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Abstract

:

A hydraulic pressure servo system based on two high-speed on/off valves (HSV) is a discontinuous system due to the discrete flow of HSV when driven by pulse width modulation (PWM) signal. Pressure variation in the testing chamber is determined by the flow rate difference between the charging and discharging HSV. In this paper, a pressure controller consisting of a differential PWM (DPWM) scheme, asymmetric pressure difference compensation (APDC) and nonlinear adaptive control (NAC) is proposed to precisely control the pressure. The DPWM scheme is designed to improve the resolution of the net flow rate into the testing chamber. Furthermore, due to the strong asymmetry between the charging and the discharging process, the APDC method is proposed to design the two initial duty cycles of the DPWM signal which help to balance its charging and discharging ability under different working pressure points. Since the pressure system is a nonlinear, uncertain system due to oil compression and leakage, the NAC is designed to calculate the control duty cycle of the DPWM signal, which is used to overcome the unmodeled dynamic and parameter uncertainties. Comparative experiments indicate that the proposed controller can ensure good pressure tracking performance and enhance system robustness under different working pressure points and tracking frequencies.
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1. Introduction


Electro-hydraulic servo systems (EHSS) have been widely used in the field of aircraft, such as in flight control subsystems [1], landing gear control subsystems [2], aircraft brake subsystems [3], and clutch pressure control systems for helicopters [4], because of their high power-weight ratio, high precision, and high-frequency response. However, due to use of a proportional/servo valve, some inherent drawbacks are difficult to overcome, such as poor anti-pollution ability, null shift, high cost, and high power consumption [5].



Compared to a proportional/servo valve, a high speed on/off valve (HSV) has the advantages of high repeatability, low throttling loss, low cost, and high reliability [6,7,8]. Recently, the use of HSV instead of proportional/servo valves has become a trend. A digital fluid system combined with several HSVs is considered as an alternative to EHSS. For example, in Ref. [9], a novel pulse width modulation (PWM) valve pulsing algorithm was designed to obtain linear velocity and a PID controller with friction compensation was used to achieve high precision position control of the pneumatic actuator. Lumkes et al. [10] designed a bang-bang controller, a phasing controller, and a fuzzy logic controller for an HSV-controlled position system. Their research results indicated that the phasing controller can achieve better tracking performance by using small and variable steps that can overcome the compressibility effect of hydraulic oil. In Ref. [11], two switching valves were used to control the speed of the hydraulic motor, and a sliding mode controller was designed to control the duty cycle of the PWM to overcome some parameter uncertainties. In the four HSV-controlled pneumatic servo systems, sixteen possible input combinations are presented and analyzed [12,13]. In the research, a novel seven-mode sliding controller was proposed to simultaneously improve the position accuracy of the actuator and reduce the switching number of the HSV. In a parallel on/off valve connected system, a PWM control scheme is often integrated into the pulse number modulation (PNM) controller to obtain higher flow resolution [14,15].



According to the above literature, many advanced control algorithms have been proposed for position servo control systems based on several HSVs. Moreover, in the pressure servo systems, Wang et al. [16,17] designed an HSV-controlled digital hydraulic pressure converter controller for high-pressure common rail and studied the relationship between the duty cycle and the output pressure of the converter. The research results indicate that the output pressure is almost proportional to the duty cycle of the input PWM signal. In automotive braking systems controlled by several HSVs [18,19], to overcome the modeling error and uncertainties, a sliding mode control based closed-loop algorithm scheme is often used to obtain accurate linear brake pressure. Jiao et al. [20] developed an integrated self-energized brake system for aircraft in which a 2/3 fast switching valve was used to control the pressure of the brake cylinder. In the research, a back-stepping controller is used to obtain robust performance. To improve the pressure tracking accuracy of a pneumatic servo system controlled by two fast-switching valves, Lin et al. [21] proposed a novel hybrid control strategy in which a time interlaced modulation and seven new possible control modes were designed to reduce the overshoot, the steady-state error and the settling time. In Ref. [22], an asymmetric structure comprising one HSV in the charging unit and three HSVs in the discharging unit were used to control the pressure in one chamber. In the research, a sliding mode controller with an asymmetric compensator was proposed to achieve high precision tracking of vacuum pressure.



