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Abstract

:

In order to realize the pressure control of the tractor electronic hydraulic hitch in the fields, the pressure control algorithm is essential. In this study, combining the kinematics model with the dynamic model of ploughing and the hydraulic system model, an adaptive fuzzy PID controller is proposed to adjust the real-time data of the PID parameters for the pressure control of the tractor electronic hydraulic hitch. The feasibility of the proposed controller was verified by simulation. Next, a pressure control experimental with the real vehicle experiment platform was carried out under three control algorithms of the traditional PID, the traditional PID with compensation correction and the adaptive fuzzy PID with compensation correction in verifying the pressure control effect of the tractor in different controllers. When the system was stable, the experimental results showed that the input was 1.5 MPa step signal with response time in the traditional PID controller of 2.5 s, fluctuation range of 0.5 MPa. However, the response time in the adaptive fuzzy PID with compensation correction was 1.5 s, fluctuation range of 0.3 MPa. The responding time was 40% lower, and the pressure fluctuation range was reduced by 40%. In conclusion, the proposed algorithm successfully realized the pressure control of the tractor. The proposed adaptive fuzzy PID with compensation correction in this paper has a better dynamic performance.
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1. Introduction


The hitch is a particular part used with a tractor for the lifting of agricultural tools and control of plough depth. The operation quality and efficiency of the tractor unit could be affected directly by control performance [1]. Since the requirements of elaborate operation were continuously improved upon [2,3], the accuracy and the control stability, as well as the response speed of the tractor hitch, were expected to be better. With the development of hydraulics, electro-hydraulic control has received increased attention in the field of an intelligent agricultural tractor [4,5,6]. Many different control methods have been developed for the tractor electronic hydraulic hitch control system, including the position control, draft control [7,8,9], draft-position control [10] and slip rate control [11,12,13]. The efficiency of tractor ploughing can be greatly improved by adopting corresponding control methods under different working conditions [14]. When the tractor ploughs the ripe farmland, the resistance of ploughing is small, and the floating control is widely used. The profiling function of floating control is more accurate than the traditional position control and draft control. Moreover, by using pressure control, the effect of floating control can be improved, and the weight of the farm tools which borne by the land wheel could be moved to the driving wheel of the tractor. Accordingly, the adhesion of the driving wheels and the efficiency could be improved [15,16,17]. At present, the research on the pressure control algorithm of the tractor electro-hydraulic hitch was lacking, so it is of great significance to analyze the pressure control process and control algorithm of the tractor.



In the actual field operation, there are inevitable fluctuations in the ground, and the soil environment constantly changes [18,19], which makes the hydraulic cylinder produce forced displacement and causes the fluctuation of the system pressure. Accordingly, the system becomes unstable. There are also various studies on control algorithms for the fluctuation of the system pressure. Yuan et al. [20] proposed an adaptive optimal decoupling control strategy, which can effectively eliminate the coupling between the force control system and improve the tracking accuracy of the system. Based on the quantitative feedback technology of online adjustment, Dinh et al. [21] designed the robust controllers of the loading system. In reference [22,23], a nonlinear adaptive method of adjusting parameters by backstepping control algorithm was adopted. Compared with the above control algorithms, adding compensation and correction link in the system has the advantages of simple structure and easy implementation process, which can overcome the pressure fluctuation. Accordingly, it is widely used in engineering [24,25].



However, there are always uncertain factors in the real working process, such as the non-linearity of mechanical structure and the change of valve parameters, which make the compensation link not robust [26]. The accurate mathematical model was not required in the fuzzy controller. Accordingly, the control mechanism and control strategy are easy to accept and understand and have strong robustness and self-adjusting ability. The adaptive fuzzy PID controller has the advantages of a simple principle, a convenient operation, and strong adaptability, and its control quality is insensitive to changes in the nonlinear controlled object [27,28]. Accordingly, the adaptive fuzzy PID controller is very suitable for agricultural machine operating in a complex environment [29,30,31]. Therefore, a pressure control algorithm was proposed by taking full advantage of the adaptive fuzzy PID control and compensation correction.




