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Abstract

:

The aerospace electro-hydraulic servo simulator is used to simulate the air load received during flight, and is used for the performance test and acceptance test of aerospace servo actuators on the ground. The force loading accuracy of the load simulator is an important assessment index. Because the loading system and the actuator system to be tested are coupled together, the free displacement of the system to be tested during loading will bring huge disturbance to the loading system, thus how to suppress external interference has always been a hot issue in the control field. This paper addresses this issue under the influence of nonlinear friction and uncertain external disturbance. First, the exact mathematical model of the system is derived, and the characteristics of the system are described by the state equations. Second, in order to obtain the relevant parameters in the controller, the system parameters are identified. Third, the parameter adaptive sliding mode force control based on the reaching law is proposed, and the performance of the control algorithm is analyzed theoretically. Finally, the new control method is applied in the aerospace electro-hydraulic servo simulator, and the results show that the new control algorithm can suppress the external interference by 95% or more, and the control accuracy is more than 97%, which fully demonstrates the effectiveness of the control method.
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1. Introduction


In the aerospace field, the air rudder of a rocket is an important component to control the flight attitude. The core component of the air rudder is the servo actuator, which is used to control the deflection angle of the air rudder. Therefore, the test of the servo actuator plays an important role in the product development and delivery stage. In order to accurately simulate the air load on the air rudder during flight, it is necessary to develop a corresponding load simulator to load the servo actuator with rated force or torque.



The loading modes of the load simulator are mainly divided into mechanical loading, electro-hydraulic loading and electric loading, among which electro-hydraulic servo loading is the most widely used. The advantages of mechanical loading are high precision, high reliability and stable performance, but its disadvantages are its complex structure and the limitation of only being able to load linear load. The advantages of electro-hydraulic loading are large power-to-weight ratio, simple mechanical structure, fast response speed and the ability to follow complex loading signals, while the disadvantages are the interference of surplus force. The earliest electro-hydraulic load simulator was built by Japanese scholars, such as Koji Ikega, and has been applied in practical situations. The control technology of the load simulator mainly aims to solve two kinds of problems: one is the control problem of the loading system itself, and the other is the unavoidable problem of surplus force suppression in the load simulator. In the electro-hydraulic load simulator, the loading system has a strong nonlinearity [1,2,3], and the system parameters also have uncertainties: changes in oil temperature [4,5] and medium bubble content [6,7], changes in sensor and controller parameters with time [8,9], etc., will cause changes in system parameters. To solve these problems, many scholars have tried a variety of solutions, mainly from the hardware structure and control strategy to solve and compensate for the problem of surplus force.



To solve the loading problem of the load simulator through the control strategy, the advantage is that there is no change to the external system, the required cost is small, and the design and debugging are relatively convenient. Therefore, many scholars have done a lot of theoretical research, analysis and experimental verification in this regard. A structure invariance compensation (SIC) control method is used to suppress the surplus force in Ref. [10]; its idea is to add a feed-forward link in the control, thus improving the controller performance. Another kind of effective control method is the compensation control method based on disturbance observer [11,12,13,14]. The disturbance observer is designed to estimate the unknown disturbance and compensate it in the feed-forward channel to effectively suppress the disturbance. The controller consists of two parts: a feedback controller and a feed-forward controller based on a disturbance observer. However, this kind of control method has some problems in the design process, such as dependence on the system model and difficulty in system parameter identification.



In recent years, intelligent control has been widely used in many fields and achieved good results. Therefore, some scholars also apply intelligent control methods to the loading system of the load simulator, mainly involving learning control algorithm [15,16], fuzzy control algorithm [17,18], neural network control algorithm [19,20], etc. However, this kind of control algorithm needs a certain learning time to adjust the control parameters to the best value, and the system control effect can reach the best, thus it cannot respond quickly.



The sliding mode control method appeared in the 1950s and became a typical method in the field of automatic control. This control method makes the system states slide along the sliding surface by switching the control variables, which makes the system invariant when the parameters are perturbed and external disturbances occur [21]. Sliding mode variable structure control is widely used in the field of motion control because of its simple algorithm, good robustness and high reliability. Yang et al. applied a sliding mode controller based on an external disturbance observer in the power system to minimize the frequency deviation by controlling the governor of the generation unit [22]. Xu et al. used a sliding mode control using a fractional-order operator (SMCFO) method for the hysteresis of a piezoelectric (PZT) micro-nano platform, achieving a no-load high precision tracking control effect [23]. Chehaidia et al. gives a global state of the art of application of sliding mode control (SMC) for wind turbines and proposes a new application of terminal integral sliding mode control (TISMC) for variable speed wind turbines, which has a good effect in maximizing output power and reducing load [24]. Kang et al. used a finite-time adaptive sliding mode force control method to improve the influence of friction on the electro-hydraulic servo load simulator [25].