The overall aim of this research is to accurately track the dynamic pressure via the use of two HSVs. A pressure controller consisting of a differential pulse width modulation (DPWM) scheme, asymmetric pressure difference compensation (APDC) and nonlinear adaptive control (NAC) is proposed. The DPWM is used to improve the resolution of the net flow rate into the testing chamber by regulating the difference between the duty cycles of the charging and discharging PWM. Moreover, the APDC is used to obtain a balance between the charging ability and discharging ability under different working pressures. The NAC scheme is used to eliminate the unmodeled dynamics and external disturbances. Extensive comparative simulations and experiments indicate that pressure tracking accuracy was significantly improved by the proposed pressure controller.




2. System Model and Characteristic Analysis


In this research, a pressure servo system based on two high speed on/off valves (HSVs) was used as the study object, as shown in Figure 1.



As shown in Figure 1, the testing chamber connects to the hydraulic power supply and tank via the charging HSV and the discharging HSV, respectively. When the charging HSV is energized, the oil flows into the testing chamber from the power supply which leads to the pressure in the testing chamber to rise. Conversely, when the discharging HSV is energized, the oil flows into the tank from the testing chamber, which leads the pressure in the testing chamber to drop.



Since the two HSVs are driven by the PWM signal, this produces the high-frequency discrete flow rate in the testing chamber, which makes the design of the pressure controller more difficult.



2.1. System Model


The mathematical model of the hydraulic pressure servo system consists of the pressure chamber model and the HSV flow model. Assuming that no leakage occurs in the chamber, the dynamic pressure model in the chamber can be written as [23]


    d  p c    d t   =    β e     V c       Q ¯   c   



(1)




where pc denotes the pressure of the testing chamber,      Q ¯   c    denotes the average flow rate into the testing chamber, βe denotes the fluid bulk modulus, and Vc denotes the volume of the testing chamber.



The average flow rate into the testing chamber relates to the average flow rates of the two HSVs, and their relationship is defined as


     Q ¯   c  =    Q ¯     h 1    −    Q ¯     h 2     



(2)




where      Q ¯     h 1      and      Q ¯     h 2      denote the average flow rates of the charging HSV and the discharging HSV, respectively.



Since the charging HSV and the discharging HSV have same structure, the average flow rates of the two HSVs are calculated by


     Q ¯     h 1    =  τ 1   Q   h 1    =  τ 1   k   q 1       p s  −  p c     



(3)






     Q ¯     h 2    =  τ 2   Q   h 2    =  τ 2   k   q 2       p c  −  p t     



(4)




where Qh1 and Qh2 denote the flow rates of the charging HSV and the discharging HSV at the maximum opening, respectively. τ1 and τ2 denote the duty cycles of the two PWM signals which are used to drive the two HSVs. kq1 and kq2 denote the flow coefficients of the charging HSV and discharging HSV, respectively. ps and pt denote the supply pressure and return pressure, respectively.




2.2. HSV Performance


Due to the influences of electrical and mechanical hysteresis, the HSV suffers from a delay. The relationship between the flow rate and the command PWM signal is shown in Figure 2, where tdon denotes the opening delay time, tmon denotes the opening movement time tdoff denotes the closing delay time, and tmoff denotes the closing movement time.



As shown in Figure 2, the four critical time points (tdon, tmon, tdoff and tmoff) affect the effective range of the input duty cycle, which leads to an adverse effect on the control performance. In addition, the opening delay time tdon and the opening movement time tmon can be reduced by using the high driving voltage, and the closing delay time tdoff and the closing movement time tmoff are all reduced by using the negative voltage.