2. Mathematical Model of the Pressure Control System for the Tractor Electronic Hydraulic Hitch


Pressure Control for the tractor electronic hydraulic hitch is a kind of hydraulic weight increasing mechanism. The basic principle is to maintain a certain pressure in the hydraulic cylinder, which has a certain lifting effect on the plough, but it is not enough to lift the plough. As a result, the vertical load of the land wheel was reduced. Thus, the profiling function can be ensured, the vertical load of the driving wheel is increased, and the efficiency could be improved.



The system of pressure control for the tractor electronic hydraulic hitch mainly includes linkage, hydraulic system, and electrical system, etc. In the study, the mathematical model of the system of pressure control for the tractor electronic hydraulic hitch was established by analyzing the motion of the tractor electronic hydraulic hitch and the dynamic modelling of ploughing operation, which provided the foundation for the design and analysis of the pressure controller.



2.1. Analysis of Kinematics of the Tractor Electronic Hydraulic Hitch


The structure of the tractor electronic hydraulic hitch is shown in Figure 1. The triangle ANC structure is composed of hydraulic cylinder AC and lifting arm ND. The angle of lifting arm ND is changed by the telescoping hydraulic cylinder. The quadrilateral structure NDEB is composed of lower pull rod BV, lifting rod de and lifting arm ND. The angle of lifting arm ND is transmitted to the pull-down rod BV to drive the lower pull rod BV to rotate. Another quadrilateral mechanism ABCD is composed of the upper pull rod mg, pull-down rod BV and implemented so as to lift and lower the plough.



The vertical line passing through point B as the horizon is recorded as the y-axis, positive upward; the horizon is recorded as the x-axis, positive left; the intersection point O is recorded as the coordinate origin.



In the triangular ANC, l represents the length of two points, and the coordinates of each point are as follows:


   {     x N  −  l  NC   cos (  α C  ) =  x A  −  l  AC   cos (  α  AC   )      y N  +  l  NC   sin (  α C  ) =  y A  +  l  AC   sin (  α  AC   )      



(1)







In the quadrilateral NDEB, the coordinates of each point are as follows:


   {     x D  −  l  DE   cos (  β E  ) =  x B  −  l  BE   cos (  α V  )      y D  +  l  DE   sin (  β E  ) =  y B  +  l  BE   sin (  α V  )      



(2)







Similarly, in the quadrilateral MGVB, the coordinates of each point are as follows:


   {     x M  −  l  MG   cos (  α G  ) −  l  GV   cos (  β V  ) =  x B  −  l  BV   cos (  α V  )      y M  −  l  MG   sin (  α G  ) −  l  GV   sin (  β V  ) =  y B  +  l  BV   sin (  α V  )      



(3)







The coordinates (xW, yW) of the plough center of mass point W, the coordinates (xU, yU) of the axle center of land wheel point U, and the coordinates (xP, yP) of the tip of the plough in the middle point P in the x-o-y coordinate system were defined as follows, respectively:


   {     x W  =  x G  −  l  GW   cos (  β V  −  β W  )      y W  =  y G  −  l  GW   sin (  β V  −  β W  )      x U  =  x G  −  l  GU   cos (  β V  −  β U  )      y U  =  y G  −  l  GU   sin (  β V  −  β U  )      x P  =  x G  −  l  GP   cos (  β V  −  β P  )      y P  =  y G  −  l  GP   sin (  β V  −  β P  )      



(4)







In accordance with the geometric relationship shown in Figure 1, the coordinates (xQ, yQ) of the velocity instantaneous center point Q in the x-o-y coordinate system were defined as follows:


   {     x Q  =    y V  −  y G  +  k 1   x G  −  k 2   x V     k 1  −  k 2         y Q  =  y V  +  k 2  (  x Q  −  x V  )      



(5)




where    k 1  =    y M  −  y G     x M  −  x G    ,  k 2  =    y B  −  y V     x B  −  x V     .



The turning speed of the plough’s center of mass could be calculated as follows:


    α ˙  W  =    l  MG     α ˙  G     l  GQ      



(6)




where αw is the turning angle of the plough’s center of mass.



