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Abstract

:

Aiming at the high-precision position control of electro-hydraulic servo pump control system, a compensation control algorithm based on fuzzy control theory is proposed based on the classical PID control algorithm for the control of factors such as oil compression and system leakage. Firstly, a mathematical model of the system was established, and online identification of load disturbance was carried out. Then, oil compression and system leakage compensation controllers were established, and the position error caused by the load disturbance was compensated based on fuzzy control rules. Finally, the position control effect was verified using an experimental platform. The results show that the load disturbance compensation control strategy can significantly reduce the influence of load disturbance of the system. The steady-state accuracy of the system reached ±0.01 mm, which significantly enhanced the anti-disturbance ability of the system.
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1. Introduction


As a research hotspot among electro-hydraulic servo control systems, electro-hydraulic servo closed-loop pump control systems have significant advantages compared with valve control technology, particularly in environmental friendliness and energy efficiency. Traditional electro-hydraulic servo valve control technology has strict oil cleanliness requirements, a high failure rate, overflow, and throttling losses over a long period of time, and the energy efficiency is only about 40% [1]. The electro-hydraulic servo pump control system has the advantages of a large power/weight ratio, strong anti-pollution ability, no throttling loss, and a maximum energy utilization rate of 85% [2]. The system comprehensively embodies the combination of electro-hydraulic servo technology and the concept of green and sustainable development, which will greatly promote the upgrading of industrial structures and shift the development of the traditional hydraulic industry toward higher efficiency and energy saving.



Electro-hydraulic servo pump control systems have been successfully applied in aerospace [3], wind power generation [4], vehicle transportation [5], injection molding machinery [6], robotics [7], etc. However, due to factors such as nonlinear multi-source disturbances, electromechanical–hydraulic parameter coupling and time-varying load parameters, the system has high performance requirements for system control, which seriously restricts the popularization and application of this technology.



Focusing on the multi-source disturbance and parameter uncertainty of the electro-hydraulic servo system, Ji et al. [8] proposed a sliding mode adaptive controller (SMAC), which integrates the merits of sliding mode control and adaptive control, and verified the effectiveness of the algorithm through a simulation platform integrating AMESim and MATLAB/Simulink. Based on quantitative feedback theory (QFT), Ren et al. [9] designed a position controller to locate the internal leakage fault of the hydraulic actuator of an electro-hydraulic actuator system. A friction compensator was designed to enhance the control effect of the QFT controller. The experiment showed that the control unit effectively compensated for the leakage of the system and the steady-state error of various step input responses remained within 0.1 mm. Fu et al. [10] used the particle swarm optimization algorithm to identify the coefficients of a mathematical model of an electro-hydrostatic actuator system and designed a nonlinear proportional–integral position controller. The control unit compensated for the negative influence of fluid viscosity and realized a position control accuracy of 0.08 mm. Based on QFT, Masoumeh E et al. [11] designed a robust fixed-gain linear output pressure control unit for a double-rod electro-hydrostatic actuator and analyzed the effects of friction, leakage, and parameter uncertainty on the stability of the closed-loop system. Nguyen et al. [12] applied the adaptive fuzzy sliding mode variable control algorithm to the electro-hydraulic servo pump control system for wind power generation, which effectively suppressed the speed fluctuation of the generator. Lee et al. [13] proposed a compliant control strategy based on disturbance observer to compensate for the position control accuracy and verified the closed-loop stability of the system. Suh et al. [14] designed a closed-loop position controller to track the target displacement and realize the compensation of load torque as a sinusoidal load disturbance in the electro-hydrostatic actuator of a rotating joint, and verified the robustness of the system by using the robustness characteristics of the state input. Nguyen et al. [15] studied the position control of an electro hydrostatic actuator based on a nonlinear observer and proposed fault-tolerant control technology that enhanced the stability of the system. Aiming at high precise motion control, Helian et al. [16] proposed an adaptive robust control (ARC) with backstepping design for an electro-hydrostatic actuator (EHA) system. The proposed control strategy achieved high motion control performances in spite of the nonlinearities and uncertainties. Song et al. [17] proposed an EHA system that could be applied to wearable robots, designing an adaptive sliding film control (adaptive slide mode control—ASMC) program to solve the nonlinearity problem of dynamic system changes.



