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Abstract

:

In this paper, a control strategy combining the feedback linearization theory and sliding mode variable structure theory is proposed to solve various nonlinear factors, uncertainty of external disturbance and high-precision pressure control problems in the Direct-Drive Volume Control (DDVC) electro-hydraulic servo system. The nonlinear mathematical model of the DDVC electro-hydraulic servo system is established, and the nonlinear factors in the system are accurately linearized by the feedback linearization theory. The uncertainty of external disturbance in the system is compensated by the sliding mode control variable structure theory. The feedback-linearized sliding mode control algorithm proposed in this paper is verified using the DDVC electro-hydraulic servo system experimental platform. The experimental results show that, compared with the classical PID control, the proposed control algorithm can effectively improve the pressure output precision, as well as the dynamic response characteristics, of the DDVC system.
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1. Introduction


As one of the three core components of new energy vehicles, lithium batteries not only account for about 40% of the cost of vehicles, but their performance also directly determines the safety and range of vehicles. Roll forming is one of the key processes of lithium battery pole pieces, which is very important for the performance of the battery. The thickness consistency of lithium battery pole pieces is an important index to measure the stability of lithium batteries. In order to ensure the consistency of the thickness of lithium battery pole pieces, the thickness accuracy is usually required to be ±0.5 microns, which puts forward a high requirement for the roller press of lithium battery pole pieces. At present, lithium battery pole piece sheet roll forming usually adopts pole sheet rolling mill equipment, and the traditional pole sheet rolling mill adopts electro-hydraulic servo valve control cylinder technology. The traditional valve control system is widely used in aerospace and industrial automation due to its fast dynamic response and high control accuracy. However, it also has disadvantages, such as large throttle loss, low energy efficiency and a system energy utilization rate lower than 40% [1]. The Direct-Drive Volume Control (DDVC) electro-hydraulic servo system is a highly integrated and compact closed pump-controlled drive unit, which is composed of a servo motor, ration pump and servo-hydraulic cylinder, among other parts. Compared with the traditional valve control system, the DDVC system has the technical advantages of a high power–gain ratio, high integration, environmental friendliness and high efficiency and energy saving [2,3]. The DDVC system has been widely used in hydraulic elevators, injection molding machines and other industries in western and European countries [4]. Moog’s Electro-Hydrostatic Actuator (EHA) has been tested on fighter aircraft [5]. However, with the widening of electro-hydraulic servo technology applications, the demand for industrial equipment with motion output precision has grown [6,7]. Pressure flow nonlinearity, hydraulic cylinder friction nonlinearity and other nonlinear characteristics have an increasingly obvious impact on the control performance of the DDVC electro-hydraulic servo system, and these characteristics have gradually become a bottleneck restricting the improvement of the system’s performance [8,9,10,11].



Due to the rapid development of industrial modernization, requirements for the pressure control performance of the DDVC electro-hydraulic servo system have grown. Moreover, the technical realization and research of hardware and software at home and abroad on electro-hydraulic servo pressure control have continuously made great progress. Helian et al. believed that pump flow deviation at a low speed was an important limiting factor for good control performance in Direct-Drive electro-hydraulic servo pressure control. Therefore, a nonlinear pump flow rate mapping was proposed by practical fitting and used in the controller design with the proper nonlinearity compensation of the desired pump flow. Comparative experiment results showed that the proposed control strategy achieved high motion control performance despite the nonlinearities and uncertainties [12]. Kim et al. proposed an improved speed controller based on a robust inner-loop compensator (RIC) to quickly compensate for force control errors caused by externally disturbed rod motion. The reverse driving performance of the force-controlled EHA was improved, and the dynamic force control error was effectively reduced to realize the motor speed control [13]. J H et al. used bypass valves and sliding mode control techniques to bypass oil into the low-pressure chamber to compensate for force control errors, thereby rapidly decompressing the high-pressure chamber. Compared with the traditional force control EHA without bypass flow control, the force control error can be significantly reduced. When the sinusoidal excitation frequency is increased from 1 Hz to 3 Hz, the performance improvement is more obvious [14]. Komstar et al. discussed problems of the position control of electro-hydraulic drives in the presence of unknown disturbances and uncertain plant parameters. In order to overcome the system nonlinearities and ensure robustness against matched disturbances and plant uncertainties, an input–output linearization controller with an integral sliding mode disturbance compensator and second-order sliding mode acceleration observer was developed and experimentally tested. The industrial applicability of the new algorithms was also the scope of the investigation. The test results confirmed a very good tracking performance and robustness against model uncertainties [15]. Koch et al. investigated a laboratory hydraulic setup consisting of a coupled actuating and load cylinder in order to emulate real-world working conditions of heavy equipment such as excavators and loaders. An observer-based control scheme is proposed to regulate the position of the actuating cylinder. It relies on online identification of unknown parameters, as well as reconstruction and compensation of unknown load forces, such that the performance of the closed position feedback loop is superior compared to classical control strategies. The applied method exploits ideas of variable structure systems in the design of both the observer and the parameter identification scheme [16].