When tractor ploughing operation is approximately stable, the road roughness can be recorded as Zg (t) [32], and it can be obtained from Figure 1 that the land wheel settlement ZR is as follows:


   {       Z ˙   g  ( t ) + 2 π  n 0  v  Z g  ( t ) =  n 0    2 π G    q ( n   0  ) v   W ( t )      Z R  =  Z g  − (  y U  −  r R  )      



(7)




where q(t) is the road roughness function; W(t) is the Gaussian white noise with the mean value of zero; n0 is the road space cutoff frequency.




2.2. The Dynamic Model of the Tractor Electronic Hydraulic Hitch


To simplify the analysis, the soil resistance of plough is equivalent to that of the middle plough. As shown in Figure 2, the force on the plough body could be divided into horizontal resistance and vertical resistance. The vertical resistance included the steady part of the plough body in the vertical direction and the damping force in the process of the plough body movement [33].



The total steady resistance of the plough could be calculated as follows:


  R =  n p   b p   k p   h p   



(8)




where np is the number of ploughs, kp is the resistance coefficient; bp is the width of the single plough; hp is the depth of plough.



The horizontal resistance was calculated as follows:


   R H  = R cos ( φ )  



(9)




where φ is the angle between the total steady resistance of the plough body and the horizontal line.



It was assumed that the acting line of the vertical transient force of the plough body is approximately coincident with the acting line of the vertical component of the steady working resistance of the plough body. The vertical resistance of the plough body is as follows:


   R V  = R sin ( φ ) +  R H      y ˙   RV    v   



(10)







The location of the force bearing point of the plough body is as follows:


   {       S  RH   ≈ 0.36  h p         S  RV   ≈ 0.54  h p         



(11)







As shown in Figure 3, before establishing the dynamic model of the tractor electronic hydraulic hitch, the following assumptions were made:



(1) Ignore the shock of the wheel on the uneven soil, due to the low speed of ploughing.



(2) Ignore the mass of each member bar.



(3) The deformation stiffness of soil is far less than that of the implement members. Accordingly, the deformation of the plough and members is ignored.



As shown in Figure 3c, the forces applied to the plough include the soil resistance of the plough body, the vertical reaction force FRy and the horizontal rolling resistance FRx of the soil-applied to the wheel, the plough gravity mWg, the force FG at the upper pull rod, and the horizontal FVx and vertical force FVy at the pull rod.



We are taking plough as the research object. The equation of longitudinal and lateral dynamics of the plough and the equation of using D’Alembert’s principle for the sum of torques around V can be written as follows:


   {     R H  +  F G  cos  α G  −  F  V x   +  F  R x   +  m W   a  W x   = 0      F G  sin  α G  +  F  V y   −  R V  +  F  R y   −  m W   (  g +  a  W y    )  = 0      R H  (  y V  −  y P  −  s   R H    ) −  R V  (  x V  −  x P  +  s   R V    ) +  F  R y   (  x V  −  x U  ) +  F  Rx   (  y V  −  y U  )     −  m W   (  g +  a  W y    )  (  x V  −  x W  ) +  m W   a  W x   (  y V  −  y W  ) −  F G  cos  (   α G   )  (  y G  −  y V  )     −  F G  sin  (   α G   )  (  y G  −  y V  ) − (  J W  +  m W  (   (  x V  −  x W  )  2  +   (  y V  −  y W  )  2  ) )   α ¨  W  = 0      



(12)







The vertical force of the land wheel could be calculated by the following formula [34,35]:


   F  R y   =  {     1 3  ( 3 − n ) (  k c  + b  k φ  )   2  r R     z R       2 n + 1  2                z R  > 0         0         z R  ≤ 0      



(13)







The rolling resistance of the land wheel is approximately taken as follows:


   F  R x   ≈  F  R y   f  



(14)




where f is rolling resistance coefficient.



