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Abstract

:

In order to solve the problems of poor stability of the output speed and poor synchronization of the pump-controlled dual motor in a hydraulic travel system during step input speed and external load disturbance, different control strategies were designed and compared with the state machine using the statechart module control, Z-N frequency response PID control, and GA-based PID parameter self-tuning methods. Our analysis shows that the BP algorithm-based PID parameter self-tuning control method has no overshoot and that the three methods reduced the target speed tracking time by 90.11%, 75.12% and 36.55%, respectively. The average synchronous error for the system output speed was 7.95%. The stability and synchronization requirements of the constant speed of the hydraulic travel system were satisfied. These research results can provide a reference for the design and application of constant speed control for pump-controlled dual-motor hydraulic travel systems in the fields of engineering and agricultural machinery.
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1. Introduction


Hydraulic travel systems have the characteristics of high power density and reliable operation, and are mainly used in the transmission systems of large and medium-sized construction machinery and vehicles [1,2]. The variable pump-controlled motor in the system is the speed-regulating mechanism of the hydraulic system and energy transfer is carried out through flow and pressure [3]. The system can achieve automatic matching of the pump output with the external load through the regulating action of the controller, thus the flow coming from the pump output is essentially input to the motor, which is combined with the gearbox in a different way and is able to achieve step-less speed change through hydraulic step-less speed regulation [4,5]. The characteristics of the speed control mechanism of the hydraulic travel system greatly affect the speed control performance of the vehicle transmission [6]. Therefore, the study of the speed regulation characteristics of hydraulic travel systems is of great significance for the study of hydraulic vehicle transmissions.



Extensive domestic and foreign research has been carried out into constant speed control methods for hydraulic travel systems [7]. Ayad Q. Hussien used PI (proportional and integral) and FL (fuzzy logic) controllers to simulate the angular velocity of the hydraulic motor of the pump-controlled motor system [8]. N Kumar [9,10] et al. studied a hydraulic closed loop drive system with steady-state performance. Their experimentally proposed drive system consisted of a variable displacement pump and a bent shaft motor. The performance of two different constant speed operation modes, single motor drive and dual motor drive, was investigated. The speed control strategy of the quantitative pump-variable motor system studied by Kou Mingkun [11,12] had a more detailed control effect on a single pump and a single motor. However, most scholars [13,14] have only analyzed the output speed control method of single-pump single motor hydraulic speed control systems, and the research on single-pump double motor constant speed systems is relatively deficient.



This paper takes a hydraulic travel system with a single pump and two motors as the research object, and on the basis of establishing its mathematical model proposes a variety of different control strategies for analysis and comparison in order to study the effect of constant speed control of the motor under step input speed and external load disturbance and to improve the synchronization and stability of the hydraulic travel system.




2. Hydraulic Travel System Working Principle


The closed-circuit hydraulic system is shown in Figure 1; it consists of a variable hydraulic pump and two variable displacement piston motors (one front and one rear), an electro-hydraulic proportional variable mechanism, hydraulic valves, and other components. The front drive motor is mounted directly on the gearbox, while the rear drive motor is mounted directly on the rear gearbox. The displacement of the hydraulic pump and the motor is changed, which in turn controls the motor speed synchronously, thus controlling the vehicle’s driving speed.



As shown in Figure 2, the difference between the actual speed of the motor and the target speed is converted into an electrical signal by the controller and input to the electro-hydraulic proportional variable mechanism, which then changes the swash plate tilt angle of the variable pump to adjust the variable pump displacement ratio, thus controlling the motor speed. During operation, the cross-coupling controller makes the difference between the angular velocities of the two channel motor outputs; the difference is used as the output of the cross-coupling controller, multiplied by the corresponding adjustment factors Gain1 and Gain2, then input to the two motors in order to control the two channels of the motors equally and improve their synchronization.



Figure 3 shows a block diagram of the mathematical model of the hydraulic travel system, with the meanings of the parameters shown in Table 1. In Figure 3, the deviation value obtained from the input voltage U(s) and the feedback voltage Uf(s) is used as the input value of the system; the block diagram of the pump-controlled motor transfer function of the hydraulic system can be obtained after the proportional amplifier Kα, electro-hydraulic proportional directional valve Kbv, valve-controlled cylinder, etc. TL(s) is the disturbing load outside the system and θm(s) is the motor’s output speed. The open-loop transfer function of the hydraulic speed control system is


  G ( s ) =    K  f v     s (  1   ω h    2     s 2  +   2  δ h     ω h    s + 1 )    



(1)




where    K  f v   =    K α   K  bv    K q   K ϕ   K  q p    K f    A  D m      is the open-loop gain of the system, Kα is the proportional amplification gain coefficient, Kbv is the proportional valve gain coefficient, Kq is the valve stable operating point flow gain coefficient, KΦ is the variable pump swash-plate tilt angle coefficient, Kqp is the variable pump flow gain, Kf is the speed sensor gain coefficient, A is the effective area of the hydraulic cylinder piston, Dm is the motor displacement, ωh is the system is the inherent frequency of the system, and δh is the damping ratio of the system.



By consulting the parameter indicators of each component in the hydraulic speed control system and substituting them into Equation (1), the third-order open-loop transfer function of the hydraulic speed control system can be obtained as shown in the equation below.