Huang et al., from the National University of Defense Technology, derived the dynamic nonlinear model of the system by considering the perturbation and disturbance of the electro-hydraulic servo-valve-controlled force control system and designed the sliding mode variable structure control to compensate for the external disturbance and uncertainty. This algorithm can effectively improve the accuracy of the force tracking control [17]. Han, from Tongji University, designed a control strategy of model feedforward compensation and dead zone compensation for nonlinear disturbance problems such as creep and oscillation in pressure control, which improved the accuracy of pressure control and the robustness of the system [18]. Kou, from the Xian University of Science and Technology, analyzed the influence law of motor on system force and proposed a current controller based on inner-loop motor speed to realize force tracking control and improve the dynamic characteristics of the DDVC electro-hydraulic servo system [19]. Zhu, from Jiangsu University, introduced the Popov frequency criterion method to determine the absolute stability of the DDVC electro-hydraulic servo system under the influence of nonlinear disturbance factors [20].



In this paper, taking the DDVC electro-hydraulic servo system as the main research object, the nonlinear mathematical model of the pressure control of the DDVC electro-hydraulic servo system is constructed. The feedback linearization theory is used to accurately linearize the nonlinear factors in the system. Then, the robust sliding mode variable structure control algorithm is used to improve the control accuracy of the system. Finally, the effectiveness of the method is verified by experiments. Our results show that the control method can effectively improve the force tracking quality of the system and improve the robustness of the system.




2. Principle of the DDVC Electro-Hydraulic Servo System


The DDVC electro-hydraulic servo system adopts a servo motor–quantitative pump–hydraulic cylinder integration volume control scheme, with a small equipment volume, simple pipeline layout, no throttle overflow loss, high reliability, high safety, high precision and other characteristics. The basic working principle diagram is shown in Figure 1.



The system uses a servo motor to drive the quantitative pump coaxial. The quantitative pump suction and discharge port are directly connected with the hydraulic cylinder two-load oil port. The accumulator with a check valve is used to supplement the system oil, and the relief valve is used as a safety valve to prevent the system pressure from exceeding the safety limit value. The controller controls the speed and torque of the servo motor and adjusts the displacement, speed and force of the hydraulic cylinder by outputting control instruction.



In this paper, high-precision pressure control is realized by controlling the motor input signal to adjust the speed.




3. Nonlinear Mathematical Model of the DDVC Electro-Hydraulic Servo System


3.1. Servo Motor Control Unit


The AC servo motor is responsible for converting the control input voltage into the output speed of the motor. Considering that the servo motor phase has a higher response speed and a faster dynamic speed compared with ordinary motor, the relationship between the output speed of the motor and the input signal was simplified as follows:


   ω p  =  K m   u c   



(1)




where    ω p    is the output speed of the motor,    K m    is the control gain and    u c    is the input voltage signal.




3.2. Fixed-Displacement Radial Piston Pump


Considering the factors of oil compression and internal and external leakage, the flow distribution characteristics of the quantitative pump were analyzed, as shown in Figure 2.