As shown in Figure 3b, the pull-down rod BV is taken as the research object. The force FE at the hinge point E could be calculated as follows:


   F E   l  EB   sin  (   β E  +  α V   )  −  F  V x   (  y V  −  y B  ) −  F  V y   (  x B  −  x V  ) = 0  



(15)






   F E  =    F  V x   (  y V  −  y B  ) +  F  V y   (  x B  −  x V  )    l  EB   sin  (   β E  +  α V   )     



(16)







Similarly, as shown in Figure 3a, the load force FC of the hydraulic cylinder can be obtained as follows:


   F C  =    F E   l  ND   sin  (   α D  +  β E   )     l  NC   sin  (   α  AC   −  α C   )     



(17)








2.3. Mathematical Model of the Hydraulic System for the Tractor Electronic Hydraulic Hitch


When establishing the dynamic model of the hydraulic system, the following assumptions are made first: neglects the influence of oil density and compressibility, the viscous damping coefficient of the system is ignored, system oil supply pressure is constant and returns oil pressure is zero.



The flow equation of the proportional valve is:


   q L  =  K q   x F  −  K c   p L   



(18)




where xF is spool displacement of the proportional valve, Kq is proportional valve flow gain, Kc is flow pressure coefficient, and pL is load pressure.



Then the flow continuity equation of the hydraulic cylinder can be expressed as:


   q L  =  A L    d  x L    d t   +  C t   p L  +    V L     β e      d  p L    d t    



(19)




where AL is the effective area of the hydraulic cylinder, xL is the motion displacement of hydraulic cylinder, Ct is the total leakage coefficient of hydraulic cylinder, VL is the total volume of two cavities of hydraulic cylinder, and βe is the effective volume elastic modulus of hydraulic oil.



Without considering the elastic load of the hydraulic system, the system force balance equation is:


   A L   p L  =  m L    x ¨  L  +  F C   



(20)




where mL is the equivalent mass of hydraulic cylinder piston, and FC is the load force of hydraulic cylinder.



The incremental Laplace transformation of equation 18–20 is as follows:


   {     Q L  =  K q   X F  −  K C   P L       Q L  =  A L   X L  +  C t   P L  +    V L     β e     P L  s      A L   P L  =  m L   X L   s 2  +  F C       



(21)







The transfer function of the pressure sensor is:


   U f  =  K f   P L   



(22)




where Kf is the conversion factor of the pressure sensor.



The transfer function of the proportional amplifier is:


  I =  K a  (  U r  −  U f  )  



(23)




where Ka is the gain of the proportional amplifier, Ur is the analogue reference voltage signal of system input.



The transfer function of the proportional electromagnet is assumed to be:


   G  sv   =    X F   I  =    K  sv      T  s v   s + 1    



(24)




where KSV is the current gain and TSV is the time constant.





3. Design of the Pressure Control Algorithm


3.1. The Compensation Correction Link


In the pressure control system, the transfer function Gc(s) of the compensation correction link selected in this paper is as follows:


   G c  ( s ) =    A L     K q   G  sv   ( s )    



(25)







According to Equations (21)–(25), the block diagram of the pressure control system with compensation correction is as follows:



It can be seen from Figure 4 that when the parameters of the valve are constant, the pressure control system with compensation correction can completely compensate the impact of the forced flow of the hydraulic cylinder caused by the ground fluctuation in theory.



However, in the actual operation process, there are nonlinear factors in the mechanical and hydraulic parts of the tractor electronic hydraulic hitch, and there are uncertain factors such as soil environment changes in the process of pressure control. According to the factors, in this paper pressure control algorithm based on adaptive fuzzy PID with compensation correction was proposed for the tractor electronic hydraulic hitch.




3.2. Design of the Adaptive Fuzzy PID Algorithm


3.2.1. The Adaptive Fuzzy PID Control Algorithm


The principle of the adaptive fuzzy PID controller for the pressure control system is shown in Figure 5. The system pressure deviation e and the deviation change rate ec are used as the input of the adaptive fuzzy PID controller. The PID parameters ∆Kp, ∆Ki, and ∆Kd are outputs of the controller. The PID parameters were adaptively adjusted online by the fuzzy inference method, which can meet different requirements of the different deviation e and the deviation change rate ec so that the controlled object achieves the quantitative dynamic and static performance.