Therefore, the following adaptive PWM control signal (Figure 3a) [24] is often used to drive the HSV because of the several benefits, such as high dynamic performance and low power loss [25].



Figure 3b shows comparisons of the static flow rate between the simulations and experiments when HSV is driven by an adaptive PWM signal. The changing rules of the simulations are same as those of the experiments, although there exists an error due to the changing flow coefficient which is not considered in the simulations. In addition, it is easy to know that the linear region of the static flow rate is approximately in the range of 0.2–0.8, which is acceptable.




2.3. Characteristics of Charging and Discharging Process


Simulation results of the charging and discharging characteristics under different switching frequencies are shown in Figure 4, in which the supply pressure was set 4 MPa.



As shown in Figure 4, the charging process and the discharging process are asymmetrical. For example, when the working pressure (pc) is smaller than half of the supply pressure, the charging speed is faster than the discharging speed. Conversely, when the working pressure (pc) is larger than half of the supply pressure, the charging speed is slower than the discharging speed.



In addition, the switching frequency has little effect on the charging and discharging speeds. However, with an increase to the switching frequency, the working pressure is more regulated, which is beneficial to improve the pressure tracking accuracy.





3. Pressure Controller Design


To achieve high precision control of the pressure tracking, a pressure controller was proposed which consists of a differential PWM scheme (DPWM), asymmetric pressure difference compensation (APDC) and a nonlinear adaptive control (NAC).



3.1. Differential PWM Scheme


Considering the dead band and saturation of the HSV flow rate when driven by a conventional PWM signal, a differential PWM scheme was used to achieve the cross-flow between the charging HSV and the discharging HSV. The duty cycles of the differential PWM signals are shown in Figure 5, where U denotes the driving voltage, τ10 and τ20 denote the initial duty cycles of the PWM-1 and PWM-2 signals, respectively, τ denotes the control duty cycle, and T denotes the period of the PWM signal.



As shown in Figure 5, when the two HSVs are driven by the differential PWM signal, the cross-flow between the two HSVs is equal to the average flow rate of the chamber, so the following equation is achieved:


  (  τ  10   + τ )  Q   h 1    − (  τ  20   − τ )  Q   h 2    =    Q ¯   c   



(5)







According to Equation (5), these parameters (τ10, τ20, and τ) are the key to achieving the accurate flow rate which is designed in the next section.




3.2. Asymmetric Pressure Difference Compensation (APDC)


The asymmetric pressure difference compensation scheme designed in this section was used to calculate the values of the initial duty cycles (τ10 and τ20) under the condition of the differential PWM scheme.



In previous publications [15,22,23], the values of the initial duty cycles were all selected as 0.5. This is because when the initial duty cycle is 0.5, the output flow rates of the two HSVs are the same, and better linearity of the flow rate is obtained.



However, in the pressure servo system, due to the coupling of the working pressure of the two HSVs, the design criteria of the initial duty cycle relate to the working pressures. For example, when the output flow rates of the two HSVs are the same, the following equation can be satisfied


   τ  10    k   q 1       p s  −  p c    =  τ  20    k   q 2       p c  −  p t     



(6)







To simplify the analysis, assuming that the two HSVs have the same opening area and flow coefficient, and the return pressure pt is ignored, so Equation (6) is simplified as


   τ  10      p s  −  p c    =  τ  20      p c     



(7)







According to Figure 4 and Equation (7), the following conclusions are drawn:




	(a)

	
When the working pressure pc is small (<ps/2), it means that the charging ability is stronger than the discharging ability because the pressure difference of the charging HSV is larger than that of the discharging HSV. To ensure that the charging ability equals the discharging ability, τ20 should be greater than τ10.




	(b)

	
When the working pressure pc is moderate (=ps/2), it means that the charging ability is the same as the discharging ability because the pressure difference of the charging HSV is same as that of the discharging HSV. To ensure that the charging ability equals the discharging ability, τ20 equals τ10.