Most of the above studies started with the internal nonlinear multi-source disturbance of the system, analyzed the electro-hydraulic coupling characteristics, considered the internal leakage, hydraulic shrinkage, friction, and other factors, and compensated for the speed and torque, thus improving the position control accuracy, but they did not identify and analyze the external load disturbance of the system. Compared with previous studies, the proposed control strategy has better robustness, higher control accuracy, and is easier to implement in engineering applications. Focusing on the position control accuracy under a load disturbance, this paper establishes a load disturbance observer and compensates for the position control error of the system based on a fuzzy control algorithm. Furthermore, it establishes an experimental platform to verify the control effect of the adaptive control algorithm, laying a foundation for the popularization and application of the volume servo closed-loop pump control system.



The mathematical model of electro-hydraulic servo pump control system will be established in Section 2. Load disturbance compensation control strategy will be introduced in Section 3, including fuzzy compensation control, system leakage compensation control, and oil compression compensation control. In Section 4, an experimental platform will be established, and the control effects of traditional PID control and load disturbance compensation control will be compared under the condition of load disturbance. In Section 5, the control effects of an adaptive control strategy will be summarized.




2. Mathematical Modeling and Analysis of Electro-Hydraulic Servo Closed Pump Control System


2.1. System Working Principle


Closed-loop electro-hydraulic servo pump control systems are divided into three categories: fixed-speed variable-displacement, variable-speed fixed-displacement, and variable-speed variable-displacement. The system scheme adopted in this study is variable-speed and fixed-displacement control. The principle of the hydraulic system is shown in Figure 1. By controlling the speed and torque of the servo motor, the flow and pressure of the two chambers of the hydraulic cylinder are regulated.




2.2. Mathematical Model Establishment


2.2.1. Mathematical Model of Servo Motor


The servo motor is the key control component of the electro-hydraulic servo pump control system, and its performance has a significant impact on position control. According to characteristics of the servo motor, such as nonlinearity, strong coupling, and time-varying parameters, a mathematical model was established.



In this system, in order to avoid demagnetization of the permanent magnet in the servo motor, the vector control method of    I q  = 0   is adopted, and the current of the q-axis is used to generate the electromagnetic torque of the system. The electromagnetic torque equation of the system is as follows:


   T e  =  3 2   p n   ψ f   i q   



(1)




where    T e    is the electromagnetic torque of the servo motor,    p n    represents the pole pairs of the servo motor,    ψ f    is the flux linkage of the permanent magnet, and    i q    is the q-axis component of stator current.



The motion equation of the motor is as follows:


   T e  −  T L  =  J L    d  ω m     d t    + D  ω m   



(2)




where    T L    is the load torque of the servo motor,    J L    is the equivalent moment of inertia of the rotor shaft,    ω m    is the mechanical angular speed of the servo motor, and  D  is the rotational resistance coefficient.



The q-axis voltage equation of the equivalent armature circuit of the servo motor is as follows:


   U q  =  L q    d  i q    d t   +  R s   i q  +  K e   ω e   



(3)




where    U q    is the q-axis component of stator voltage,    R s    is the stator electrical resistance,    K e    is the back electrodynamic force coefficient, and    ω e    is the rotor angular speed of the servo motor.



The control transfer function of the angular speed of the servo motor can be obtained by the Laplace transformation of Equations (1)–(3) as follows:


   ω m  =    3 2   p n   ψ f     U q  −  K e   ω e       J L   L q   s 2  +    J L   R s  +  l q  D   s + D  R s     



(4)








2.2.2. Mathematical Model of Hydraulic Pump Cylinder Control


Considering the leakage and friction of the hydraulic pump, the mathematical model of the quantitative pump is as follows:


   Q p  =  D p   ω p  −  C p   p L   



(5)




where    Q p    is the output flow of the quantitative pump,    D p    is the rated displacement of the quantitative pump,    ω p    is the angular velocity of the quantitative pump,    C p    is the leakage coefficient of the quantitative pump, and    p L    is the pressure of the load.



The flow continuity equation of the hydraulic cylinder is as follows:


   Q L  =  A p    d  x p    d t   +  C  t c    p L  +    V t    4  β e      d  p L    d t    



(6)




where    Q L    is the flow of the hydraulic cylinder,    A p    is the working area of the hydraulic cylinder,    β e    is the effective elastic bulk modulus,    C  t c     is the total leakage coefficient of the hydraulic cylinder,    V t    is the total compressed volume, and    x p    is the displacement of the hydraulic cylinder.



The force balance equation of the hydraulic cylinder is as follows:


   A p   p L  =  m t     d 2   x p    d  t 2    +  B p    d  x p    d t   + K  x p  +  F L   



(7)




where    m t    is the mass of the load transferred to the piston,    B p    is the total viscous damping coefficient,  K  is the stiffness coefficient of the load, and    F L    is the external load force acting on the piston.