According to the adaptive fuzzy PID control principle, the adaptive fuzzy PID controller with compensation correction could be defined as follows:


  u ( t ) = (  K  p 0   + Δ  K p  ) e ( t ) + (  K  i 0   + Δ  K i  )    ∫ 0 t   e ( x )    d ( t ) + (  K  d 0   + Δ  K d  )   d e ( t )   d t   +   d  x L    d t    G c  ( s )  



(26)




where Kp0, Ki0, and Kd0 are the initial set values of PID parameters.




3.2.2. Control Variable Fuzzification and Membership Function


As mentioned above, the parameters ∆Kp, ∆Ki, and ∆Kd are outputs. First of all, through closed-loop operation or simulation, the dynamic characteristics of the system were observed, and the parameters were repeatedly debugged, according to the influence of every parameter on the system. The PID control parameters were determined until a satisfactory response occurred, which were set as the initial parameters, Kp0, Ki0, and Kd0, of the adaptive fuzzy PID controller. For the PID controller, the control parameters are Kp0 = 0.5, Ki0 = 0.6, and Kd0 = 0.02. The appropriate fuzzy domain was then selected, based on the parameters, and the parameters ∆Kp, ∆Ki, and ∆Kd of the adaptive fuzzy PID control were determined by the fuzzy controller in real-time.



Based on the fuzzy control theory, the input and output variables were fuzzified as follows:



Pressure deviation e. The basic domain is: [−1.5 MPa,1.5 Mpa], the quantization domain is: {−3, −2, −1,0,1,2,3} = {NB, NM, NS, ZO, PS, PM, PB}, and the quantization factor is: 3/1.5 = 2;



Pressure deviation change rate ec. The basic domain is: [−15,15], the quantization domain is: {−3, −2, −1,0,1,2,3} = {NB, NM, NS, ZO, PS, PM, PB}, and the quantization factor is: 3/15 = 0.2;



Proportional parameter ∆Kp. The basic domain is: [−0.5,0.5], the quantization domain is: {−1,2/3,1/3, 0,1/3, 2/3, 1} = {NB, NM, NS, ZO, PS, PM, PB}, and the quantization factor is: 1/0.5 = 2;



Integration parameter ∆Ki. The basic domain is: [−1,1], the quantization domain is: {−1,2/3,1/3, 0,1/3, 2/3,1} = {NB, NM, NS, ZO, PS, PM, PB}, and the quantization factor is: 1/1 = 1;



Differential parameter ∆Kd. The basic domain is: [−0.02,0.02], the quantization domain is: {−1,2/3,1/3, 0,1/3, 2/3,1} = {NB, NM, NS, ZO, PS, PM, PB}, and the quantization factor is: 1/0.02 = 50.



The input and output variables are summarized in Table 1.



With the simple operation and small memory consumption of triangular membership function, they were selected as the membership function of the input and output variables. Seven fuzzy subsets are selected as triangular membership functions, which are NB, NM, NS, ZO, PS, PM and PB. The degree of membership functions corresponding to the input and output variables are shown in Figure 6.




3.2.3. Adaptive Fuzzy PID Control Rules


In the adaptive fuzzy PID controller, the three parameters work together to affect the system, which must be considered. The tuning requirements of ΔKp, ΔKi, and ΔKd under different deviations |e| and deviation change rate |ec| are as follows:




	(a)

	
When |e| is a large value, to speed up the response of the system, the ∆Kp value should be larger; ∆Ki is often set to 0 to avoid the differential oversaturation caused by the instantaneous increase of the |e| value




	(b)

	
When |e| is a medium value, to reduce the overshoot of the system, the values of ∆Kp, and ∆Ki should be smaller and the value of ∆Kd should be appropriate to speed up the response of the system.




	(c)

	
When |e| is a small value, to keep the good steady-state performance of the system, ∆Kp and ∆Ki should be set as larger values, and the value of ∆Kd is up to |ec|. When |ec| is small, ∆Kd takes a larger value. When |ec| is large, ∆Kd should take a smaller value to avoid oscillation of the system.