The aforementioned studies based on sliding mode control have achieved certain results in their respective fields. Combined with the advantages of sliding mode control, considering that the space load simulator requires high control accuracy, good residual force suppression effect, strong robustness and other characteristics, the control algorithm based on sliding mode control can be used in the control design of the loading system.



The main contributions of this paper are as follows:



(1) In view of the load simulator with medium load (2000 N–8000 N), the hydrodynamic and mechanical characteristics of the system are comprehensively analyzed, the system state equation and accurate mathematical model are established, the root cause of the surplus force is found, and the corresponding suppression methods are proposed.



(2) The design of the controller depends on some parameters of the system, thus the open-loop identification method of the system is designed. The random white noise signal is used as the stimulus signal, and the system parameters are identified using the least square method (LSM) according to the input data and output data of the system. The dynamic characteristics of the identification model and the original system are compared to verify the correctness of the identification parameters.



(3) The sliding surface based on exponential reaching law is designed, and a parameter adaptive control algorithm is proposed based on it; the sliding mode controller of the load simulator is designed, and a good control effect is achieved in practical application.




2. System Introduction and Mathematical Model


2.1. Mechanical System Design and Construction


The space load simulator needs to simulate the air load on the air rudder during flight, thus it needs to load some conventional signals with high accuracy, such as square wave signal, sine signal, etc. At the same time, in order to test the performance of the servo actuator to the maximum extent, it is necessary to load some complex composite signals. In addition to force loading, the simulator also needs to simulate the moment of inertia load and friction load.



Based on the system requirements detailed above, the mechanical system of the load simulator is designed. The mechanical system is mainly composed of the main frame, rotating shaft, swing arm, cantilever, mass block, friction mechanism, etc. The overall 3D design diagram of the system is shown in Figure 1. The force loading system and the servo actuator to be tested are installed on both sides of the swing arm, respectively. Through this coupling mode, the loading system can load the force on the servo actuator to be tested. The mechanical structure of the loading system is shown in Figure 2.



In order to simulate the moment of inertia of the system, a cantilever is designed below the swing arm. Multiple primary mass blocks can be fixed on the cantilever to adjust the moment of inertia of the system. At the same time, the system also needs to simulate the secondary resonance phenomenon under the real load, thus there are springs and secondary mass blocks under the cantilever.




2.2. Establishment of System Mathematical Model


Because the force loading system needs high loading accuracy and can follow complex loading signals, the loading system uses an electro-hydraulic servo system. The loading schematic diagram of the electro-hydraulic servo loading system is shown in Figure 3. The controlled electric signal drives the displacement of the servo valve spool to further control the pressure and flow of the left and right chambers of the servo hydraulic cylinder, and to finally achieve the purpose of controlling the loading force.



According to the hydraulic loading principle and the relevant theories of fluid mechanics, the flow Equations (1) and (2) of the left and right chambers of the force loading system can be derived.


   Q 1  =  C d  ω  x v      2    p s  −  p 1     ρ     



(1)






   Q 2  =  C d  ω  x v      2    p 2  −  p T     ρ    =  C d  ω  x v      2  p 2   ρ     



(2)




where    Q 1    [m3/s] and    Q 2    [m3/s] are the flow of the left and right chambers.     p s    [Pa] is the system supply oil pressure.    p T    [Pa] is the system return oil pressure.    p 1    [Pa] and    p 2    [Pa] are the pressure of the left and right chambers.    C d    is the discharge coefficient,  ω  [m] is the spool valve area gradient and  ρ  [kg/m3] is the density of the hydraulic oil.    x v    [m] is the displacement of the servo valve spool. Furthermore, from the equations    p L  =  p 1  −  p 2   ,    p s  =  p 1  +  p 2    and    Q L  =    Q 1  +  Q 2    / 2  , Equation (3) can be derived.


   Q L  =  C d  ω  x v       p s  −  p L   ρ     



(3)







This section may be divided by subheadings. It should provide a concise and precise description of the experimental results, their interpretation, as well as the experimental conclusions that can be drawn.



Under the following assumptions (a), (b) and (c), the flow continuity equation of the system can be expressed by Equations (4) and (5) [26].



(a) Friction loss inside all connecting pipes, factors of fluid quality and dynamic state of the oil circuit are ignored.



(b) The internal pressure of the two working chambers of the hydraulic cylinder is the same everywhere, and the temperature and volume elastic modulus are considered to be constant.



(c) The internal and external leakage of the hydraulic cylinder is laminar flow.


   Q 1  −  C  i c    p L  −  C  e c    p 1  =   d  V 1    d t   +    V 1     β e    ·   d  p 1    d t    



(4)






   C  i c    p L  −  C  e c    p 2  −  Q 2  =   d  V 2    d t   +    V 2     β e    ·   d  p 2    d t    



(5)




where    C  i c     [(m3/s)/Pa] and    C  e c     [(m3/s)/Pa] are the internal and external leakage coefficients, respectively,    β e    [Pa] is the elastic modulus of the hydraulic oil,    V 1    [m3] is the oil supply cavity volume, and    V 2    [m3] is the oil return cavity volume.