Hydraulic travel system front drive motor transfer function:


  G ( s ) =   62.19   1.29 ×   10   − 4    s 3  + 4.9 ×   10   − 3    s 2  + s      



(2)







Hydraulic travel system rear drive motor transfer function:


   G 1  ( s ) =   93.073   2.89 ×   10   − 4    s 3  + 1.32 ×   10   − 2    s 2  + s    



(3)







When the open-loop frequency characteristics of the hydraulic travel system are analyzed, the condition of the system’s stability is that the amplitude margin is smaller than the phase margin; as can be seen from Figure 4, the amplitude margin of the front drive motor traverses the frequency of 88.0019 rad/s and the phase margin traverses the frequency of 88.1052 rad/s, while the amplitude margin of the rear drive motor traverses the frequency of 75.2332 rad/s and the phase margin traverses the frequency of 61.7190 rad/s. The amplitude margin and phase margin traversal frequency of the front drive motor are very close, while the amplitude margin traversal frequency of the rear drive motor is 75.2332 rad/s, > the phase margin of 61.7190 rad/s; thus, it can be seen that the system is less stable and the tracking performance is not good.




3. Rotational Speed Adaptive Tracking Controller Design


In order to solve the problems of poor stability of the output speed and poor synchronization of the pump-controlled dual motor in the hydraulic travel system under step input speed and external load disturbance, different control strategies were used to design a constant speed controller for the hydraulic travel system. First, the system transfer function was derived from the mathematical model of the hydraulic travel system; on the basis of the mathematical model, the simulation model of the hydraulic travel system was built and the model-based controller design was carried out using MATLAB\Simulink simulation software (Simulink being an important part of MATLAB). Simulink can develop complex control structures through multi-domain simulation and is a block diagram environment for model-based controller design. Second, the hydraulic travel system was built in Simcenter Amesim simulation software and the controller part of the system was designed using a state machine with the statechart module in Simcenter Amesim simulation software, which is a powerful system simulation software of LMS and can realize simulation calculations in the mechanical, hydraulic, and electrical fields. The state machine used with the statechart module in Simcenter Amesim software is a control module for creating monitoring programs, defining scenarios, or creating any type of conditional or event-based logic. Finally, after comparing and analyzing different simulation software and different control strategies, the optimal method for constant speed control of the hydraulic travel system was derived and the optimal controller for constant speed control of the hydraulic travel system was designed to finally achieve synchronous and constant control of the system output speed under step input and external load disturbance conditions.



3.1. Design of Hydraulic Travel Control System in Simcenter Amesim


Using Simcenter Amesim simulation software, the controller was designed by using a state machine with the statechart module. The state machine control module describes a set of connection states which can be activated when specific conditions are met. This is a convenient way to build monitors, define scenarios, or create any type of conditional or event-based logic. The model is shown in Figure 5. Closed-loop control with state machine module control and motor speed feedback was used in the model and a speed sensor was used to feed the vehicle speed back to the controller, creating external closed-loop feedback to achieve control of the motor speed.




3.2. Overall Design of the Controller in Simulink


In the complex and changing working environment of construction machinery, construction machinery systems often face situations where the engine speed and load working conditions change, seriously affecting the working performance of the system. How to maintain the motor output speed at a constant level despite the frequent changes of external disturbances is a prominent problem facing construction machinery [15,16] For the hydraulic speed control system, step input speed and output speed instability are caused by external load disturbance; in addition, the dual motors are not synchronized, and there are other problems as well. As shown in Figure 6, the control variables obtained from the output speed ω1, ω2 through the cross-coupled controller are passed to the internal system controller again through the gain coefficients K1, K2, respectively, in order to achieve closed-loop feedback control. In the external feedback link, the deviations of the output speed ω1, ω2 and the target input speed ω are passed to the internal system controller and the system forms a closed-loop control internally and externally. Thus, four different control strategies were designed to derive the control strategy most applicable to the constant speed adaptive hydraulic travel system, and the dynamic characteristics of the hydraulic travel system were brought as close as possible to a known reference model by designing an adaptive algorithm to improve the system’s stability and robustness. When driving in a straight line, n1, n2, and nk are specified as the speed and speed difference of the walking hydraulic motors on both sides, respectively, and e is specified as its error allowance in straight line driving; when nk is less than e, the controller does not make any response, while when nk is greater than e the controller executes the double closed-loop straight line driving control program. The logic design flow chart is shown in Figure 7.



3.2.1. Design of PID Controller Based on Z–N Frequency Response


In practical engineering, the most widely used regulator control law for proportional integral differential control is referred to as PID (Proportion Integration Differentiation) control, known as PID regulation. It has become one of the main technologies of industrial control thanks to its simple structure, good stability, reliable work, and easy adjustment.



The Ziegler–Nichols frequency tuning method adjusts the PID parameters according to the frequency response in order to specify the proportional parameter, Kp, integral parameter, Ki, and differential parameter, Kd, during the tuning process to regulate the dynamic process response time. The MATLAB program was used to implement the Z–N algorithm; the controller model was built as shown in Figure 8 by specifying the controlled object transfer function and obtaining the corresponding root trajectory through the corresponding jw axis point with the gain coefficient Kr and ωr; its rectification equation is


   K p  = 0.6  K r  ,  K i  =    K p   ω r   π  ,  K d  =    K p  π   4  ω r     



(4)




where Kr is the gain value of the system with periodic oscillation, ωr is the oscillation frequency, Kp is the proportional parameter of the PID controller, Ki is the integral parameter of the PID controller, and Kd is the differential parameter of the PID controller.