According to the tuning requirements above, the fuzzy control rules for PID control parameters were designed as follows:



According to the adaptive fuzzy PID control rule established below in Table 2, the dynamic tunings of ∆Kp, ∆Ki, and ∆Kd were obtained. According to the membership degree of each fuzzy subset and the fuzzy control model of each parameter, the fuzzy matrix table of PID parameters is designed by using fuzzy synthesis reasoning and the corrected parameters ∆Kp, ∆Ki, and ∆Kd are found out. The proportional, integral, and differential parameters Kp, Ki and Kd of PID controller are as follows:


   {       K p  =  K  p 0   + Δ  K p         K i  =  K  i 0   + Δ  K i         K d  =  K  d 0   + Δ  K d         



(27)







In conclusion, the adaptive fuzzy PID controller model established in this paper is shown in Figure 7.






4. Simulation Analysis


To verify the effectiveness of the feasibility of the adaptive fuzzy PID with compensation correction pressure control algorithm, the simulation model of pressure control for the electronic hydraulic hitch was established in MATLAB.



In the simulation process, the pressure control for the electronic hydraulic hitch is in constant value control with interference during tractor operation, so that the step signal of 1.5 MPa is selected as the system input signal. Class D road spectrum is selected as the excitation signal of the land wheel, and road irregularity is shown in Figure 8. The step signal response curves of the pressure control for the electronic hydraulic hitch of the traditional PID, the traditional PID with compensation correction and adaptive fuzzy PID with compensation correction are as shown in Figure 9, respectively. Fuzzy adaptive adjustment of Kp, Ki and Kd are as shown in Figure 10, respectively.



The simulation analysis when different control algorithms are adopted is shown in Table 3. When the traditional PID is used to control the pressure, the response time is the only 1 s, but the pressure fluctuates greatly, and the stability and robustness of the system are poor. When the traditional PID is added with compensation correction, the system has no overshoot, and the response time is about 3.5 s. When the adaptive fuzzy PID control algorithm with compensation correction is adopted, the system has no overshoot, but the response time is only 1 s. The dynamic performance of the system is better than others.



To verify the effect of the profiling function of the pressure control system for the tractor electronic hydraulic hitch, the position Y coordinate curves of the point of the plough tip and the contact point between the ground wheel and the ground, and the ground unevenness are as shown in Figure 11. The simulation results show that when the tractor adopts the pressure control, the soil subsidence of the land wheel is reduced, the tractor ploughing can keep the profiling function and the ploughing depth is uniform, and the better agronomic requirements can be obtained compared with the traditional position control.




5. Field Experimental Results and Discussion


5.1. Field Experimental Scheme


The field experiment was conducted at the Shangzhuang Experimental Base of China Agricultural University. As shown in Figure 12, it mainly includes tractor, pressure control system and communication module. The original tractor electro-hydraulic hitch was changed into pressure control experimental platform. The pressure sensor is ak-4, the range of pressure sensor is 0~10 MPa; the output voltage is 0~5 V, the relative error is ± 0.5%. The displacement sensor is Miran, the range of displacement sensor is 0~250 mm, the output voltage is 0~5 V, the relative error is ± 0.1%.



The effectiveness of the pressure control algorithm is verified by simulation. The control program is written in codesys and downloaded to TTC60 through CAN0. The parameters of the controller were adjusted on the field tractor until a satisfactory result occurred. CAN0 and CAN1 were connected to the computer, respectively. When CAN0 is connected to PC, the parameters of the controller can be observed in codesys in real-time. During the experiment, and according to the requirement of ploughing depth, the land wheel was adjusted to a reasonable position; the upper pull rod was adjusted to maintain a certain angle of penetration; the left and right pull rods were adjusted to make the plough in a horizontal position; then the lowering valve was opened to make the plough in a floating state. The tractor is adjusted to B1 gear, and the speed is stable at 6 km / h. When the plough is completely in the soil, the control signal is sent to the controller through CAN0. The experimental data, such as the hydraulic cylinder pressure and control input signal, were saved in real-time through CAN1.