The position control transfer function of the hydraulic system can be obtained by the Laplace transformation of Equations (4)–(6) as follows:


   x p  =    A p   D p   ω p  −  F L     C p  +  C  t c   +    V t    4  β e    s        m t   V t    4  β e     s 3  +    m t     C p  +  C  t c     +    B p   V t    4  β e       s 2  +      C p  +  C  t c      B p  +   K  V t    4  β e    +  A p    2    s + K    C p  +  C  t c        



(8)







From Equations (4) and (8), the position control transfer function of the electro-hydraulic servo pump control system can be obtained as follows:


   x p  =    A p   D p     3 2   p n   ψ f     U q  −  K e   ω e       J L   L q   s 2  +    J L   R s  +  L q  D   s + D  R s    −  F L     C p  +  C  t c   +    V t    4  β e    s        m t   V t    4  β e     s 3  +    m t     C p  +  C  t c     +    B p   V t    4  β e       s 2  +      C p  +  C  t c      B p  +   K  V t    4  β e    +  A p    2    s + K    C p  +  C  t c        



(9)







The establishment of the mathematical model of the position control of the electro-hydraulic servo pump control system lays a foundation for the implementation of the control strategy.






3. Load Disturbance Compensation Control Method


3.1. Control Strategy of System


According to the two-channel principle of absolute invariance [18], the control system consists of two parts. One part moves according to the given law, and this part adopts classical PID control. The other part is designed to counteract the disturbance caused by an external load force. In this part, the factors of oil compression and system leakage are considered, and fuzzy control theory is used to compensate for the load disturbance. The principle of the control system is shown in Figure 2.



In Figure 2, the position deviation of the hydraulic cylinder is processed by the PID controller then the basic speed is input into the servo motor. The load disturbance of the system is observed by the observer and then enters the fuzzy controller. The fuzzy controller inputs the compensation speed n1 to the servo motor. The pressure sensor signal and temperature sensor signal are fed back to the leakage compensation controller and the oil compression compensation controller. After being processed by the controller, the compensation speeds n2 and n3 are input into the servo motor, and the servo motor drives the quantitative pump to rotate and drive the hydraulic cylinder to move.




3.2. Fuzzy Compensation Control Algorithm


The load force of the system can be observed in real time through the working pressure of the system and the displacement of the hydraulic cylinder. The specific mathematical model is shown in Equation (10)


   F L  =  A p   p L  −  m t     d 2   x p    d  t 2    −  B p    d  x p    d t   − K  x p   



(10)







The design of the fuzzy compensation controller includes three main parts, as shown in Figure 3. Firstly, the input/output variables of the load force and load force change rate are fuzzified, and the exact quantity is transformed into a fuzzy subset in a certain domain. Then, the fuzzy variables are compared with a fuzzy rule database for fuzzy reasoning. Finally, the output is defuzzified to obtain the accurate value of speed compensation.



A two-dimensional fuzzy controller was constructed for the electro-hydraulic servo pump control system. The fuzzy controller takes the load disturbance force (E) and the change rate of the load disturbance force (C) as input variables and the motor compensation speed (U) as an output variable. According to the fuzzy control rules, the domain is set to [−6, +6], and the triangular form is selected for the input and output fuzzy membership rules.



According to the requirements of high precision and rapidity of position control of electro-hydraulic servo pump control systems, seven values were selected as input and output language variables: negative large (NB), negative medium (NM), negative small (NS), zero (ZE), positive small (PS), positive medium (PM), and positive large (PB).



Membership function is the application basis of fuzzy control, mainly including triangle type membership function, Gaussian membership function, bell membership function, ladder membership function, and S-type membership function. The function of the membership function is to convert the output fuzzy quantity into an accurate quantity. When the slope of membership function is small, the controller can get higher steady-state accuracy; when the slope of membership function is large, the response speed of the system becomes faster. The input (E, C) and output (U) of the controller are all trigonometric membership functions which are widely used and easy to operate. The membership function of the fuzzy compensation control is shown in Figure 4.



Fuzzy control rules for the load disturbance force were established in accordance with relevant theories, as shown in Table 1.



After fuzzy reasoning, it is necessary to defuzzify the output. As shown in Equation (11), by using the weighted average method, each fuzzy variable    x i    in the fuzzy set is multiplied by the corresponding membership degree    μ i    and divided by the sum of membership degrees. After multiplying the obtained value by the scale factor, the value of motor compensation speed can be obtained so as to accurately regulate the position control of the electro-hydraulic servo pump control system.


   x 0  =     ∑   i = 0  n   x i   μ i      ∑   i = 0  n   μ i     



(11)








3.3. System Leakage Compensation Control


In the electro-hydraulic servo pump control system, there is some leakage between the quantitative pump and the hydraulic cylinder, especially under a heavy load, which seriously affects the position control accuracy of the system. This paper proposes a system leakage compensation controller based on the real-time pressure and oil temperature of the system so as to realize high-precision position control.