Assuming that the pump volume displacement of the radial piston pump is constant, the two-chamber load volume flow from the pump to the controlled hydraulic cylinder can be expressed as:


   {     q A  =  D p   ω p  −  C  i p   (  p A  −  p B  ) −  C  e p    p A       q B  =  D p   ω p  −  C  i p   (  p A  −  p B  ) +  C  e p    p B       



(2)




where    q A    and    q B    are the flow of system chambers A and B,    D p    is the pump displacement,    ω p    is the input speed of the pump and    C  i p     and    C  e p     are the internal and external leakage coefficients of the pump.    p A    is the pressure of system chamber A, and    p B    is the pressure of system chamber B,    q  i p   =  C  i p   (  p A  −  p B  )  ,    q  e p A   =  C  e p    p A   ,    q  e p B   =  C  e p    p B   .




3.3. Double-Acting Symmetrical Hydraulic Cylinder


Considering load conditions, oil compression, internal and external leakage and other factors, the flow distribution characteristics of the hydraulic cylinder were analyzed, as shown in Figure 3.



The flow continuity equation of cavities A and B of the hydraulic cylinder is:


   {     q A  = A   x ˙  p  +  C  i c   (  p A  −  p B  ) +  C  e c    p A  +    V 0  + A  x p     β e      p ˙  A       q B  = A   x ˙  p  +  C  i c   (  p A  −  p B  ) −  C  e c    p B  −    V 0  − A  x p     β e      p ˙  B       



(3)




where  A  is the effective working area of the double-acting symmetrical hydraulic cylinder,    x p    is the displacement of the hydraulic cylinder,    C  i c     is the internal leakage coefficient of the hydraulic cylinder,    C  e c     is the external leakage coefficient of the hydraulic cylinder,    β e    is the effective volume elastic modulus and    V 0    is the volume of each working chamber when the piston is in the middle position of the hydraulic cylinder,    q  i c   =  C  i c   (  p A  −  p B  )  ,    q  e c A   =  C  e c    p A   ,    q  e c B   =  C  e c    p B   .



When the piston position of the double-acting symmetrical cylinder is in the middle position (   x p  = 0  ), the hydraulic spring stiffness is the lowest, the corresponding hydraulic system natural frequency is the lowest and the stability is the worst, so this point is selected for research.



According to Newton’s second law, the force balance equation of the hydraulic cylinder was deduced as follows:


  A (  p A  −  p B  ) = m   x ¨  p  + B   x ˙  p  + K  x p  +  F L   



(4)




where  m  is the total mass of the piston and the load converted onto the piston,  B  is the viscous damping coefficient,  K  is the equivalent spring stiffness of the load and    F L    is the external interference of the system and friction force.



By applying the Laplace transform to Equations (2)–(4), respectively, we can obtain Equations (5)–(7), respectively:


   {     q A  ( s ) =  D p   ω p  ( s ) −  C  i p    [   p A  ( s ) −  p B  ( s )  ]  −  C  e p    p A  ( s )      q B  ( s ) =  D p   ω p  ( s ) −  C  i p    [   p A  ( s ) −  p B  ( s )  ]  +  C  e p    p B  ( s )      



(5)






   {     q A  ( s ) = A s  x p  ( s ) +  C  i c    [   p A  ( s ) −  p B  ( s )  ]  +  C  e c    p A  ( s ) +    V 0  s    β e     p A  ( s )      q B  ( s ) = A s  x p  ( s ) +  C  i c    [   p A  ( s ) −  p B  ( s )  ]  −  C  e c    p B  ( s ) −    V 0  s    β e     p B  ( s )      



(6)






  A  [   p A  ( s ) −  p B  ( s )  ]  = m  s 2   x p  ( s ) + B s  x p  ( s ) + K  x p  ( s ) +  F L  ( s )  



(7)







By combining Equations (5)–(7), we obtain the block diagram of the DDVC system, as shown in Figure 4.



where    F c    is the actual system pressure,    F c  = (  p A  −  p B  ) A  .