	(c)

	
When the working pressure pc is large (>ps/2), it means that the charging ability is weaker than the discharging ability because the pressure difference of the charging HSV is smaller than that of the discharging HSV. To ensure that the charging ability equals the discharging ability, τ10 should be greater than τ20.









According to the above analysis, with the increase of the working pressure pc, the initial duty cycle τ10 of the charging HSV increases. The value of the τ10 is defined as


   τ  10   =    p c     p s     



(8)







Substituting τ10 in Equation (8) into Equation (7), the initial duty cycle τ20 is obtained as follows


   τ  20   =    p c     p s         p s     p c    − 1   =  1   p s       p s   p c  −  p c 2     



(9)







The functional mapping between the initial duty cycles and the working pressure is obtained based on the Equations (8) and (9), as shown in Figure 6.




3.3. NonlinearAdaptive Controller (NAC)


	(1)

	
Controller design







A nonlinear adaptive controller designed in this section was used to calculate the control duty cycle τ. Assuming that the values of the βe and the Vc are known in this study, the mathematical model of the system considering the unmodeled dynamics and disturbances is written as [23]


    d  p c    d t   =    β e     V c       Q ¯   c  +  d n  +  d ˜   



(10)




where dn and   d ˜   denote the nominal value and the time-variant error of the unmodeled dynamics and disturbances, respectively.



Since the flow gain of the HSV is easily affected by pressure difference and oil viscosity, the relationship between the average flow rate in the chamber and the HSV is corrected as


     Q ¯   c  = α (    Q ¯     h 1    −    Q ¯     h 2    )  



(11)




where α denotes the uncertainty coefficient of the average flow rate into the testing chamber.



Define the unknown parameter set θ = [θ1, θ2]T, where θ1 = α, θ2 = dn, and also define the state variables as x = pc. Substituting Equation (11) into (10), the state-space equation can be formulated as


   x ˙  =    β e   θ 1     V c    (    Q ¯     h 1    −    Q ¯     h 2    ) +  θ 2  +  d ˜   



(12)







Assumption 1.

The parametric uncertainties and the time-variant error of the unmodeled dynamics and disturbances are all bounded, the following relation is satisfied.







      θ ∈  Ω θ   =  def     θ :  θ  min   ≤ θ ≤  θ  max           d ˜   ≤  d  max        



(13)




where θmax = [θ1max, θ2max]T, θmin = [θ1min, θ2min]T are all known. dmax is the maximum value of the   d ˜  .



The positive-definite Lyapunov function is defined as


  V =  1 2   e 2   



(14)




where e denotes the pressure tracking error which is written as x − xd, and xd is the reference pressure tacking signal.



Taking the differentiate of Equation (14) with respect to time and substitute Equation (12) into it to obtain


   V ˙  = e      β e   θ 1     V c    (    Q ¯     h 1    −    Q ¯     h 2    ) +  θ 2  +  d ˜  −   x ˙  d     



(15)







Letting


   Q h  =    Q ¯     h 1    −    Q ¯     h 2     



(16)




where Qh denotes the difference between the average inflow and average outflow of the chamber, which is also selected as a virtual control input of the system, and the desired function Qhd is established for Qh as follows:


   Q  hd   =  Q   hda 1    +  Q   hda 2    +  Q   hds 1    +  Q   hds 2     



(17)




where Qhda1 and Qhda2 denote the stable compensation item and fast compensation item of the system, respectively, and Qhds1 and Qhds2 denote the linear stable feedback item and robust feedback item of the system, respectively.



Qhda1 and Qhds1 are defined as the following forms via parameter adaptation


   Q   hda 1    =    V c     β e    θ ^  1    ( −   θ ^  2  +   x ˙  d  )  



(18)






   Q   hds 1    =   −  V c     β e    θ ^  1     k   s 1    e  



(19)




where ks1 denotes the gain of the linear stable feedback item.