The flow balance equation of system leakage is as follows:


   D p   n 2  =    C  t c   +  C p     p L  +  C T  T  



(12)




where    C T    is the leakage coefficient of system temperature, and  T  is the operating temperature of oil in the system.



According to Equation (10), the leakage compensation control of the system is mathematically modeled as follows:


   n 2  =      C  t c   +  C p     p L  +  C T  T    D p     



(13)








3.4. Oil Compression Compensation Control


In the electro-hydraulic servo pump control system, when the load pressure is rapidly adjusted, the volume change of the oil in the system will also affect the position control accuracy of the system due to the compressibility of the oil. In this paper, an oil compression compensation controller is proposed to compensate for the position control accuracy.



When the hydraulic cylinder pressure is rapidly adjusted, the system flow change equation is as follows:


   D p   n 3  =    V t    p ˙  L     β e     



(14)







According to Equation (13), the mathematical model of oil compression compensation control is as follows:


   n 3  =    V t    p ˙  L     β e   D p     



(15)







In sum, using the compensation control method, the output command for the speed compensation of the electro-hydraulic servo pump control system is as follows:


  n =  n 1  +  n 2  +  n 3  =  n 1  +      C  t c   +  C p     p L  +  C T  T    D p    +    V t    p ˙  L     β e   D p     



(16)







In order to verify the effectiveness of the control strategy, the control accuracy of the control strategy will be verified by experiments.





4. Experimental Analysis


4.1. Experimental Platform


The experimental platform used to test the electro-hydraulic servo closed-pump control is composed of a hydraulic part and an electrical part. As shown in Figure 5, the hydraulic part includes the electro-hydraulic servo pump control unit, symmetrical hydraulic cylinder, nitrogen spring load, and spring load. The inertial load is used as the load force of the system, and the nitrogen spring load is used as the load disturbance force of the system. The load disturbance force of the system is adjusted by changing the compression of the spring. The electrical part is composed of the circuit breaker, servo motor driver, controller, and intermediate relay, as shown in Figure 6. The electro-hydraulic servo pump control unit integrates the power components and control components, which have such advantages as high power density and convenient layout. The system controls the speed and torque output by the servo motor through the driver and then controls the pressure and flow in the system so as to accurately control the output and position of the hydraulic cylinder. The main parameters of the experimental platform are shown in Table 2



In the electro-hydraulic servo pump control system, the system state is fed back to the controller by the pressure sensor and displacement sensor. The speed compensation values of the load disturbance obtained by the fuzzy control algorithm considering system leakage and oil compression are output to the servo motor through the controller so as to improve the control performance of the system.



The software part of the experimental platform is shown in Figure 7, which is mainly composed of PID control module, fuzzy compensation module, oil leakage compensation module, and oil compression compensation module. The speed of these four outputs constitutes the total speed of the motor output. The control test only uses the traditional PID control module to output motor speed. The program is downloaded to the controller through EtherCAT communication to realize the logic processing and operation of the system. The software used in the experiment is AutoThink software matched with HollySys motion controller, which is developed based on IEC61131-3 standard.




4.2. Analysis of Experimental Results


When the hydraulic cylinder extends, the nitrogen spring provides a certain external load interference force to increase the displacement from 45 mm to 55 mm and obtain the response curve between the position and local position of the hydraulic cylinder and the speed of the servo motor, as shown in Figure 8, Figure 9 and Figure 10.



As observed in the response curves for PID control and fuzzy compensation control, when the extension displacement signal is transmitted and fuzzy compensation control is applied, the speed of the servo motor rises rapidly to about 900 r/min and reaches a stable state. The speed fluctuation is small, and there are no sudden changes. The position tracking accuracy is controlled within ±0.01 mm, the control effect is good, and the dynamic performance of the system is improved. In PID control, the response speed of the servo motor is slow, the disturbance force fluctuates significantly, and the position tracking accuracy of the system is low.



When the hydraulic cylinder retracts, the nitrogen spring provides a certain external load interference force and moves the position from 55 mm to 45 mm. The response curves between the position and local position of the hydraulic cylinder and the speed of the servo motor are shown in Figure 11, Figure 12 and Figure 13.