According to the analysis described in the literature [21], transforming Equations (2) and (3), we obtain Equations (8) and (9), respectively. By combining Equations (8) and (9), we obtain Equation (10).


     q A  +  q B   2  =  D p   ω p  −  C  i p   (  p A  −  p B  ) −  1 2   C  e p   (  p A  −  p B  )  



(8)






     q A  +  q B   2  = A   x ˙  p  +  C  i c   (  p A  −  p B  ) +  1 2   C  e c   (  p A  −  p B  ) +    V 0    2  β e    (   p ˙  A  −   p ˙  B  )  



(9)






   D p   ω p  −  C  i p   (  p A  −  p B  ) −  1 2   C  e p   (  p A  −  p B  ) = A   x ˙  p  +  C  i c   (  p A  −  p B  ) +  1 2   C  e c   (  p A  −  p B  ) +    V 0    2  β e    (   p ˙  A  −   p ˙  B  )  



(10)







Equation (10) can be simplified as:


    p ˙  A  −   p ˙  B  =   2  β e     V 0     [   D p   ω p  − A   x ˙  p  −  C t   (   p A  −  p B   )   ]   



(11)




where    C t  =  C  t c   +  C  t p   =  C  i c   +  1 2   C  e c   +  C  i p   +  1 2   C  e p    .



Performing Laplace transform on Equations (4) and (11), we obtain:


  Δ p =      D P     A 2    ( m  s 2  + B s + K )  ω p  +  S A   F L       V 0  m   2  β e   A 2     s 3  + (    C t  m    A 2    +    V 0  B   2  β e   A 2    )  s 2  + ( 1 +    C t  B    A 2    +   K  V 0    2  β e   A 2    ) s +    C t  K    A 2       



(12)







Taking the motor speed    ω p    as the input vector of the model, then let   u =  ω p   . The state vector of the system is defined as the piston rod displacement    x p   , piston rod velocity     x ˙  p    and pressure difference between two chambers of hydraulic cylinder    p A  −  p B   . Then, the state vector can be written as:


   {    x ≜   [   x 1  ,  x 2  ,  x 3   ]  T  =   [   x p  ,   x ˙  p  , (  p A  −  p B  )  ]  T      y = A  x 3       



(13)







At this point, the state space of the nonlinear model of the DDVC electro-hydraulic servo system can be described as:


   {      x ˙  1  =  x 2        x ˙  2  =  1 m  ( A  x 3  − B  x 2  − K  x 1  −  F L  )       x ˙  3  =   2  β e     V 0    (  D p  u − A  x 2  −  C t   x 3  )     y = A  x 3       



(14)







The nonlinear model of the DDVC electro-hydraulic servo system has the characteristics of strong nonlinearity and many other characteristic parameters. Consequently, it is difficult to directly solve the problem. Therefore, it is necessary to linearize the nonlinear model of the system.





4. Feedback Linearization of Nonlinear Models


The control framework of the DDVC electro-hydraulic servo system is shown in Figure 5. The sliding mode controller with strong robustness is used to compensate for the uncertainty of the external interference in the system to improve the control precision of the system. Considering the influence of system nonlinearity, the feedback linearization controller is designed to ensure that the designed feedback linearization controller is always asymptotically stable. The input voltage of the DDVC system is obtained by the feedback linearization controller, which is then converted into the actual output speed by the servo drive unit. Then, the output of the system is controlled.



where    F d    is the desired system pressure, and    F c    is the actual system pressure that is controlled,    F c  = (  p A  −  p B  ) A  .



Combined with Equation (14), the standard form of the affine nonlinear system corresponding to the state equation of the nonlinear mathematical model of the DDVC electro-hydraulic servo system can be written as follows:


   {     x ˙  = f + g u     y = h ( x ) = A  x 3       



(15)




where  f ,  g  is the sufficiently smooth vector field,  y  is the system output and   h ( x )   is the system output function.



Therefore, the system nonlinear model can be rewritten as:


   (      x ˙  1        x ˙  2        x ˙  3     )  =  (     f 1       f 2       f 3     )  +  (    0     0      g 3     )  u  



(16)




where    f 1  =  x 2   ,    f 2  =  1 m  ( A  x 3  − B  x 2  − K  x 1  −  F L  )  ,    f 3  =   2  β e     V 0    ( − A  x 2  −  C t   x 3  )  ,    g 3  =   2  β e   D p     V 0     .



