechanism.
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	Parts
	Model
	Parameters
	Value





	Angle sensors
	KALAMOYI/P3022-V-CW180
	Output voltage
	(0~5) v/(0~180)°



	Touch bar retaining sleeve
	Q235 steel
	0.817
	40 mm



	Resetting Torsion Springs
	Carbon spring steel
	Wire diameter
	3 mm/28 mm/6 mm



	Touch Bar
	Aluminum round tube
	Length
	150 mm/200 mm/

180 mm
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Table 2. Main parameters of electric steering wheel.
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	Parameters
	Value





	Operating voltage (V)
	9–16



	Max. output torque (N.M)
	16



	Max. speed (RPM)
	120



	Response delay (s)
	<0.2



	Steering error with load (°)
	<±5



	Communication protocol
	CAN2.0B
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Table 3. Electric steering wheel speed collection record table.
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	NO.
	Set Speed v1 (r/min)
	Measured Speed v2 (r/min)
	Relative Error (%)
	NO.
	Set Speed v1 (r/min)
	Measured Speed v2 (r/min)
	Relative Error (%)





	1
	20
	20.2
	1.00
	11
	50
	50.7
	1.40



	2
	23
	23.4
	1.73
	12
	53
	52.5
	0.94



	3
	26
	25.6
	1.54
	13
	56
	56.9
	1.61



	4
	29
	29.4
	1.38
	14
	59
	60.1
	1.52



	5
	32
	32.4
	1.25
	15
	62
	62.9
	1.45



	6
	35
	35.6
	1.71
	16
	65
	66.0
	1.54



	7
	38
	38.6
	1.58
	17
	68
	66.9
	1.62



	8
	41
	41.4
	0.96
	18
	71
	72.1
	1.55



	9
	44
	43.4
	1.36
	19
	74
	72.7
	1.76



	10
	47
	46.2
	1.70
	20
	77
	78.4
	1.82
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Table 4. Experimental results of automatic row-to-row harvesting control system.
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NO.

	
Speed of

Advance/(km·h−1)

	
Deviation Values of Maize Plants from Maize Benchmark Rows

	
Deviation (Absolute Value) of the Automatic Alignment Trajectory from the Fitted Corn Row




	
Maximum Values/cm

	
Minimum Values/cm

	
Average Values/cm

	
Average Values/cm

	
Standard Deviation/cm

	
The Percentage of Deviation within ±15 cm/%

	
The Percentage of Deviation within ±30 cm/%






	
1

	
2.20

	
9.40

	
−8.33

	
3.32

	
5.15

	
5.84

	
98.8

	
100




	
2

	
2.20

	
11.06

	
−10.56

	
3.59

	
5.76

	
5.98

	
98.1

	
100




	
3

	
3.40

	
8.25

	
−9.63

	
4.64

	
6.43

	
6.79

	
94.3

	
100




	
4

	
3.40

	
8.04

	
−8.32

	
3.21

	
6.25

	
6.47

	
95.2

	
100




	
5

	
4.60

	
16.55

	
−10.56

	
5.16

	
7.31

	
7.65

	
92.4

	
100




	
6

	
4.60

	
14.52

	
−12.21

	
4.08

	
7.06

	
7.33

	
93.7

	
100
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