Figure 9 shows the hydraulic travel system rear drive motor system. After adjustment, the amplitude margin crossing frequency ωc < the phase margin crossing frequency ωg. It can be seen that the Ziegler–Nichols frequency adjustment method for adjusting PID parameter values meets the design requirements. According to the PID adjustment formula, Kp = 0.0894, Ki = 1.4969, and Kd = 0.0013, while the hydraulic travel system front drive motor system PID adjustment results are Kp = 0.0925, Ki = 0.0800, and Kd = 0.0800.




3.2.2. Design of Fuzzy PID Controller


In this paper, we chose a two-input, three-output, Mamdani-type fuzzy controller, where the input is the deviation e of the actual motor speed value from the motor target speed value and the deviation rate of change ec, and the output is ∆Kp, ∆Ki, ∆Kd. The fuzzy domain of the controller input variables e, ec and output quantities ∆Kp, ∆Ki, ∆Kd are {−3,3}. Let the fuzzy subsets of input quantities e, ec, and output quantities ∆Kp, ∆Ki, and ∆Kd be {NB, NM, NS, ZO, PS, PM, PB}, representing {negative large, negative medium, negative small, zero, positive small, positive medium, positive large}, respectively. The affiliation functions are all selected as triangular functions. The controller model is constructed as shown in Figure 10, and the three-dimensional surfaces of the output quantities ∆Kp, ∆Ki, and ∆Kd on the theoretical domain are shown in Figure 11.




3.2.3. PID Parameter Self-Tuning Based on GA


In order to improve and optimize the PID parameters, a genetic algorithm optimization method was proposed to adjust the parameters of the PID controller in order to improve the stability, robustness, and fast response of the system.



A GA (Genetic Algorithm) begins a search from the string set of the problem with large coverage, and as it is a parallel search based on a chromatic population with a guessing nature of selection, replication, exchange, and mutation operations are used to evaluate multiple solutions in the search space in order to reach the optimal solution to a problem [17,18].



The GA self-tuning PID parameter design scheme used here was as follows:




	(1)

	
Coding method and genetic operation









The encoding method used binary encoding strings of length 10 to represent the three decision variables, Kp, Ki, and Kd. The basic operations of the genetic algorithm were selection, crossover, and variation. In this paper, the selection operation used the proportional selection operator, the crossover operation used the single-point crossover operator, and the variation operation used the basic bitwise variation operator.



	(2)

	
Selection of fitness function







Genetic algorithms generally do not require other external information in the search for evolution, and use fitness as a measure of individual merit in the population and as a basis for genetic manipulation. The selection of the fitness function depends on the objective function of the specific problem. In order to obtain a better dynamic response, the “absolute value of error time integral performance index” was used as the minimum objective function for PID parameter selection. The squared term of the control input was added to the objective function. The selected objective function is shown in the following equation:


  J =    ∫ 0 ∞   (  ω 1   |  e ( t )  |  +  ω 2   u 2  ( t ) )    d t +  ω 3   t u   



(5)




where e(t) is the system error, u(t) is the output of the controller, tu is the rise time, and ω1, ω2, ω3 is the weight.



In order to avoid overshooting a penalty control was used in the operation process. When overshoot is generated, the amount of overshoot should be taken as one of the optimal indicators in the objective function, at which time the minimum objective function is as follows:



If


     e y ( t ) < 0 ,       J =    ∫ 0 ∞   (  ω 1   |  e ( t )  |  +  ω 2   u 2  ( t ) +  ω 4   |  e y ( t )  |  )    d t +  ω 3   t u      



(6a)







Else


  J =    ∫ 0 ∞   (  ω 1   |  e ( t )  |  +  ω 2   u 2  ( t ) )    d t +  ω 3   t u   



(6b)




where ω4 is the weight value, ω4 >> ω1, ey(t) = y(t) − y(t − 1), and y(t) is the actual output of the controlled object.



The minimum value of this objective function responds to the optimal value of the control system’s error, energy, and response time. The adaptation function is selected as follows:


  F =  1 J   



(7)




where J is the objective function adaptation value.



A change in the objective function is usually used to characterize the optimization process of the parameters during the self-tuning of the genetic algorithm PID parameters. The minimum value indicates the optimal individual of the PID parameters using binary encoding, while the value of the objective function corresponding to different control objects is different.



	(3)

	
Parameter tuning and optimization process







The parameter rectification and optimization search process was as follows: (1) determine the range of Kp, Ki, Kd and the coding length, then perform coding; (2) generate the initial population P0; (3) decode the individuals in the population into the corresponding parameter values and use these parameters to find the objective function value J and fitness function F; (4) perform selection, crossover, and mutation operations on population P0 to generate the next-generation population P(t + 1); (5) repeat Steps (3) and (4) until a satisfactory value is reached. A flow chart is shown in Figure 12.