Substituting Equations (18) and (19) into Equation (17), it is easy to obtain


   V ˙  = −  k   s 1     e 2  + e      β e    θ ^  1     V c    (  Q   hda 2    +  Q   hds 2    ) − γ   θ ˜  1  −   θ ˜  2  +  d ˜     



(20)







The relationship between the estimated value and the true value is as follows


   θ 1  =   θ ^  1  −   θ ˜  1  ,    θ 2  =   θ ^  2  −   θ ˜  2   



(21)







Letting


  ζ + Δ = − γ   θ ˜  1  −   θ ˜  2  +  d ˜   



(22)




where ζ and Δ are the nominal value and the time-variant error of the parametric uncertainties and nonlinear disturbance, respectively.



Qhda2 is designed as


   Q   hda 2    =   −  V c     β e    θ ^  1     ζ ^   



(23)




where    ζ ^    denotes the estimation of the fast dynamic compensation coefficient ζ which is estimated based on pressure error, as follows:


     ζ ^   .     = Proj     ζ ^    ( v e ) =     0 ,    ζ ^  =   ζ ^   max     and   v e > 0     0 ,    ζ ^  =   ζ ^   min      and    v e < 0     v e ,   otherwise      



(24)




where      ζ ^    max     and      ζ ^    min     denote the maximum value and the minimum value of    ζ ^   , respectively, and v denotes the adaptive law of the fast dynamic compensation coefficient ζ.



Substituting Equations (22) and (23) into Equation (20), it is easy to obtain


     V ˙    = −  k   s 1     e 2  + e      β e    θ ^  1     V c    (   −  V c     β e    θ ^  1    +  θ ^   ζ 1  )    β e    θ ^  1     V c       Q ¯     hds 2    + ζ + Δ          = −  k   s 1     e 2  + e      β e    θ ^  1     V c       Q ¯     hds 2    + Δ −  ζ ˜       



(25)




where    ζ ˜    is the estimation error of the fast dynamic compensation coefficient ζ.



The following boundary bounds   Δ −  ζ ˜   :


  h =    θ   1 m       γ  +    θ   2 m      +  d m   



(26)




where θ1m denotes the difference between the upper value and lower value of the estimated θ1, θ2m denotes the difference between the upper value and lower value of the estimated θ2, and dm is the absolute value of the maximum value of the high-frequency component of the uncertain nonlinearities.



To handle the modeling uncertainties, the robust term Qhds2 is designed as


   Q   hds 2    =   −  V c     β e    θ ^  1       h 2    4 ε   e  



(27)




where ε is the boundary layer thickness.



Substituting Equation (27) into Equation (25), we can obtain


     V ˙    = −  k   s 1     e 2  + e   −    h 2    4 ε   e + Δ −  ζ ˜    ≤ −  k   s 1     e 2  + e   −    h 2    4 ε   e + h   = −  k   s 1     e 2  −  1  4 ε     ( h e − 2 ε )  2  + ε        ≤ −  k   s 1     e 2  + ε    



(28)







According to Equation (28), the control system is stable and the pressure tracking error will converge to the sphere      ε /   k   s 1         .



Combine Equations (18), (19), (23) and (27), the desired control input Qhd is as


   Q  hd   =    V c     β e    θ ^  1      −   θ ^  2  +   x ˙  d  −  ζ ^  − (  k   s 1    +    h 2    4 ε   ) e    



(29)







According to Section 3.1, when the two HSVs are driven by the differential PWM, the following equation is satisfied


  (  τ  10   + τ )  Q   h 1    − (  τ  20   − τ )  Q   h 2    =  Q  hd    



(30)







Substituting Qhd in Equation (29) into Equation (30), the control law (output duty cycle) can be obtained as


  τ =    Q  hd   +  τ  20    Q   h 2    −  τ  10    Q   h 1       Q   h 1    +  Q   h 2       



(31)







	(2)

	
Parameter estimation and stability proof.