5.2. Analysis of Experimental Results


Figure 13 shows experimental results, where the red line is the actual pressure. The pressure tracking curves of traditional PID, traditional PID with compensation correction and adaptive fuzzy PID with compensation correction control algorithm are shown in Figure 13a,b,c, respectively.



From Figure 13a, it can be seen that the system response is fast, reaching 1.5 MPa in about 2 s, but the pressure tracking curve fluctuates greatly, which fluctuates between the minimum 0.7 MPa and the maximum 2.1 MPa, and the system robustness is poor when the traditional PID algorithm without compensation correction is adopted.



From Figure 13b, it can be seen that the system pressure reaches 1.5 MPa in 2.5 s, and when the system is stable, the pressure tracking curve fluctuates between the minimum 1.2 MPa and the maximum 1.7 MPa under the control of traditional PID algorithm with compensation correction.



From Figure 13c, it can be seen that the system pressure only reaches 1.5 MPa in 1.5 s, and when the system is stable, the pressure tracking curve fluctuates between the minimum 1.3 MPa and the maximum 1.6 MPa under the control of adaptive fuzzy PID algorithm with compensation correction. The fluctuation is caused by the forced flow caused by the uncertain parameters of the valve and other factors, which cannot be fully compensated. The dynamic performance of the system is better than others.



The system response performance under the control of various algorithms is calculated and summarized in Table 4. From that table, we find that the adaptive fuzzy PID control algorithm with compensation correction proposed in this article has a good effect for the system response. From 2.5 s when only traditional PID with compensation correction control to 1.5 s, which achieves the experimental effect of pressure tracking control using the adaptive fuzzy PID control algorithm with compensation correction. The responding time was 40% lower, and the pressure fluctuation range is reduced by 40% from 0.5 MPa to 0.3 MPa. According to the field experimental results, the pressure control system with the proposed algorithm has a favourable dynamic response character, high tracking accuracy, and sufficient robustness to meet the field performance requirements of the tractor.





6. Conclusions


In the manuscript, the adaptive fuzzy PID with compensation correction pressure control algorithm for the electronic hydraulic hitch is proposed. This controller can adjust the PID control parameters in real-time in the fuzzy domain, which can make the adaptive fuzzy PID controller with compensation correction output the best control variables. The pressure control experimental platform is modified. Simulations and field experiments are performed to verify the effectiveness of the pressure control system. When the system is stable, the experimental results are shown that the input is 1.5 MPa step signal with response time in the traditional PID controller of 2.5 s, fluctuation range of 0.5 MPa. But the response time in the adaptive fuzzy PID with compensation correction is 1.5 s, fluctuation range of 0.3 MPa. The responding time is 40% lower, and the pressure fluctuation range is reduced by 40%. In conclusion, the adaptive fuzzy PID with compensation correction pressure control algorithm proposed in this study can realize the pressure control of the electronic hydraulic hitch, which is beneficial to improve system dynamic performance and can satisfy the agronomic requirements of the field operation of the tractor.



This article mainly completes the pressure control work. It should be pointed out that there is no consideration on the coupling effect between the pitching motion of the tractor and the ploughing operation, and the slip rate of the tractor is not reflected in the mathematical model. In the field experiment, we did not add controlled disturbances to investigate the behaviour of the adaptive controller works. In subsequent research, we will consider applying these results to the energy conservation background of the tractor slip rate, as well as to do further theoretical and experimental research, adding some controlled disturbances in the experiments to investigate how the adaptive controller behaves.
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Figure 1. The structure of the tractor electronic hydraulic hitch: (a) whole part; (b) magnified part. 
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Figure 2. Force analysis of plough. 
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Figure 3. Simplified force analysis for tractor electronic hydraulic hitch:(a) force analysis of lifting arm; (b) force analysis of lower pull rod; (c) force analysis of plough gear. 
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Figure 4. Pressure control block diagram of electro-hydraulic hitch with compensation link. 
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Figure 5. Principle diagram of the adaptive fuzzy PID controller for pressure control. 
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Figure 6. Input and output variable membership function: (a) Membership function of the input variables e, ec; (b) membership function of the output variables ΔKp, ΔKi, andΔKd. 
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Figure 7. Adaptive fuzzy PID control simulation diagram. 