	(4)

	
GA self-tuning PID parameter setting







Taking the front drive motor system of the hydraulic travel system as an example, before using the genetic algorithm to adjust the PID parameters of the system, it is necessary to determine the range of PID parameters to be adjusted according to the actual situation. The value ranges of PID parameters were Kp (0.0010, 30.0000), Ki (0.0010, 10.0000), Kd (0.0010, 10.0000), the initial population number was 30, and the number of population iterations was 100. For objective function weight selection, ω1 = 0.9960, ω2 = 0.0010, ω3 = 2.0000, and ω4 = 180.0000. The MATLAB program was used for operation simulation and the genetic algorithm is used to optimize the PID parameters of the control system. The simulation model was built in Simulink, as shown in Figure 13.




3.2.4. Self-Tuning of PID Parameters Based on BP


A BP (Back-propagation) neural network is a multilayer feedforward network trained according to the error back-propagation algorithm, which mainly utilizes the gradient search technique of the gradient descent method to continuously adjust the weights and thresholds of the connections between network layers by back-propagation in order to minimize the sum of squared errors between the actual and desired outputs of the network and to make the system optimal by continuously adjusting the weights and thresholds between network layers [19,20] A typical three-layer feedforward BP neural network structure is shown in Figure 14.



In a typical three-layer feed-forward BP neural network structure, the input vector is X = (X1, X2, …, Xn), the hidden layer vector is O = (o1, o2, …, om), the output vector is Y = (y1, y2, …, yl), and the desired output vector is D = (d1, d2, …, dl). The connection matrix between the input layer and the hidden layer is W = (W1, W2, …, Wj, …, Wm) and the connection matrix between the hidden layer and the output layer is V = (V1, V2, …, Vk, …, Vl). For the mathematical representation of the output layer,


   y k  = f  (    ∑  j = 0  m    V  j k    o j     )    k = 1 ,   2 ,   … ,   l  



(8)




where, Vjk is the output layer matrix, Oj is the implied layer vector, and m, j is the number of connection matrices between the input layer and the hidden layer.



For hidden layer mathematical representation,


   o j  = f  (    ∑  i = 0  n    W  i j    x i     )    j = 1 ,   2 ,   … ,   m  



(9)




where Wij is the implied layer matrix and n is the number of implied layer matrices.



Where the transfer function f(x) is a unipolar Sigmoid function,


  f ( x ) =  1  1 +  e  − x      



(10)







For each layer, the weight adjustment expression is


   {    Δ  W  j k   = − η   ∂ E   ∂  W  j k         Δ  V  j k   = − η   ∂ E   ∂  V  j k           ( j = 1 ,   2 ,   … ,   m ,   k = 1 ,   2 ,   … ,   l )  



(11)




where Vjk is the output layer matrix, Wjk is the matrix connecting the input layer to the implicit layer, and η is the learning rate coefficient.



When using a BP neural network to rectify the three parameters of the PID controller, it is necessary to determine the structure of the BP neural network, the initial values of the Wij and output layer Vjk weighting coefficients, the learning rate, η, and the inertia coefficient, α. In this paper, the structure of the BP neural network was used for the 3-8-3 model. The initial value of the weighting coefficients of the implicit layer was Wij = 0.5 rands (8,3), the initial value of the weighting coefficients of the output layer was Vjk = 0.5 rands (3,8), the learning rate was η = 0.1000, and the inertia coefficient was α = 0.0100. Inertia coefficients were added to the BP neural network in order to avoid oscillations and slow convergence in the learning process of the weights. The controller parameters are varied, as shown in Figure 15; the controller builds the simulation model as shown in Figure 16 and the constant speed simulation model of the hydraulic travel system based on the neural network algorithm is shown in Figure 17.






4. Simulation Analysis


4.1. Constant Speed No-Load Simulation Analysis


Let the motor speed be 1600 r/min, the Amesim simulation time 30 s, and the Simulink simulation time 6 s. These were compared with a state machine using the statechart control module, Z–N frequency response PID control, fuzzy PID control, GA based PID control and BP algorithm based PID control. The simulation results of motor speed tracking under step signal were compared as well. As can be seen from Figure 18a, the maximum overshoot of the front-drive motor speed is 28.43% and the dynamic stabilization adjustment time is 8.3712 s under step signal simulation with the state machine statechart control method in Simcenter Amesim simulation software2019.1. The rear-drive motor has no overshoot, and the dynamic stabilization adjustment time is longer, about 15.2528 s. It can be seen from Figure 18b that when using the PID control method based on Z–N frequency response, the maximum overshoot of the speed of the front drive motor is 9.38% and the dynamic stability adjustment time is 6.0746 s, the overshoot of the rear drive motor is 8.57%, and the dynamic stability adjustment time is about 5.0600 s. From Figure 18c, it can be seen that the maximum overshoot of the front motor speed is 1.69% and the dynamic stabilization time is about 1.2319 s with the fuzzy PID control method. The overshoot of the rear motor is 2.43% and the dynamic stability adjustment time is about 0.7524 s. As can be seen from Figure 18d, with the GA self-tuning PID control method there is no overshoot of the front motor and rear motor speed, and the dynamic stability adjustment time is 2.3800 s for the front motor and 0.6718 s for the rear motor. From Figure 18e, it can be seen that the PID parameter self-tuning control method based on BP algorithm has no overshoot in the speed of either the front drive motor or the rear drive motor, the dynamic stabilization adjustment time of the front drive motor is 1.5112 s, and the dynamic stabilization adjustment time of the rear drive motor is about 1.3910 s. The state machine with statechart control has a larger overshoot, and the synchronization speed time of the two motors is longer, thus, the dynamic response is poor. The Z–N frequency response PID control method has a better effect than the former one, however, at the same time there is a larger overshoot and longer dynamic response time. The overshoot and dynamic stable adjustment time of the fuzzy PID control method are better than the first two control methods, however, the dynamic adjustment is not smooth enough, which causes system oscillation during the rise. Both the GA self-tuning PID control method and BP algorithm PID parameter self-tuning control method have no overshoot, however, the time to reach synchronous speed of the double motors based on BP algorithm PID parameter self-tuning control is 36.55% shorter than GA self-tuning PID control, thus, the control effect is better.