The response curve indicates that when the retraction displacement signal is transmitted, the speed of the servo motor quickly rises to about −1000 r/min and reaches a stable state. There are no sudden changes in the speed of the servo motor, and the position tracking accuracy of the system is controlled within ±0.005 mm under the overload of the nitrogen spring. However, the response speed of the servo motor is slow under PID control. When the disturbance force appears, it fluctuates significantly, and the position tracking accuracy of the system is low.



Considering the oil leakage and compression of the system, the steady-state accuracy of the adaptive control strategy improved by the fuzzy control method is superior to traditional PID control and the electro-hydraulic servo pump control system mentioned in references [9,10]. In the process of extending and retracting the hydraulic cylinder, the position control accuracy of the system is different, which may be related to the pipeline layout of the system, and the leakage coefficient of the two cavities of the hydraulic cylinder is different, which is a problem that needs to be further studied. In this experiment, the load interference force used is provided by the nitrogen spring. Although the load force provided by the nitrogen spring changes with the displacement of the hydraulic cylinder, it cannot accurately simulate the random and irregular load interference force received by the system during normal operation. In the follow-up research process, the hydraulic cylinder and load can be made into the form of opposite cylinder jacking. The hydraulic cylinder at the position control end adopts fuzzy compensation control algorithm for position control, while the hydraulic cylinder at the load end adopts force closed-loop control to realize different forms of load by changing the force input signal at the load end.





5. Conclusions


In this paper, a mathematical model for the position control of the electro-hydraulic servo pump control system is established. According to the system leakage, oil compression, and other factors, in the event of a load disturbance, the output speed of the servo motor is compensated and controlled based on fuzzy control theory. In the experiment, the response characteristics of the two-way motion of the hydraulic cylinder were analyzed using the classical PID algorithm or fuzzy compensation control algorithm. The experimental results show that the position control accuracy is ±0.01 mm and ±0.005 mm with the fuzzy compensation control algorithm under overload conditions, which effectively improves the anti-disturbance ability of the system. The algorithm provides an effective method for the high-precision control of the system under the condition of external load fluctuations. In the future, in order to make the control method more coherent, we will consider establishing a leakage fuzzy compensation controller, oil compression fuzzy compensation controller, and fuzzy PID controller based on load disturbance fuzzy compensation control to improve the position control accuracy of the system.
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Figure 1. Hydraulic system diagram of electro-hydraulic servo pump control system: 1—servo motor; 2—quantitative pump; 3—hydraulic oil tank; 4—check valves; 5—relief valves; 6—hydraulic cylinder. 
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Figure 2. System control schematic diagram. 
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Figure 3. Fuzzy controller design steps. 
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Figure 4. Triangle type membership function diagram. Since the load force, change rate of the load force, and the output speed of electro-hydraulic servo pump control system are accurate quantities, and the control parameters in the fuzzy controller are fuzzy quantities, the range of variables [a, b] needs to be transformed into the domain [−6, 6], and each interval corresponds to different fuzzy sets. In this system, the range of load force is below 12 KN, and the domain of load force input variable is [−6, 6], so the quantization factor of load force input is 0.001; the range of load force change rate is [−60, 60], and the domain of input variable of load force change rate is [−6, 6], so the quantization factor of input quantity of load force change rate is 0.1; the range of output speed is [−300, 300], and the domain of output speed variable is [−6, 6], so the scale factor of output speed variable is 50. 
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Figure 5. Hydraulic part of experimental platform. 
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Figure 6. Electrical part of experimental platform. 
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Figure 7. Software part of experimental platform. 
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Figure 8. Response curve of the extended position of the hydraulic cylinder. 
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Figure 9. Local magnification curve of the extended position of the hydraulic cylinder. 
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Figure 10. Speed response curve of the servo motor. 
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Figure 11. Response curve of the retracted position of the hydraulic cylinder. 
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Figure 12. Local magnification curve of the retracted position of the hydraulic cylinder. 
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Figure 13. Speed response curve of the servo motor. 
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Table 1. Fuzzy control rule statement table.
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Note: NB is negative large, NM is negative medium, NS is negative small, ZE is zero, PS is positive small, PM is positive medium, and PB is positive large, E is the load force, C is the load force change rate, U is the speed compensation.
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Table 2. Main parameters of the experimental platform.
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	Name
	Numerical Value
	Unit





	Area of rod cavity of hydraulic cylinder
	0.0945
	dm2



	Maximum working pressure
	18
	MPa



	Displacement of hydraulic pump
	16
	mL/r



	Rated torque of servo motor
	52
	Nm



	Rated power of servo motor
	10.9
	Kw
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