Due to using the constant value of the parameters’ estimates, it is difficult to maintain consistent control performance during the operation of the pressure system. To overcome the influences of the parametric uncertainties, the adaptive law is used to update the estimates online. The adaptive law of the uncertain parameters’ estimates is defined as:


     θ ^  ˙  i  = S a t (    θ ^  ˙   i M      ,   Proj    θ ^   ( Γ  τ p  ) ) ,   i = 1 , 2  



(32)




where   Γ  = diag (   ρ 1   ,     ρ 2  )   denotes the positive definite symmetric matrix of the adaptive law, and the ρ1 and ρ2 determine the update rate of the uncertain parameters. τp = [τp1 τp1]T denotes the adaptive function matrix.      θ ^  ˙   i M     denotes the maximum update speed of the uncertain parameters. Sat(•) denotes the saturation function, which limits the update speed of the uncertain parameters.



The expressions of     Proj   θ ^    (•) and Sat(•) are defined as:


    Proj   θ ^   ( Γ  τ p  ) =     0 ,     θ ^  i  =  θ  i max   ,   Γ  τ p  > 0     0 ,     θ ^  i  =  θ  i min   ,   Γ  τ p  < 0     Γ  τ p  ,   Otherwise      



(33)






  S a t (    θ ^  ˙   i M      ,   Proj    θ ^   ( Γ  τ p  ) ) = s   Proj   θ ^   ( Γ  τ p  ) ,   s =     1 ,     Γ  τ p    ≤    θ ^  ˙   i M            θ ^  ˙   i M       Γ  τ p      ,     Γ  τ p    >    θ ^  ˙   i M        



(34)







Therefore, the estimates of the uncertain parameters are bounded. The saturation function is used to avoid the system instability caused by faster update speeds of the uncertain parameters.



Based on the Lyapunov energy function, the following function is defined as


   V 2  =  V 1  +  1 2      θ ˜  1 2     ρ 1    +  1 2      θ ˜  2 2     ρ 2     



(35)







Taking the differentiate of Equation (35) with respect to time, the following equation is given [23]


    V ˙  2  = −  k   s 1     e 2  + e   −    h 2    4 ε   e + Δ −  ζ ˜    +   θ ˜  1  (      θ ^  ˙  1     ρ 1    − γ e ) +   θ ˜  2  (      θ ^  ˙  2     ρ 2    − e )  



(36)







To make     V ˙  2    < 0, the expression of      θ ^  ˙  1    and      θ ^  ˙  2    are defined as:


     θ ^  ˙  1  =  ρ 1  γ e ,      θ ^  ˙  2  =  ρ 2  e  



(37)







Substituting Equation (37) into Equation (36), we can obtain


      V ˙  2    = −  k   s 1     e 2  −  1  4 ε     ( h e − 2 ε )  2  + ε        ≤ −  k   s 1     e 2  + ε    



(38)







Furthermore, integrating Equation (38) over [0, t], we can obtain


   V 2  ( t ) ≤  e  2  k   s 1    t    V 2  ( 0 ) +  ε   2   s 1      ( 1 −  e  2  k   s 1    t   )  



(39)







According to Equation (39), we can conclude that the system is stable, and ultimately bounded. This guarantees that the tracking error can converge to a small neighborhood of origin. Equation (39) also shows that a larger feedback gain ks1, and a smaller boundary layer thickness ε can produce a smaller steady-state error of the system.



According to the above design of the differential PWM scheme, asymmetric pressure difference compensation, and the nonlinear adaptive controller, a diagram of the pressure control algorithm is shown in Figure 7.