4.2. Constant Speed Load Simulation Analysis


With the simulation conditions otherwise unchanged, an external load signal of 400 N-m was added to the system at the 4th s. The simulation results are shown in Figure 19. After adding a 400N-m external load to the front drive motor, it can be seen that the maximum speed of the front drive motor decreases by 22 r/min using the PID parameter self-tuning control method based on BP algorithm, while the overshoot is 1.38%. The BP algorithm-based PID parameter self-tuning control method decreased by 4.20%, 2.32%, and 0.63%, respectively, compared to the Z–N frequency response PID-based control method, the PID control method using fuzzy PID, and the GA self-tuning PID control method, and the target speed could be tracked in about 0.2700 s. The rear drive motor decreased by a maximum of 46 r/min, while the overshoot is 2.88%, which is 3.00%, 0.31%, and 1.92% lower, respectively, than the first three control methods. Our analysis shows that system stability is better when using the PID parameter self-tuning control method based on the BP algorithm.




4.3. Motor Speed Synchronization Simulation Analysis


As shown in Table 2 and Figure 20, the Z–N frequency response PID control process has an overshoot amount, which causes system oscillation during the working process; the two motors take a long time to track the target speed synchronously. While the dynamic response of the fuzzy PID control system is fast, the system oscillation is more serious from zero to the target speed stage, and the hydraulic system does not work smoothly. The PID parameter self-tuning control based on BP algorithm has no overshoot, the two motors synchronously reach the target speed in a shorter time, and the hydraulic system works smoothly and stably. In the case of alternating and variable loads, the system remains stable and quickly synchronizes with the target speed. This analysis shows that system stability and synchronization are better with the PID parameter self-tuning control method based on the BP algorithm.





5. Discussion


Under constant speed no-load operating conditions, the state machine with statechart control has a larger overshoot, the synchronization speed time of the two motors is longer, and the dynamic response is poor. The Z–N frequency response PID control method has a better effect than the former one; however, at the same time it has a larger overshoot and longer dynamic response time. The overshoot and dynamic stable adjustment time of the fuzzy PID control method are better than the first two control methods; however, the dynamic adjustment is not smooth enough, which causes system oscillation during the rise. While the GA self-tuning PID control method and the BP algorithm PID parameter self-tuning control method both have no overshoot, the time needed to reach synchronous speed of the double motors based on the BP algorithm PID parameter self-tuning control is 36.55% shorter than the GA self-tuning PID control, thus, the control effect is better.



Under constant speed and variable load conditions, the Z–N frequency response PID control process has an overshoot amount, which causes system oscillation during the working process, and the two motors require a long time in order to track the target speed synchronously. While the dynamic response of the fuzzy PID control system is fast, the system oscillation is more serious from zero to the target speed stage, and the hydraulic system does not work smoothly. On the other hand, the PID parameter self-tuning control based on the BP algorithm has no overshoot, the two motors synchronously reach the target speed in a shorter time, and the hydraulic system works smoothly and stably.




6. Conclusions


Aiming to eliminate instability and synchronize motor speed under step input speed and external load disturbance conditions, the research object of this paper was a hydraulic travel system with a single pump and double motors. Based on the establishment of its mathematical model, a variety of different control strategies were proposed for analysis and comparison. The conclusions are as follows:




	
In this paper, five different control strategies were designed and each control strategy was compared and analyzed. The PID parameter self-tuning control method based on a BP algorithm was determined to realize the best constant control of the system output speed.



	
In no-load, load, and multi-alternating load cases, the PID parameter self-tuning control method based on BP algorithm had the smallest speed overshoot of both the front-drive and rear-drive motor and the shortest dynamic stability adjustment time. The dynamic response effect was better and the hydraulic system was more smooth and more stable.



	
The PID parameter self-tuning control method based on BP algorithm required a shorter time for the two motors to reach the target speed synchronously, and the working process of the hydraulic system was smooth and stable compared to the other control methods. Under sudden changes and changeable loads, the system remained stable and quickly synchronized with the target speed.