Assuming that the piston position of the hydraulic cylinder is in the middle position, and the initial volume of the oil inlet cavity and the oil return cavity is equal to half of the total volume, the volumes of the oil inlet cavity and oil return cavity are written as Equations (6) and (7).


   V 1  =    V t   2  + A  y l   



(6)






   V 2  =    V t   2  − A  y l   



(7)




where  A  [m2] is the effective area of the hydraulic cylinder piston.    y l    [m] is the piston displacement of the servo hydraulic cylinder in the loading system.    V t    [m3] is the total volume of the load servo hydraulic cylinder.



The flow continuity equation of the system can be derived from the load flow definition of the system    Q L  =    Q 1  +  Q 2    / 2   and Equations (4)–(7), as shown in Equation (8).


   Q L  =  C  t c    p L  + A   d  y l    d t   +    V t    4  β e    ·   d  p L    d t    



(8)




where    C  t c   =  C  i c   +  1 2   C  e c     [(m3/s)/Pa] is the total leakage coefficient of the system.



Combining Equations (3) and (8), we can get a new Equation (9).


   C d  ω  x v       p s  −  p L   ρ    =  C  t c    p L  + A   d  y l    d t   +    V t    4  β e    ·   d  p L    d t    



(9)







Because the load system and the loading system are coupled together through the swing arm, the force balance formula of the system can be established as shown in Equation (10).


  A  p L  = m    d 2   y l    d t   +  B C    d  y l    d t   + K  y l  +  F  e x t   +  F f   



(10)




where    F f    [N] is the equivalent friction of the system, which includes the friction of the piston of the hydraulic cylinder, the friction of the shaft, and the friction of the tested system.    F  e x t     [N] is the unknown surplus force of the system, which is generally caused by the autonomous displacement of the tested servo actuator.



The servo valve selected in the loading system is the servo valve of MOOG. Because the frequency bandwidth of the system is far lower than that of the servo valve, the servo valve can be simplified as a first-order link [27], and the differential equation of spool displacement    x v    can be expressed by Equation (11).


     x v   ˙  = −  ω v   x v  +  K v   ω v  u  



(11)




where  u  [A] is the servo valve’s input current,    ω v    is the natural frequency of the servo valve,    K v    is the equivalent gain coefficient of servo valve.



Based on the above equations, the system state equations can be derived. Define the state vector of the system as   x =      x 1  ,    x 2  ,    x 3  ,  x 4       T  =      y l  ,      y l   ˙  ,    p L  ,    x v       T   , define the output of the system as   y = A  p L   . Then Equations (9) and (10) can be rewritten as Equations (12) and (13).


    d  p L    d t   = −   4 A  β e     V t    ·   d  y l    d t   −   4  C  t c    β e     V t       p L  +     4  C d  ω  β e     V t   ρ       p s  −  p L       x v   



(12)






     d 2   y l    d t   =  1 m    A    p L  −  B C    d  y l    d t   − K  y l  −  F  e x t   −  F f     



(13)







According to the definition of vector  x  and Equations (11)–(13), the state equations of the system can be finally deduced as follows.


           x 1   ˙  =  x 2           x 2   ˙  =  1 m    A  x 3  −  B C   x 2  − K  x 1  −  F  e x t   −  F f             x 3   ˙  = −   4 A  β e     V t     x 2  −   4  C  t c    β e     V t     x 3  +     4  C d  ω  β e     V t   ρ       p s  −  x 3       x 4           x 4   ˙  = −  ω v   x 4  +  K v   ω v  u       y = A  x 3         



(14)







To facilitate discussion and simplify Equation (14), define a vector   ε =      ε 1  ,    ε 2  ,    ε 3  ,    ε 4  ,    ε 5     T   , where    ε 1  = − 4 A  β e  /  V t   ,    ε 2  = − 4  C  t c    β e  /  V t   ,    ε 3  = 4  C d  ω  β e  /  V t   ρ   ,    ε 4  = −  ω v   ,    ε 5  =  K v   ω v   . Then Equation (14) can be simplified into Equation (15).


           x 1   ˙  =  x 2           x 2   ˙  =  1 m    A  x 3  −  B C   x 2  − K  x 1  −  F  e x t   −  F f             x 3   ˙  =  ε 1   x 2  +  ε 2   x 3  +    ε 3     p s  −  x 3       x 4           x 4   ˙  =  ε 4   x 4  +  ε 5  u       y = A  x 3         



(15)







Equation (15) is the final expression of the system state space equation. It can be seen from the mathematical model of the system that the friction force of the system    F f    and external interference superfluous force    F  e x t     is the unknown interference of the system. It is expected to find a robust control algorithm with a strong suppression effect on external interference, which can compensate for the friction interference of the system and suppress the excessive force caused by the position disturbance of the tested system, so as to achieve a better control effect and improve the loading accuracy.