Figure 7. Adaptive fuzzy PID control simulation diagram.



[image: Applsci 10 03179 g007]







[image: Applsci 10 03179 g008 550] 





Figure 8. D-level road random time-domain simulation results. 
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Figure 9. Step signal response curve: (a) Traditional PID; (b) Traditional PID with compensation correction and adaptive fuzzy PID with compensation correction. 
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Figure 10. Fuzzy adaptive adjustment of Kp, Ki and Kd. 
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Figure 11. Position coordinate curves of each point. 
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Figure 12. Pressure control experimental platform for the tractor. (1) Pressure controller; (2) Host computer; (3) CAN card; (4) Power supply; (5) Pressure sensor; (6) Displacement sensor. 
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Figure 13. Dynamic characteristics of pressure control: (a) Traditional PID; (b) Traditional PID with compensation correction; (c)Adaptive fuzzy PID with compensation correction. 
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Table 1. Variables and domain.
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	Variables
	Basic Domain
	Quantization Domain
	Quantization Factor





	e
	[−1.5 1.5]
	{−3,−2,−1,0,1,2,3}
	2



	ec
	[−15 15]
	{−3,−2,−1,0,1,2,3}
	0.2



	∆Kp
	[−0.5 0.5]
	{−1,2/3,1/3, 0,1/3, 2/3,1}
	2



	∆Ki
	[−1 1]
	{−1,2/3,1/3, 0,1/3, 2/3,1}
	1



	∆Kd
	[−0.02 0.02]
	{−1,2/3,1/3, 0,1/3, 2/3,1}
	50
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Table 2. ∆Kp, ΔKi and ∆Kd fuzzy control rules.
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e

	
ec




	
NB

	
NM

	
NS

	
Z

	
PS

	
PM

	
PB






	
NB

	
PB NB PS

	
PB NB NS

	
PM NM NB

	
PM NM NB

	
PS NS NB

	
Z Z NM

	
Z Z PS




	
NM

	
PB NB PS

	
PB NB NS

	
PM NM NB

	
PS NS NM

	
PS NS NM

	
Z Z NS

	
NS Z Z




	
NS

	
PM NB Z

	
PM NM NS

	
PM NS NM

	
PS NS NM

	
Z Z NS

	
NS PS NS

	
NS PS Z




	
Z

	
PM NM Z

	
PM NM NS

	
PS NS NS

	
Z Z NS

	
NS PS NS

	
NM PM NS

	
NM PM Z




	
PS

	
PS NM Z

	
PS NS Z

	
Z Z Z

	
NS PS Z

	
NS PS Z

	
NM PM Z

	
NM PB Z




	
PM

	
PS Z PB

	
Z Z NS

	
NS PS PS

	
NM PS PS

	
NM PM PS

	
NM PB PS

	
NB PB PB




	
PB

	
Z Z PB

	
Z Z PM

	
NM PS PM

	
NM PM PM

	
NM PM PS

	
NB PB PS

	
NB PB PB
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Table 3. Performance comparison of control algorithms.
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Input Signal

	
Compensation Correction

	
Controller

	
Overshoot

	
Response Time

	
Stable Time






	
1.5 MPa

	
No

	
Traditional PID

	
instability

	
1 s

	
instability




	
Yes

	
Traditional PID

	
0

	
3.5 s

	
3.5 s




	
Yes

	
Adaptive Fuzzy PID

	
0

	
1 s

	
1 s
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Table 4. Control effect of different algorithms.
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	Controller
	Response Time
	Pressure Range





	Traditional PID
	2 s
	0.7~2.1 MPa



	Traditional PID with compensation correction
	2.5 s
	1.2~1.7 MPa



	Adaptive Fuzzy PID with compensation correction
	1.5 s
	1.3~1.6 MPa











© 2020 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 (http://creativecommons.org/licenses/by/4.0/).
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