The designed hydraulic travel system with a PID parameter self-tuning controller based on a BP algorithm is able to output the speed of the dual hydraulic motors in a constant and synchronous manner under the conditions of sudden and variable loads and step input speed. These results help to obtain new insights and provide a reliable method for improving the existing hydraulic systems of engineering and agricultural machinery.
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Figure 1. Transmission principle diagram of hydraulic traveling system. 1. Hydraulic pump; 2. Charge pump; 3. Hydraulic oil tank; 4. Pressure regulating valve; 5. Check valve; 6. Hydraulic pump solenoid valve; 7. Hydraulic pump cylinder; 8. Throttle valve; 9. Hydraulic oil cooler; 10. Front hydraulic motor solenoid valve; 11. Rear hydraulic motor solenoid valve; 12. Front hydraulic flow regulating solenoid valve; 13. Rear hydraulic flow regulating solenoid valve; 14. Front motor hydraulic cylinder; 15. Rear motor Hydraulic cylinder; 16. Front hydraulic motor; 17. Rear hydraulic motor; 18. Gearbox; 19. Rear gearbox. 
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Figure 2. Speed regulation principle of hydrostatic travel system. 
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Figure 3. Block diagram of the mathematical model of pump-controlled motor. 
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Figure 4. Bode diagram of the open-loop frequency characteristics of the system. 
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Figure 5. Model of hydraulic travel system based on state machine control. 






Figure 5. Model of hydraulic travel system based on state machine control.



[image: Processes 10 00944 g005]







[image: Processes 10 00944 g006 550] 





Figure 6. System adaptive tracking control framework. 
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Figure 7. Flow chart of motor synchronous driving control. 
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Figure 8. Ziegler-Nichols frequency tuning PID simulation model. 
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Figure 9. System bode diagram before and after Ziegler-Nichols frequency setting. 
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Figure 10. Fuzzy PID simulation model. 
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Figure 11. Three-dimensional curved surface diagram of fuzzy PID output ∆KP, ∆Ki and ∆Kd. 
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Figure 12. Flow chart of PID parameter self-tuning based on GA. 
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Figure 13. Genetic algorithm self-tuning PID simulation model. 
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Figure 14. Typical feedforward BP neural network structure. 
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Figure 15. BP_ Controller parameter variation curve. 
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Figure 16. BP_ Build simulation model of PID controller. 
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Figure 17. BP self-tuning PID simulation model. 
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Figure 18. Design of adaptive tracking controller. 
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Figure 19. System constant speed load control. 
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Figure 20. Synchronous control of motor speed. 
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Table 1. Parameters of pump-controlled motor mathematical model.
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	Parameter
	Symbol
	Unit
	Parameter
	Symbol
	Unit





	Proportional amplification gain
	Kα
	A/V
	Rear motor displacement
	Dm2
	m3/rad



	Proportional valve gain coefficient
	Kbv
	N/A
	System natural frequency
	ωh
	rad/s



	Flow gain at stable operating point of valve
	Kq
	m2/s
	System damping ratio
	δh
	   − −   



	Effective area of hydraulic cylinder piston
	A
	m2
	Total leakage coefficient of pump and motor
	Ct
	m5/N·s



	Variable displacement pump swash-plate inclination coefficient
	KΦ
	rad/m
	Effective volume of hydraulic circuit
	V0
	m3



	Variable pump flow gain
	Kqp
	m2/s
	Effective bulk modulus of elasticity
	βe
	N/m



	Front motor displacement
	Dm1
	m3/rad
	Speed sensor gain factor
	Kf
	V·s/rad
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Table 2. Comparison of parameters of different control methods.






Table 2. Comparison of parameters of different control methods.





	Parameter
	Overshoot
	Tracking Target Speed Time (s)





	Ziegler-Nichols
	9.25%
	6.0746



	Fuzzy_PID
	2.38%
	1.2319



	BP_PID
	none
	1.5112
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
Calculate the speed.
(difference on both sides

Teft
deviation

Right Rear motor “Front motor
deviation | | Displacement reduction | [increased displacement

Front motor “Rear motor
[Displacement reduction|  |Increased displacement

1 I

Coir





media/file4.png
. ———— e e — — - Output
voltage signal raulic proportional variable mechanism | s I;;
+ Proportional Electro hydraulic Hydraulic |, | The variable Front drive | pe ol load
amplifier proportional valve linder | pump motor o
Feedback - # | == === ==———————  =—m—————
voltage signal
{ Speed sensor }f.
| Cross coupling |4
| controller |
: e S S Output
voltage signal Electro hydraulic proportional variable mechanism <peed
+ Froportional blectro hyﬂrauhc Hydraulic Ihe variab i pe o] 10ad
amplifier proportional valve linder pump v] =2
Feedback — | e e e e e

voltage signal

| Speed sensor Ilf.






media/file30.png
value

0498

0.496

0.494

0492

049

0.488

-

A A A

0.486
0

2 3 4

Time (s)

(a) Parameter Ky, Ka

value

0.48

0.46

0.44

0.42

0.34

0.32

—Ki

Time (s)

(b) Parameter K;





media/file39.jpg
ik

FEE:

H

H

F]

Prmw EROTT
(3) Synchromous contol of moto spe it diffeent o (b) Synchronouscontolof mtor speed ltenating load based o

b e BP algorithm.





media/file18.png
—— Before setting
— After setting

Bode Diagram

50

1
=
i

100

(gp) spnyubep

-150

360

-360

102 10° 10
Frequency (rad/s)

107

109





media/file35.jpg
Motoe speed (rmia'™)

Motorsped i’

Motorsped (i)

1800
1600

ol N [
wlf =
wf]

wl 3

w

)

W5

£

Tine (5)
(@) Stote machine with satchart conrol

%

E]

Time ()
(6) Z-N frequency response PID conrol

i

1

[——

838888E3E

(@ Fuzzy PID control

(@GA_PID control.