3. Identification of System Parameters


From the system mathematical model, it can be seen that some parameters of the system can be obtained through the component manual, but some parameters are difficult to obtain directly, thus the system identification method can be used for parameter identification.



The principle of system identification is to treat the system as a black box and obtain the corresponding output signal through a group of stimulus input signals. Then, a mathematical model that can describe the system is constructed, and the parameters in the mathematical model are identified by using the input signal and output signal through some mathematical estimation algorithms, such as the least square method, maximum likelihood method, etc. System identification is a very mature method, which has been applied in many systems [28,29].



In order to obtain the relevant parameters in the system mathematical model, the transfer function of the load simulator can be established first.



According to Equations (1) and (2), partial derivative Equations (16) and (17) can be obtained


    ∂  Q 1    ∂  x v    =   ∂  Q 2    ∂  x v    =  C d  ω      p s  −  p L   ρ    =  K q   



(16)






  −   ∂  Q 1    ∂  p 1    =   ∂  Q 2    ∂  p 2    =  C d  ω  x v     1  ρ    p s  −  p L        = 2  K c   



(17)




where    K q    [(m3/s)/m] is the flow gain of the servo valve near the steady-state operating point,    K c    [(m3/s)/Pa] is the flow pressure coefficient of the servo valve. Linearize Equations (1) and (2) to get Equation (18).


  Δ  Q 1  =   ∂  Q 1    ∂  x v    Δ  x v  +   ∂  Q 1    ∂  p 1    Δ  p 1  =  K q  Δ  x v  − 2  K c  Δ  p 1   



(18)






  Δ  Q 2  =   ∂  Q 2    ∂  x v    Δ  x v  +   ∂  Q 2    ∂  p 2    Δ  p 2  =  K q  Δ  x v  + 2  K c  Δ  p 2   



(19)







Take the load flow as   Δ  Q L  =   Δ  Q 1  + Δ  Q 2    / 2  , which can obtain the linearized load flow equation.


  Δ  Q L  =  K q  Δ  x v  −  K c  Δ  p L   



(20)







The transformed Equations (21)–(23) can be obtained by Laplace transformation of Equations (8), (10) and (20).


   Q L  =  K q   X V  −  K c   P L   



(21)






   Q L  =  C  t c    P L  + A s  Y L  +    V t    4  β e    s  P L   



(22)






  A  P L  = m  s 2   Y L  +  B C  s  Y L  + K  Y L  +  F  e x t   +  F f   



(23)




where    X V   ,    P L   ,    Y L   , are the Laplace transform of    x v   ,      p L   ,    y l   .



Equation (24) can be derived from the above three equations.


   F L  =   A  K q    m  s 2  +  B C  s + K    X V  +  A 2  s  F  e x t   +  A 2  s  F f       V t  m   4  β e     s 3  +   m    K c  +  C  t c     +    V t   B C    4  β e       s 2  +    A 2  +  B C     K c  +  C  t c     +   K  V t    4  β e      s + K    K c  +  C  t c        



(24)







The model to be identified of the system can be described by Equation (25) without the interference of external excessive force and ignoring the influence of system friction. The system’s input signal is  U , which is the driving current of the servo valve. The relationship between     U   and spool displacement    X V    is described by Equation (26).


     F L   U  =    b 1   s 2  +  b 2  s +  b 3     s 3  +  a 1   s 2  +  a 2  s +  a 3     



(25)






   X V  =  K V  U  



(26)




where    K V    [m/A] is the current gain of the servo valve.



From the transfer function of the system, the loading torque system is a third-order system with six parameters to be identified. In the actual control system, the system is a discrete system. Therefore, the continuous transfer function can be converted into a discrete transfer function through mathematical method. According to Equation (25), the discrete transfer function of the system can be represented by Equation (27).


    1 +  a 1 ′   z  − 1   +  a 2 ′   z  − 2   +  a 3 ′   z  − 3     y  k  =    b 1 ′   z  − 1   +  b 2 ′   z  − 2   +  b 3 ′   z  − 3     u  k   



(27)




where   y  k    and   u  k    are the system’s output and input at time   k .   The equation that rewrites Equation (27) as a vector is as follows.


  y  k  =  φ k T  θ  



(28)




where    φ k T  =   − y   k − 1   − y   k − 2   − y   k − 3     u   k − 1     u   k − 2     u   k − 3      ,   θ =      a 1 ′     a 2 ′     a 3 ′     b 1 ′     b 2 ′     b 3 ′     T   . When   k = 1 ,   2 ,   3 ,   ⋯ ,   N  , the vector equation represented by Equation (29) can be obtained.


  y = φ θ  



(29)




where   y =     y  1    y  2    y  3    ⋯   y  N     T   ,   φ =      φ 1 T     φ 2 T     φ 3 T    ⋯    φ k T     T   .