4. Simulation Results


4.1. Open-Loop Control Characteristics


According to Equations (1) and (5), it is easy to obtain


    d  p c    d t   =    β e     V c      (  τ  10   + τ )  Q   h 1    − (  τ  20   − τ )  Q   h 2       



(40)







Then


  τ =  1   Q   h 1    +  Q   h 2           β e     V c      d  p c    d t   − (  τ  10    Q   h 1    −  τ  20    Q   h 2    )    



(41)







Substituting Equations (3), (4), (8) and (9) into Equation (41), the following equation is obtained


  τ =  1   k   q 1       p s  −  p c    +  k   q 2       p c  − 0        β e     V c      d  p c    d t    



(42)







Therefore, the relationship between the control duty cycle τ and the desired control pressure pc is achieved. We can use the Equations (8), (9) and (42) to control the pressure in open-loop mode.



To compare the open-loop control and the NAC control in the simulation environment, the switching frequency of the HSV was set as 50 Hz, and the sampling time was set as 0.05 ms. The net flow into the chamber times a coefficient of 0.6 simulated the modelling uncertainties. The equivalent bulk modulus, density and kinematic viscosity of the oil were 700 MPa, 780 kg/m3, and 45 mm2/s, respectively. The rated pressure of the HSV was 10 MPa. The opening delay time, opening movement time, closing delay time, and closing movement time of the HSV were 2.2, 1.1, 3.3, and 1.2 ms, respectively. The flow coefficients of the charging HSV unit and the discharging HSV unit were both 3.9 × 10−9 m3/s    Pa    .



Figure 8 shows the comparisons between the open-loop control and the NAC control. When using the open-loop control, the pressure tracking curve had a large amount of lag and error compared to the command signal. This issue can be solved by using a NAC control in which a robust item is used to handle the modeling uncertainties. It is easy to find that when the pressure is in the region of the peak and trough of the sinusoidal signal, it still has large errors, which can be improved as described in the next section.




4.2. Tracking Performance of Different Controllers


In order to validate the effectiveness of the proposed NAC + APDC controller, two other controllers (NAC and PID + APDC) were selected as the comparison objects. The reference signal for pressure tracking was a sinusoidal curve with different offset pressures (2.5 MPa, 2 MPa, and 1.5 MPa), and different frequencies (0.5 Hz and 1 Hz).



Simulation comparisons of the different controllers under different reference tracking signals are shown in Figure 9, Figure 10 and Figure 11, in which NAC denotes a nonlinear adaptive control, and NAC + APDC denotes the nonlinear adaptive control with asymmetric pressure difference compensation. The control parameters of the NAC + APDC controller were set to:     θ ^  1  ( 0 ) = 1.2  ,     θ ^  2  ( 0 ) = − 50  ,    ζ ^  ( 0 ) = 0  ,    ζ ^  ∈   − 100 ,    100     , ρ1 = 0.8, ρ2 = 10, ks1 = 180, and   ε = 100  . The supply pressure was set as 4.5 MPa.



As can be seen from Figure 9, Figure 10 and Figure 11, when tracking the sinusoidal signal with different frequencies and different offset pressure points, the tracking performance of the NAC controller was basically consistent with that of the PID + APDC controller. These two controllers both show a poor tracking performance especially away from the middle offset pressure points, although while maintaining a good signal shape. Conversely, the proposed NAC + APDC controller maintained a better tracking performance.



To test fixed pressure tracking performance, and considering that there are few sudden square signals in practical applications, a smooth square signal instead of a square wave was used as the pressure tracking signal. The simulation results of the smooth square pressure tracking signal under different controllers are shown in Figure 12.



As shown in Figure 12, compared to the controller PID + APDC, when using the proposed NAC + APDC controller, the tracking error of the fixed pressure was significantly reduced (<0.1 MPa) because the NAC + APDC controller adapted to changes to the different working pressure points and always selected the most suitable HSV operations to fulfil the best HSV operations.