) BP_PID paramete selftunin con
oy





media/file21.jpg
(@) Thee-dimensional surfoce diagrom  (b) Thvee-dimensional surface diagram () Thee-dimensional surface diagzam
of fuzzy PID output AKr of fuzzy PID output AK; of fuzzy PID output AK:






media/file26.png
62.189 [
PID(s) +'j ’
1.20°10% 453 +4 0° 1035245 L

Sco
GA_PID Transfer Fend "

~

Gain

7.5e-35+1.5e-3
1.20*10"452+4 9°10"-35+1

Step2
PID Contraller Transfer Fon2

|| PID{s) LI— Q Scopel

. . |
PID(s) Qutt rqil

Scopel

o GA_PID1

Transfer Fcn






media/file27.jpg





media/file3.jpg





media/file22.png
(a) Three-dimensional surface diagram (b) Three-dimensional surface diagram (¢) Three-dimensional surface diagram
of fuzzy PID output AKr of fuzzy PID output AK; of fuzzy PID output AKqa





media/file19.jpg





media/file7.jpg
(2)Bode diagram of open loop characteisticsofrear drive

(6) Bode diageam of open loop characerstics of front dive
oo 523






media/file28.png





media/file10.png





media/file40.png
1800
1800 R

i [ "# 'R L .‘."‘

1600 1600 g -

g 1400 | = Zicgler-Nichols ~ WO 1700l \ B v

o 1200F 1800 - Fuzzy PID £ 1200

\> _ ] - == BP_PID £ | 1650 |

anlr

e [ iy ;

5 1000 700, < 1000 1600

. 1650 2

% 800 1;0“._ 2 800 1550+

g 1600 2

s 600 1550} S 600 | 1500}

2 400 1500+ E

- HHH | 1450F .
Shu 400 9 L
200 |
U M 1 N 1 M 1 M ] M 1 M
0 1 2 3 4 5 §) 0 . : . L . . . : : L :
: | 0 1 9 3 4 5 6
Time (s) Time (s)
a) Svnchronous control of motor speed with different al- b) Synchronous control of motor speed alternating load based on
y P y P &

gorithms BP algorithm





media/file33.jpg





media/file32.png
yik)

[ b 1|

p———————»(+ »
=/
L
1 >
—» E >
Unit Dalay
1
"z
Unit Delay1
>
o L | > >
Lz |
Unit Delay2
>
J 1
z
Unit Delay3
—> % g
Unit Delay5
1 >
e »

Unit Delay4

0

Scope

nnbp_1

S-Function






media/file14.png
v
Front and rear
wheel speed

Calculate the speed
difference on both sides

Anm, = =n,
n,|<e

N

y Y Left
A”" >0 "| deviation
¥ v
oht Kear motor Front motor
deviation Displacement reduction

Increased displacement

Front motor
Displacement reduction

ear '1lnotor
Increased displacement ‘

(—1

end <






media/file11.jpg
= K Cross coupling

Genetic
hlgorithay | BPNN

LI oo
PID controller | >

t1 il front motor

State machine| [ Fuzzy
control controller

Speed sensor|

K2} controller ~_F——)

\p controlled !

rear motor

it 11t

tate machine||  Fuzzy
control _|_controfler

Speed sensorfe






media/file6.png
b | N

Ly |

l[.«"- ( S) + K
E;f(s)
3
9}'?? ( S ) ¢ 1
< 1, 26,
— s —ts5+1
w, o,
T, (s) Ct v,

P> —(1+
Dm"( B.C,






media/file36.png
Motor speed (r-min™)

2000
N T
5 6 :E ----- Target speed
= %088 = s Roar motor
:'-. ke —— Front  motor
douet — Roar motor =
3 w— Front motor o
& OO0 il Target speed g
oA [ ]
— —
S Qi ;
*5 4,5 bOO 1G04 11 . A
2 i z DARIOIRZDEAFAOARAN
500 400
200
0 M | M | M | 1 N | L 1 U 1 1 1 1 1
0 h 10 15 20 29 30 0 1 2 3 4 5 6
Time (s) Time (s)
(a) State machine with statechart control (b) Z-N frequency response PID control
1800 1800 1800
1600 R fj= 1600 1600 h?->z0=
L \ i ] G *
1400 m— Redr e lor D 1400 = Front motor I 1400 r — oL Lo
LGS0 —};1:01'#' r:‘1r";’rr1r E [ m— A MOLOT g \ o }h:e-lr'lel.-:L)r'
1200 F ]HEEDE === Target speed :E 1200 ==== Targel spocd E 1200 il === fyrgel speod
10000 oo % 1000 | % 1000 ifﬂﬁ
800 1R i g_, 8[}{} g_ 800 IélﬁD
lﬁﬂﬂ_ 2 v 1RAD
600 150} g 600 g 600 520
lEiU-UI" 01 UI" UI-E 1o J.12 Eo EO :;gg
100 e e 400 Y 100 f 0,70, 40,60, 81.01.21.41.61.8
200 | 200 200 b
U 1 ] 1 ] 1 . {} . . 1 . ] i 1 [} 1 L A 1 A ] L 1
0 | 2 3 4 5 b (0 | 2 3 4 H 0 | 2 3 4 H
Time (s) Time (s) Time (s)
e) B PID parameter self-tuning con-
(c) Fuzzy PID control (d) GA_ PID control (e) BP_ P &

trol





media/file15.jpg





media/file37.jpg
Front motor speed (r-min™)