The purpose of system identification is to estimate the system parameter  θ  through  N  groups of observation data  φ . Assume that the estimated value of  θ  is    θ ^   ,    θ ^  =       a ^  1 ′      a ^  2 ′      a ^  3 ′      b ^  1 ′      b ^  2 ′      b ^  3 ′     T   . Then, the identified discrete transfer function of the system is described by Equation (30).


  y  k  =  φ k T   θ ^  +  e ^   k   



(30)




where    e ^   k    is called equation error and is a random value.


   e ^   k  = y  k  −  φ k T   θ ^  =  φ k T    θ −  θ ^     



(31)







The least squares system identification method is used in this paper. The purpose is to obtain the minimum value of the criterion function of    e ^   k   , as shown in Equation (32).


  J =   ∑   k = 1  N    e ^  2   k  =   e ^  T   e ^  =     y − φ  θ ^     T    y − φ  θ ^     



(32)




where    e ^  =      e ^   1     e ^   2     e ^   3  ⋯    e ^   k     T   . Using the necessary conditions of extreme value and calculating the partial derivative of Equation (32), Equation (33) can be further deduced.


    ∂ J   ∂  θ ^    = − 2  φ T    y − φ  θ ^    = 0  



(33)







Therefore,    φ T  φ  θ ^  =  φ T  y  , and    θ ^  =      φ T  φ     − 1    φ T    y  , namely, according to the observed system input and output data, the system parameter value is finally estimated. The parameter value of the discrete transfer function is obtained, and the parameter value of the continuous transfer function can also be calculated.



The open loop identification method is adopted for the system, and the stimulus signal is a random white noise signal between [−0.002, 0.002]. The sampling time of the data acquisition system is 0.0001 s. The curve of a section of the stimulus signal is shown in Figure 4.



According to the corresponding relationship between Equations (24) and (25), and the identified system parameters, the values of each parameter in the final system mathematical model are listed in Table 1.



In the identification process, 10 s of data were collected. Under the action of the stimulus signal, the output signal of the system is shown in Figure 5. The collected input data and output data of the system are calculated by the least square method, and the specific values of each parameter in the transfer function can finally be obtained, where    a 1  = 143  ,     a 2  = 233  ,    a 3  = 322  ,    b 1  = 4.144 ×   10   10    ,    b 2  = 1.076 ×   10   14    ,    b 3  = − 1.966 ×   10   14    .



In order to verify the correctness of the parameters of the identification model, general closed-loop control is adopted and the same control parameters are set. Given an 8000 N follow signal, the output of the actual system and the output of the identification model are shown in Figure 6. It can be seen from the figure that the dynamic characteristics of the identification model are basically consistent with the original system, but there are partial differences in some parts due to the identification error; however, the error is within the receiving range. Therefore, we believe that the identified system parameters are correct and available.



So far, the identification of the system has been completed, making preparations for the design and implementation of the following controller.



It should be noted that in the hydraulic servo system, some parameters will change with time, such as oil viscosity, system damping, etc. However, the range of its value change can be ignored compared with other control parameters, thus the influence on the parameters of the controller can be ignored.




4. Proposal and Implementation of Control Strategy


4.1. Controller Design


Sliding mode control (SMC), also known as variable structure control, is a special kind of nonlinear control, and the nonlinear performance is the discontinuity of the control. Sliding mode control has the advantages of fast response, strong robustness and simple physical implementation. Considering these factors, the controller can be designed based on sliding mode control in the force loading system of the aerospace load simulator.



In Section 2, the equation of the state of the system has been derived and described by Equation (15). First, we define the tracking error of the system as    e 3  =  x 3  −  x d   .    x d    is the expected ideal value of    x 3   . Secondly, in order to ensure that the loading system has good dynamic performance and better static accuracy, it is necessary to select a sliding surface suitable for the system. In this paper, the sliding surface is represented by Equation (34).


  s = β  e 3  +    e 3   ˙   



(34)




where  β  (  β > 0  ) is the parameter of the sliding surface. Take the derivative of  s  and we will get the following equation.


      s ˙    =    e ¨   3  + β   e ˙  3         =      x ¨   3  −    x ¨   d    + β   e ˙  3          =  ε 1    x ˙  2  +  ε 2    x ˙  3  −  ε 3   1  2    p s  −  x 3        x ˙  3   x 4  +  ε 3     p s  −  x 3      x ˙  4  −    x ¨   d  + β   e ˙  3          =  ε 1    x ˙  2  +  ε 2    x ˙  3  −  ε 3   1  2    p s  −  x 3        x ˙  3   x 4  +  ε 3     p s  −  x 3       ε 4   x 4  +  ε 5  u   −    x ¨   d  + β   e ˙  3          =  ε 1    x ˙  2  +  ε 2    x ˙  3  −  ε 3   1  2 g     x ˙  3   x 4  +  ε 3   ε 4  g  x 4  +  ε 3   ε 5  g u −    x ¨   d  + β   e ˙  3       



(35)




where   g =    p s  −  x 3     .