Before feedback linearization of the DDVC electro-hydraulic servo system nonlinear model, it is necessary to verify whether the model meets the conditions of feedback linearization. According to the relevant definitions, for all  x  near the origin, the rank of matrix



   [  g   a  d f  g   ⋯   a  d f  n − 1   g  ]    is equal to system dimension  n . Set    {  g   a  d f  g   ⋯   a  d f  n − 2   g  }    is the nonsingular involution distribution, and (f,  g  is the abbreviation of vector function  f ,  g ). Then, the model meets the condition of nonlinear model state feedback linearization [22]. When the rank of the matrix is less than  n , partial linearization can be achieved. However, at this time, the stability of the zero-dynamic subsystem needs to be ensured.



Setting the relative order of the system as  r , its relative order can be calculated according to the following formula:


   {     L g   L f i  h ( x ) = 0    ,   0  ≤ i < r − 1        L g   L f  r − 1   h ( x ) ≠ 0        



(17)







It can be calculated as follows:


   L f 0  h ( x ) = A  x 3   



(18)






   L g   L f 0  h ( x ) = A  g 3  =   2 A  β e   D p     V 0    ≠ 0  



(19)






   L f  h ( x ) =   2 A  β e     V 0    ( − A  x 2  −  C t   x 3  )  



(20)







Combining Equations (17) and (19), it can be known that the relative degree of the system is 1.



According to the input–output feedback linearization method, the transformation relationship between the new state variable and the original state variable is constructed as follows:


   {     z 1  = h ( x ) = A  x 3      y =  z 1       



(21)







Then, the original state equation of the nonlinear system can be transformed into the state equation in the linear space:


   {      z ˙  1  = v     y =  z 1       



(22)




where  v  is the control quantity of the linear system in the new coordinate system   v = α ( x ) + β ( x ) u  ,   α ( x ) =   2 A  β e     V 0    ( − A  x 2  −  C t   x 3  )  ,   β ( x ) =   2 A  β e   D p     V 0     .



The inverse coordinate transformation of the control quantity  v  of the linear system can obtain the control quantity  u  of the nonlinear system under the original coordinate, as shown in Equation (23).


  u = ( v − α ( x ) ) / β ( x )  



(23)








5. Sliding Mode Controller Design


There is no accurate nonlinear system model for feedback linearization. Therefore, when the load, pressure and hydraulic oil viscosity of the DDVC electro-hydraulic servo system change, the pressure tracking accuracy of the system will be affected, so it is necessary to introduce a strong robust control algorithm to solve this problem. Sliding mode control is a kind of variable structure control method that has strong adaptability and robustness to system parameter changes and external disturbances. Thus, sliding mode control has been widely used in various fields. The force tracking error is defined as:


  e =  z 1  −  z d   



(24)




where    z d    is the desired system pressure Fd, and    z 1    is the actual system pressure    F c   .



According to the equation of state in linear space, the state equation of system error can be written as:


   e ˙  = v −   z ˙  d   



(25)







The sliding mode surface function is defined as:


  s = e  



(26)







If we take its derivative, we can obtain the result:


   s ˙  = v −   z ˙  d   



(27)







To ensure the quality of the normal movement stage, take the constant speed approaching rate:


   s ˙  = − k sgn ( s ) , k > 0  



(28)







According to the first two formulae, the output of sliding mode control is:


  v =   z ˙  d  − k sgn ( s )  



(29)







Constructing Lyapunov function:   V ( s ) =  s 2  / 2  , when   s = 0  ,   V ( s ) = 0  . When   s ≠ 0  ,   V ( s ) > 0  . Thus,   V ( s )   is a positive definite function. The derivation of the equation is obtained:


   V ˙  ( s ) = s  s ˙  = s ( − k sgn ( s ) ) = − k  | s |  < 0  



(30)







As can be seen from the above equation,    V ˙  < 0  . The sliding mode control system under the new coordinates meets the Lyapunov stability theory conditions, thus ensuring that the system is asymptotically stable. It is worth mentioning that, to avoid sliding mode chattering, the use of symbol function    sgn ( * )    in simulation and practical application will inevitably lead to chattering of the final output. Therefore, the continuous saturation function    sat ( * )    is used to replace the symbol function:


  sat ( * ) =  {    1 ,    if  ( * ≥ 1 )     * ,    if (  − 1 < * < 1 )     − 1 ,    if (  * ≤ − 1 )      



(31)







According to the above equation, the control quantity u of the nonlinear system in the original coordinate is:


  u =     z ˙  d  − k sat ( s ) −   2 A  β e     V 0    ( − A  x 2  −  C t   x 3  )     2 A  β e   D p     V 0       



(32)







In combination with Equation (1), the pump speed  u  (   ω p   ) can be controlled by software programming controls the voltage    u c    input to the system so as to control the system pressure    z 1    (   F c   ), and the value of    ω p    can be transmitted through the CAN bus.