1800,

1600+

1100)
1200,
1000)
510
60

20

Rea motor speed. (r-min®)

Time (5)

(a) Front motor load control

Time ()
(b) Rear motor load control






nav.xhtml


  processes-10-00944


  
    		
      processes-10-00944
    


  




  





media/file16.png
=

Gain2

Signal Builder1

]
T
I

+ .‘-l !
= |2.BQ' 10%-452+1.32*10"25+1
[I—

Step2 Z-M_PID Controller2 Gain4  Integratori Transfer Fen

.-/_'ﬁ‘ Scope
~JI

. = F‘ID':S:I :
J C 5 1.29°10"452+4 9" 10"-35+1

Step Z-N PID Controllers  Gaind  Integrator2

Transfer Fcn

Load






media/file2.png





media/file20.png
&[]

=C

Constant

Ganl

Fuzzy Logic
Controller b
B

Gain2
Gans
Constant3

Derivalive

Ade3
Saepi

PID Contralier

Praducti
. Dl e ®

Gand  integratort

1

denfs}

Transfer Fen

Ta Warkspace

Scopet

Ftegratord

Transfer Fonl

Fuzzy PID Cantraller

Gainl6






media/file23.jpg
Tarameter
initialization

!

Initial population
coding and generation

k—

Calculate
fitmess value
Generate new
species groups
N P fsm p:
Vhether the algorithm
onvergence criterion is variation
verlapping
Decoding output
optimal solution f
choose






media/file5.jpg
K,






media/file24.png
Farameter
initialization

'

Initial population
coding and generation

Calculate
fitness value

Vhether the algorithm
onvergence criterion is

Decoding output
optimal solution

Generate new
Species groups

t

variation ‘

1

overlapping ‘






media/file29.jpg
value

Tise (2

(@) Parameter Ky, Ki

Tine 5

(b) Parameter Ki






media/file1.jpg





media/file31.jpg





media/file25.jpg
!EE'LFb 0
i






media/file12.png
0

Genetic
algorithm|

BP_NN

vy

vy y am
p controlled |
::j PID controller }—DF front motor |

f [11

o,

il

State machine

control

Fuzzy ‘

controller

—f'\—‘ Speed sensor I=

—KT}

i Cross coupling |,

g

K2}

| controller <

Genetic
algorithm)

BP_NN

vyy

vy ump controlled |
4.®_:q PID controller rear motor |

|

,

il

State machine

control

Fuzzy ‘

controller

—{ Speed sensor I=-‘






media/file9.jpg





media/file0.png





media/file38.png
Front motor speed (r-min™")

1800

1600 [

1100

1200

1000

800

600
400

200§

-----

== fuzzy FTD
T oolor—Nichols
— 1P P1D

== A PLID

---- Target speed

1 2 3 4 5 6

Time (s)

(a) Front motor load control

Rear motor speed (r-min™')

1800F
- - - Ny
i 4 N [’ ‘. 5\
] bOO o ] fi ,
1400 .’ e
3 ’ 2 Target speed
¢ 1750F
@—_BP_PID
1200 [ " 1700} .'t: - = G:piD
: : = = FuzmyPID
1000 : 16501 ,"A , o Zui:yglef-Nichols
f 1600 s
’
800 i 1550} !
600k, 1500}
' 1150
400 1400 AR -
3.5 1.0 4.5 2.0 2.5

200

0

Time (s)
(b) Rear motor load control





media/file8.png
Bode Diagram

Bode Diagram

50 I ; ! ; 50 H T T T ' T ' T LA |
::1 a '

) T ! o
2 | ! z
o) T , o)
© D ©
2 ) | 2
= = , 2
o . o
© ! f ©
= S ! =

! | : - | o

_100 | | _100 L L T | i L PR R S A |

-90 - T -90 ————
!
S ! =)
(] | (]
S S
o -180 o -180 [ 1
2 2}
© ©
= =
o o
-270 = 270 e e e i e e e e o e
10° 10" 102 10° 10° 10° 10° 10°
Frequency (rad/s) Frequency (rad/s)
(a) Bode diagram of open loop characteristics of rear drive (b) Bode diagram of open loop characteristics of front drive

motor motor





media/file34.png
Slep2

-+
-
- L LY
» 93,073 | o) e
A . dl:nl!l | \.‘-j
ik Fy
Transder Foni Scope
BP-P|Doantralar
Gain
{?‘]-:
Display1
J'U'l |..| 3. 36a-35+1.5%e-2
t@ '| 2 8B [*-d52+1.32° 107 254+1 |
Scopad G::eur::aﬂ Transfer Fen2
PID Controller
| Pilis) |= )
hd T [ 62.18 h.lf_\l
k] L — L
Addi . | denfs} |
k)
Transfer Fen3
BP-PIDocantroler]
Gainl
-ﬂ Laad
o






media/file17.jpg
Bode Diagram

— Before setfing
—  After setting

s
3

s 8 =
a2 2

(gp) spryiuben

)
8 ° 8

(69p) aseud

g

102 10° 104

Frequency (rad’s)

10'

>