Sliding mode control makes the motion of the system divided into two processes: approaching motion and sliding mode motion. According to the principle of sliding mode variable structure, the reachability condition of sliding mode only guarantees that the moving point at any position in the state space can reach the switching surface in a limited time, and there is no restriction on the specific trajectory of the approaching motion. The dynamic quality of the approaching motion can be improved by using the sliding mode control method of approach law [30]. In this paper, a sliding mode control strategy based on the exponential approach law is designed. We can define the derivative of sliding surface  s  as the following equation.


   s ˙  = − a · sign  s  − b · s  



(36)




where   a ( a > 0 )   and   b ( b > 0 )   are the control parameters.



According to Equations (35) and (36), we can further design the controller of the system. The output of the controller is described by Equations (37)–(39).


  u =  1   ε 3   ε 5  g     − a sign  s  − b s +    x ¨   d  − α   e ˙  3  − φ    



(37)






  φ =  ε 1    x ˙  2  +  ε 2    x ˙  3  −  ε 3   1  2 g     x ˙  3   x 4  +  ε 3   ε 4  g  x 4   



(38)






  α =  β  1 + c  e  − d    e 3         



(39)




where  c  and  d  are the control parameters of the exponential function.



Note that      x 2   ˙  =  1 m    A  x 3  −  B C   x 2  − K  x 1  −  F  e x t   −  F f     , the derivative of this state quantity is related to the unknown external interference    F  e x t     and    F f   , and it is difficult to directly measure and obtain in the actual system. Therefore, in the actual control system, the derivative of    x 2    for time can be used indirectly, which is      x 2   ˙  = Δ  x 2  / Δ t  . Because      x 2   ˙    is very sensitive to noise signals, special signal filtering is carried out in the signal hardware processing module to reduce the system noise during the acquisition of system displacement and speed. At the same time, it is difficult to directly measure the spool displacement    x 4    in the common servo valve because the spool is encapsulated in the servo valve. In the control system of this paper, the servo valve is modified, part of the shell of the servo valve is removed, and a micro-displacement sensor is connected in series on the spool to measure the spool displacement. The schematic diagram of the measuring device for spool displacement is shown in Figure 7.



 α  is the key control parameter of the controller, which has a great impact on the control performance of the system. If its value is too small, the response speed of the system will not be fast enough and the ability to suppress external interference will be weak. If the value is too large, it will cause chattering problems in the system. Therefore, it is necessary to design a parameter adaptive control strategy in the system. Chattering is always the key issue in sliding mode control, and its essence is caused by the nonlinear switching of control surfaces. In order to solve this problem, many scholars have put forward many effective methods, among which sliding mode control combined with the adaptive control algorithm is an effective solution. In Ref. [31], a novel adaptive sliding mode control method has been designed and applied to the load frequency control, through comparative experiments, and it is proven that it has a good effect on solving the chattering problem. In Ref. [32], a novel ASMC methodology is proposed, which does not require a priori bounded uncertainty. The authors of Refs. [33,34] also used the adaptive control method, which has good control effect against unknown external interference. The above three references have proposed some special control methods in adaptive control and achieved good results.



In the test experiment of the aerospace air rudder, it is unknown when the external interference occurs and how large the interference value is. Because the  α  parameter plays a decisive role in the control effect of the controller, we hope that the designed controller can adjust the  α  parameter adaptively according to the actual control error in order to achieve the best control effect. When the control error    e 3    of the system is large, the value of  α  can be automatically adjusted to a larger value, and when the system error is small, its value can be adjusted to a smaller value, which can not only have a fast response and strong interference suppression ability, but also solve the problem of chattering well. Finally, an exponential change function is designed, as shown in Equation (39), and the influence of the  c  and  d  parameters on the function is shown in Figure 8, where   β = 1  .



Parameter  c  will affect the minimum value of  α , and parameter  d  will affect the parameter adjustment speed of the adaptive function. The parameter adaptation method shown in Equation (39) can not only react and suppress external interference quickly, but also reduce the chattering of the system as much as possible.




4.2. Analysis of Control Performance


The convergence of the system is analyzed, and the Lyapunov function is defined as   V =  1 2   s 2   , thus its derivative can be written as the following equation.


   V ˙  = s  s ˙  = s   − a sign  s  − b s   = − a  s  − b  s 2   



(40)







Obviously,    V ˙  < 0  , therefore the system is convergent and stable.



Equation (40) can be further deduced to Equation (41).


   V ˙  = − a  s  − 2 b V ≤ − 2 b V  



(41)







Lemma 1.

For  V :   0 , ∞   ∈ R  , the solution of inequality equation   V ˙  ≤ − k V + f  ,  ∀ t ≥  t 0  ≥ 0  is  V  t  ≤  e  − k   t −  t 0      V    t 0    +   ∫    t 0   t   e  − k   t − τ     f  τ  d τ  , where k is an arbitrary constant [35].