6. Experimental Study


6.1. Electro-Hydraulic Servo System Test Bench Design


The experiment is based on the enterprise R&D project “pump control servo system of lithium battery pole rolling mill”, and the rolling mill equipment structure is shown in Figure 6. A DDCV electro-hydraulic servo pressure control test platform was built. The detailed parameter values of hydraulic pump displacement, hydraulic cylinder working volume, piston effective area and so on are shown in Table 1. The feedback-linearized sliding mode control algorithm proposed in this paper was verified using the DDVC electro-hydraulic servo system experimental platform. The electrical schematic diagram and hydraulic valve block were designed according to the actual process requirements and hardware models of the system. Each component was installed and fixed in the electric control cabinet according to the schematic diagram, and the cable was connected. The overall hardware composition of the electric control cabinet and hydraulic system after installation is shown in Figure 7. The experimental platform was mainly composed of upper-computer PLC, MOOG MSCII motion controller, servo driver, the motor-pump unit, functional valve block, working and loading hydraulic cylinder and electronic control cabinet operating platform. The cylinder body and cylinder rod of the hydraulic cylinder are fixed on the mechanical tooling, which is fixed on the iron platform. Whether the cylinder rod is extended or retracted, it will be subjected to the reaction force of the tooling, resulting in the load force.



The upper-computer PLC sends the control command of desired pressure    F d    to the MSCII motion controller through the analog quantity. At the same time, the controller collects the pressure, displacement, temperature and other information in the hydraulic system in real time through the sensors, obtains the pressure control output signal in combination with the high-performance control algorithm program of pressure control and sends the output signal to the servo driver through the communication mode of the CAN bus, then the motor-pump unit can accurately control the system pressure    F c    in the hydraulic system, which forms a high-performance pressure closed-loop control.




6.2. Experiment Content and Result Analysis


The PID controller has been widely used in electro-hydraulic servo control due to its simple structure and strong robustness. Therefore, the PID controller can be selected to compare with the feedback-linearized sliding mode controller. The PID controller has three basic control rules: proportional (P) control, integral (I) control and differential (D) control. Proportional gain P can affect the response speed and steady-state accuracy of the controller. The integral gain I can affect the controller’s ability to eliminate steady-state pressure errors of the system. Differential gain D can affect the ability of the system to resist pressure error change. The parameters of the PID controller are adjusted by a trial-and-error method, and gain P is 52.5, gain I is 5 and gain D is 0.



The specific implementation method of the experiment is as follows: First, the feedback linearization sliding mode control algorithm is built by using Simulink software and downloaded to MOOG MACS axis control software. The editing system logic control program in the software is used. The desired pressure signal instruction    F d    is given by the software program. Step response signal and sinusoidal response signal are used here. The PID controller and feedback linearization controller are used to control the system pressure    F c   . The pressure signal of the pressure sensor is collected and analyzed in real time, and the actual pressure    F c    of the system is obtained. The control results of the PID controller and feedback linearization controller on system pressure are obtained, respectively. The experimental results are compared to verify the pressure control accuracy and steady-state response speed of the feedback linearization control algorithm.



6.2.1. Step Signal Response Experiment


When the step signal was given from 90 bar to 110 bar and from 110 bar to 90 bar, the classical PID control method in industrial control (marked by PID) was used. The system pressure curves are shown in Figure 8 and Figure 9. The feedback-linearized sliding mode control method was adopted, and the system pressure curves are shown in Figure 10 and Figure 11.