According to Lemma 1, the solution to inequality (41) is:


  V  t  ≤  e  − 2 b   t −  t 0      V    t 0     



(42)







It can be seen that  V  converges to 0 by exponential convergence, and the rate of convergence depends on  b . The exponential term   − b s   can ensure that when  s  is large, the system state can approach the sliding mode at a large speed. It should be noted that the approach speed is generally reduced from the initial value to 0, which not only shortens the approach time but also makes the speed of the moving point when it reaches the switching surface smaller. In the  s  sliding surface, there is also a constant velocity approach term   − a sign  s   , so that when  s  is close to 0, the approach speed is a rather than 0, which can ensure that the  s  sliding surface can be reached in a finite time.



In this system, parameters  b  and  α  are two key control parameters, which have a decisive effect on the performance of the controller. If  α  does not consider adaptive adjustment, the value of  α  is a fixed value. When parameters  b  and  α  take different values, the influence on the system control error and error distribution is shown in Figure 9. We tested 841 sets of different initial parameters and counted the maximum error in each control process, thus obtaining the max error distribution diagram in Figure 9. The value range of parameter  b  is [100, 1000], and the step size is 100. The value range of parameter  α  is [1000, 30,000], and the step size is 1000. Take the maximum error in each group of experiments for statistics, and obtain the three-dimensional distribution of the maximum error with the change of parameters  b  and  α . Through this experimental result, we can easily find the best value range of parameters  b  and  α .



From the control error distribution diagram, the control performance of the controller will reach the best when the two key parameters are within a certain value range. When parameter  b  is within the range of [2000, 2500] and parameter  α  is within the range of [5000, 10,000], the control error of the system is within the optimal range. The specific values of control parameters need to be comprehensively considered from the system response speed, interference suppression ability, steady-state accuracy and other aspects in order to select the most appropriate value of control parameters.



It can also be seen from Figure 9 that there are certain requirements for the value of control parameters  b  and  α . Specifically, within a certain value range, the controller can control the error and automatically adjust the parameters to achieve better results. When the value range of the control parameters is not appropriate, it will exceed the self-regulation ability of the system, and will affect the control effect. The parameter self-adaptive control algorithm proposed in this paper aims to make the controller not only suppress external interference quickly and effectively, but also reduce system chattering as much as possible. As for the full adaptation of parameters in the whole control process, the current intelligent control methods need to be combined, which is also a follow-up study of this paper.





5. Experimental Verification and Results


The mechanical design and construction of the system are completed. After the design of the controller, it is necessary to carry out experimental verification in the loading system of the actual load simulator. The real object diagram of the load simulator is shown in Figure 10. In addition, the loading system is an electro-hydraulic servo system, and the energy of the system is provided by the hydraulic pump station. Its photo is shown in Figure 11.



The first experiment is the loading experiment without interference. The purpose is to check the tracking ability of the controller to the input signal and verify whether its control accuracy and system performance meet the requirements. Let the loading system follow several classical input signals, square wave signal, sine wave signal and triangle wave signal, respectively. Set the value of the control parameter as a = 100, b = 1000, c = 50, d = 0.0016,  β  = 11,000, and the system control output in these three cases is shown in Figure 12. It can be seen from the output curve of the system that the control algorithm proposed in this paper has a good tracking effect without interference and can track three types of expected signals well.



In addition to testing signals with fixed frequency, it is also necessary to test loading signals with a certain frequency range. In this group of experiments, according to the requirements of the tested servo products, the sinusoidal signals of 5 Hz, 10 Hz and 20 Hz are selected for loading, and the output signals of the system are shown in Figure 13.



The system loading errors under various conditions are listed in Table 2 for comparison. It can be seen from the table that the control method used in this paper can track the expected signal well under various circumstances, and the loading error is within 2.5%, which is completely better than the 5% accuracy requirement of the system.



However, in the real working environment, the load simulator works in the presence of interference. Therefore, when the tested product starts to move freely, it is the key test for this verification. We set a typical working condition. First, let the loading system load a step signal with an amplitude of 8000 N, and then the tested product starts to move with a 5 Hz square wave displacement at 0.2 s, which will cause a huge interference in the loading system. Through such experiments, test the controller’s ability to suppress external interference and check whether the loading error of the system meets the requirements. In the contrast experiment, the system loading conditions under the three control methods are compared. The three control methods are general closed-loop control, sliding mode control without parameter adaptation, and sliding mode control with parameter adaptation. The loading output of the system is shown in Figure 14.



From the output curve of the system, it can be seen that the response speed of the sliding mode control is faster than that of general closed-loop control, and there is no overshoot. When external interference occurs in the system, the parameter adaptive sliding mode control method proposed in this paper can effectively suppress the external interference from 1581 N to 107 N.



Compared with sliding mode control without parameter adaptation, the new method has obvious advantages in control performance and interference suppression, and can reduce the excess force from 793 N to 107 N.



In this loading experiment, the output curves of the controller and the displacement curves of the servo valve spool are given, as shown in Figure 15. The range of the current drive signal of the servo valve is [−20 mA, +20 mA]



The loading errors under these three control methods are compared, the comparison diagram is shown in Figure 16 and the loading errors are listed in Table 3. The figure shows the loading error under the condition of displacement disturbance of the tested product after the system reaches a stable state 0.2 s later.