For the convenience of analysis, the actual pressure curve and the expected pressure curve were displayed on the same interface. Through experimental research, the step response curves of the pressure control system under the PID controller and the feedback-linearized sliding mode controller were analyzed, and the following conclusions were drawn: (1) The traditional PID controller makes it difficult to adjust the optimal parameters, and the steady-state error is relatively large, reaching errors as high as 3 bar. (2) The feedback-linearized sliding mode controller has no obvious overshooting when it reaches the steady state, and the pressure accuracy can be controlled within 0.5 bar, and the accuracy is improved by about 2.5 bar. It can be concluded that the control method has a clear effect on improving the control performance of the DDVC electro-hydraulic servo pressure control system, and the steady-state error is small.




6.2.2. Sinusoidal Response Experiments


Based on the given sinusoidal signals of the DDVC electro-hydraulic servo pressure control system at different frequencies and the same amplitude, the variation of the tracking curves was observed. Figure 12, Figure 13, Figure 14 and Figure 15 show the sinusoidal response following curves of the traditional PID control and feedback-linearized sliding mode control under a sinusoidal signal with a frequency of 1 Hz and an amplitude of 5 bar. The system had certain overshooting and hysteretic phenomena. Under the traditional PID control, the pressure deviation was relatively large (approximately 4 bar). Under the feedback-linearized sliding mode control, the pressure deviation was small (approximately 0.5 bar), and the tracking curve was relatively complete.



Figure 16, Figure 17, Figure 18 and Figure 19 show the sinusoidal response following curves of the traditional PID control and feedback-linearized sliding mode control under a sinusoidal signal with a frequency of 2 Hz and an amplitude of 5 bar. Under traditional PID control, pressure overrun and hysteresis phenomena were more prominent, and the steady-state error was relatively large (approximately 5 bar). Under the feedback-linearized sliding mode control, the overshoot of the system was small, and the expected pressure curve can be easily followed. The steady-state error was small (approximately 0.7 bar).



Figure 20, Figure 21, Figure 22 and Figure 23 show the sinusoidal response following curves of the traditional PID control and feedback-linearized sliding mode control under a sinusoidal signal with a frequency of 2.5 Hz and an amplitude of 5 bar. The experimental curve in Figure 20 shows that, under traditional PID control, the lag of pressure following was obvious. Furthermore, the error, as shown in Figure 21, was larger than that when the frequency was 1 Hz and 2 Hz, reaching about 6 bar. However, as shown in Figure 22, when the feedback-linearized sliding mode control method was adopted, the system overrun and hysteresis phenomena were significantly improved, and the expected pressure curve can be easily followed. As can be seen from Figure 23, the error was significantly reduced and around 1bar, meeting the control requirements.



By comparing the experiments, it can be concluded that the feedback-linearized sliding mode control method is clearly better than the traditional linear PID controller. This is mainly because, when tracking a given low-frequency signal, the electro-hydraulic servo system mainly presents the velocity integral characteristic. On the other hand, the feedback-linearized sliding mode control contains the active velocity feedforward compensation link, so it can obtain better control performance. In addition, the feedback-linearized sliding mode control cancels the main nonlinear characteristics of the hydraulic system through the model compensation term, so the steady-state output pressure accuracy is less than 1 bar.






7. Conclusions


Aiming to solve the high-precision pressure control problem of the DDVC electro-hydraulic servo system, a feedback-linearized sliding mode control strategy was proposed. The following conclusions were obtained:




	(1)

	
The mathematical model of the DDVC electro-hydraulic servo system was established, and the pressure output transfer function of the system was deduced.




	(2)

	
Considering the nonlinearity of the system, a feedback-linearized sliding mode control strategy was proposed to deal with the nonlinear components of the system and convert the dynamic performance of the nonlinear system to linear characteristics to optimize the control performance of the system. The linearized sliding mode control strategy was applied to the DDVC system for high-precision pressure control.