According to the test experiment of the servo product under test, the loading system also needs to load sine waves of different frequencies. We selected the loading conditions of three typical frequency (3 Hz, 10 Hz, and 20 Hz) points for verification. The tested servo product on the other side of the swing arm still moves independently, and the input signal it follows is a square wave signal with a frequency of 5 Hz. Finally, the output of the system at three frequency points is shown in Figure 17, Figure 18 and Figure 19.



According to the output of the system, the controller designed in this paper has a good loading effect and can track the desired signal well from low frequency to high frequency. Although there will be some interference when the tested servo product moves freely, the controller has a good suppression effect on external interference, making the loading error of the system better than 5% of the system requirements.



The loading error curve of the system is shown in Figure 20, and the maximum loading error at each frequency point is listed in Table 4.



From the output and loading errors of all the experiments shown above, we can draw the following conclusions: the parameter adaptive sliding mode control algorithm and controller proposed in this paper can control the loading system of the load simulator well, and they have a good control effect. In the actual servo product test experiment, the control algorithm has a strong suppression effect on external interference, making the final loading accuracy reach 1.96%, which is better than the 5% requirement of the system.




6. Conclusions


In this work, the mechanical system and electro-hydraulic servo loading system of the load simulator are designed and built, and the accurate system mathematical model and state equations are established. Then, in order to obtain the relevant parameters of the system itself, the system identification experiment is designed. Through the collected data and the system mathematical model, the parameters required for the controller design are identified. Based on the full understanding and analysis of the system, the sliding mode control algorithm is adopted in the design of the system controller, and a sliding mode control algorithm with adaptive parameters is proposed. The control algorithm and controller are verified in the actual loading experiment on the experimental site of the aerospace load simulator. The results show that the control algorithm has good loading accuracy and strong interference suppression ability. Its loading accuracy is better than the system requirements, and the load simulator finally delivered for use completely meets the technical requirements.
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Figure 1. System 3D design drawing. 
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Figure 2. Structure sketch of the system. 
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Figure 3. Schematic diagram of electro-hydraulic servo loading system. 
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Figure 4. Schematic diagram of stimulus signal. 






Figure 4. Schematic diagram of stimulus signal.
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Figure 5. Identification output signal diagram of the system. 
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Figure 6. Comparison of step output between identification model and actual system. 






Figure 6. Comparison of step output between identification model and actual system.



[image: Aerospace 10 00160 g006]







[image: Aerospace 10 00160 g007 550] 





Figure 7. Schematic diagram of spool displacement measuring device. 
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Figure 8. Diagram of influence of control parameters on adaptive function. 
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Figure 9. Influence of control parameters on control error. 
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Figure 10. Photos of load simulator. 
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Figure 11. Photos of the hydraulic pump station of the loading system. 
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Figure 12. Control effect diagram without system interference. 
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Figure 13. System output curves at different frequencies. 
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Figure 14. System output under different control methods. 






Figure 14. System output under different control methods.



[image: Aerospace 10 00160 g014]







[image: Aerospace 10 00160 g015 550] 





Figure 15. Controller output and spool displacement curve. 






Figure 15. Controller output and spool displacement curve.



[image: Aerospace 10 00160 g015]







[image: Aerospace 10 00160 g016 550] 





Figure 16. Loading error comparison under different control methods. 
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Figure 17. System loading output at 3 Hz frequency. 
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Figure 18. System loading output at 10 Hz frequency. 
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Figure 19. System loading output at 20 Hz frequency. 
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Figure 20. System loading error at different frequencies. 
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Table 1. System parameter table.
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	Parameters
	Value





	  A  
	0.008 m2



	  ω  
	0.01 m



	    B C    
	100 N/(m/s)



	    V t    
	  0.0016   m3



	    β e    
	  1.4 ×   10  9    Pa



	    C  t c     
	  5.95 ×   10   − 14      (m3/s)/Pa



	  K  
	  1.5 ×   10  9    N/m



	    ω v    
	150 Hz



	    K V    
	0.25 m/A



	  m  
	50 kg
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Table 2. System control error without interference.
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	Signal Type
	Frequency (Hz)
	Maximum Loading Error (N)





	square
	2
	43.0984



	sawtooth
	2
	31.2027



	sine
	2
	11.5502



	sine
	5
	12.4360



	sine
	10
	15.2478



	sine
	20
	22.5728
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Table 3. System loading error comparison.
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	Control Method
	Maximum Loading Error (N)





	general closed-loop control
	1581.2341



	sliding mode control without parameter adaptation
	793.3245



	sliding mode control with parameter adaptation
	107.2860
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Table 4. System loading error comparison.






Table 4. System loading error comparison.





	Frequency
	Maximum Loading Error (N)





	3 Hz
	157.0838



	10 Hz
	140.7429



	20 Hz
	151.4946
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