	(3)

	
The experimental analysis shows that the proposed controller can effectively improve the pressure output accuracy of the electro-hydraulic servo pressure control system and improve the dynamic response characteristics of the system compared with the PID controller. However, some idealized models of the system are simplified. To improve the nonlinear accuracy of the system, the nonlinear model can be further refined.
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Figure 1. Schematic diagram of the DDVC electro-hydraulic servo system. 1: servo motor, 2: positive displacement pump, 3: temperature sensor, 4: pressure relay, 5: pressure joint, 6: check valve, 7: oil replenishment accumulator, 8: relief valve, 9: pressure sensor, 10: unloading valve, 11: symmetrical hydraulic cylinder. 
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Figure 2. Flow distribution of hydraulic pump. 






Figure 2. Flow distribution of hydraulic pump.



[image: Processes 09 01676 g002]







[image: Processes 09 01676 g003 550] 





Figure 3. Hydraulic cylinder flow distribution. 
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Figure 4. Block diagram of the DDVC system. 
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Figure 5. Control block diagram of the DDVC electro-hydraulic servo system. 
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Figure 6. Rolling mill equipment structure. 
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Figure 7. Overall hardware structure of the system. 






Figure 7. Overall hardware structure of the system.



[image: Processes 09 01676 g007]







[image: Processes 09 01676 g008 550] 





Figure 8. PID controller step rise curve. 
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Figure 9. PID controller step drop change curve. 
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Figure 10. Feedback-linearized step rise curve of the sliding mode controller. 
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Figure 11. Feedback-linearized step drop curve of the sliding mode controller. 
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Figure 12. PID control response curve at 1 Hz. 
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Figure 13. PID control error change curve at 1 Hz. 
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Figure 14. Feedback-linearized sliding mode control response curve at 1 Hz. 
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Figure 15. Feedback-linearized sliding mode control error change curve at 1 Hz. 
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Figure 16. PID control response curve at 2 Hz. 
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Figure 17. PID control error change curve at 2 Hz. 
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Figure 18. Feedback-linearized sliding mode control response curve at 2 Hz. 






Figure 18. Feedback-linearized sliding mode control response curve at 2 Hz.



[image: Processes 09 01676 g018]







[image: Processes 09 01676 g019 550] 





Figure 19. Feedback-linearized sliding mode control error change curve at 2 Hz. 
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Figure 20. PID control response curve at 2.5 Hz. 
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Figure 21. PID control error change curve at 2.5 Hz. 
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Figure 22. Feedback-linearized sliding mode control response curve at 2.5 Hz. 






Figure 22. Feedback-linearized sliding mode control response curve at 2.5 Hz.



[image: Processes 09 01676 g022]







[image: Processes 09 01676 g023 550] 





Figure 23. Feedback-linearized sliding mode control error change curve at 2.5 Hz. 
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Table 1. Main parameters of the experimental platform.
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	Parameter
	Physical Meaning
	Value





	   C  i p     ((m3/s)/Pa)
	Internal leakage coefficient of pump
	1 × 10−13



	Cep ((m3/s)/Pa)
	External leakage coefficient of pump
	1 × 10−13



	D (mL/r)
	pump delivery
	0.8



	   P P    (kW)
	Rated power of pump
	1



	Pm (MPa)
	Maximum working pressure of pump
	21



	Cic ((m3/s)/Pa)
	Internal leakage coefficient of hydraulic cylinder
	1 × 10−13



	   K  v p     (N/(m/s))
	Damping coefficient of piston
	150



	  k  
	Gas polytropic coefficient
	1.3



	   F s    (N)
	Sliding static friction
	25



	Fc (N)
	Sliding Coulomb friction
	15



	   V 0    (mL)
	Initial volume of one side of hydraulic cylinder
	450



	   β e    (N/m2)
	Oil elastic modulus
	6.5 × 108



	 A  (cm2)
	Effective area of piston
	71



	 m  (Kg)
	Load conversion quality
	2000



	   V  g i     (mL)
	Initial gas volume of accumulator
	200



	Pai (MPa)
	Initial pressure of accumulator
	3



	   V  a i     (mL)
	Initial oil volume of accumulator
	200



	 u  (V)
	Rated voltage of servo motor
	220



	   P m   (kW)
	Rated power of servo motor
	1



	 n  (r/min)
	Rated speed of servo motor
	3000



	   T e    (N·m)
	Servo motor torque
	3.18



	 J  (kg·m2)
	Moment of inertia of servo motor
	2.65 × 10−4
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