5. Experimental Research


To verify the effectiveness of the proposed controller, comprehensive performance comparisons were conducted on a hydraulic test platform, as shown in Figure 13. The platform mainly consists of two high speed on/off valves, a testing chamber, two pressure sensors, a hydraulic supply of 10 MPa, and an xPC real-time control system. In the xPC real-time control system, a master and a slave computer are used to monitor and implement the designed controller, respectively. A data acquisition and control card was used to output the PWM control signal and collect the pressure signal. The 5 V PWM control signal needs to be amplified into a 24 V PWM signal by the HSV drive card which is powered by a 24 V DC. The high-frequency pressure sensors (response frequency of 20 kHz) were used to measure the pressure of the testing chamber and the supply pressure. The pressure in tank was assumed to be 0. To implement the designed controllers described above, a MATLAB/Simulink model needed to be compiled into discretized C++ codes.



5.1. Characteristics of Charging and Discharging Process


The experiments of the charging and discharging process are shown in Figure 14. The changing rules of the experimental results were the same as the simulations, where the charging and the discharging process are asymmetrical. That is, assuming that the two HSVs’ flow coefficients were same, when the working pressure is smaller than half of the supply pressure, the charging speed was faster than the discharging speed. Conversely, when the working pressure was greater than half of the supply pressure, the charging speed was slower than the discharging speed. When the working pressure was equal to the half of the supply pressure, the charging speed was same as the discharging speed.




5.2. Tracking Performance of Different Controllers


Experimental comparisons of the different controllers under different reference tracking signals are shown in Figure 15, Figure 16 and Figure 17. Control parameters in experiments are the same as that in simulations. The flow coefficients of the charging HSV unit and the discharging HSV unit are both 3.9 × 10−9 m3/s    Pa    .



As shown in Figure 15, Figure 16 and Figure 17, when tracking the sinusoidal signal 1.5 sin (2π × 0.5) + 2.5, the NAC + APDC controller has good tracking performance while the tracking errors of the NAC and PID + APDC controllers are large, especially near the peaks and troughs. Moreover, with the increase to the tracking frequency, the responses of the two controllers (NAC and PID + APDC) show a lag. When the offset of the tracking pressure signal was 2 MPa, the NAC and PID + APDC controllers showed bad tracking performance although they maintained the signal shape. Conversely, the NAC + APDC controller still maintained a good tracking performance because the initial duty cycle was always changing when the working pressure changed.



The maximum, average, and standard deviation of the tracking errors (Me, μ, and σ) were used to assess the pressure tracking performance of different controllers [26]. The pressure tracking performance indexes are shown in Figure 18, Figure 19 and Figure 20.



The compared results shown in Figure 18, Figure 19 and Figure 20 indicate that with the proposed NAC + APDC controller, the pressure tracking performances under different amplitudes were good and stable, compared to the NAC controller. For example, when tracking the reference pressure signal 1.5 sin (2π × 0.5) + 2.5, the maximum, average, and standard deviation of the tracking errors of the proposed NAC + APDC were reduced by 68.8%, 65.7% and 65%, compared to the NAC, while the tracking index reductions of the PID + APDC controller were all within 20%.



In addition, experimental comparisons of the smooth square pressure signal tracking under the three controllers are shown in Figure 21.



Figure 21 shows that the NAC controller can accurately track the changing pressure but not the fixed pressure, because the pressure difference under different working pressure points was not compensated. Compared to the NAC controller, the tracking performance of the PID + APDC exhibits a little better in fixed pressure but exists a lag in dynamic pressure. Conversely, when using the proposed NAC + APDC controller, the fixed pressure and the dynamic pressure were accurately tracked, although some pressure fluctuations occurred which were acceptable.





6. Conclusions


In this study, a hydraulic pressure servo system based on two high speed on/off valves was designed. The working principles and a mathematical model of the system were presented. A pressure controller consisting of a differential PWM (DPWM) scheme, asymmetric pressure difference compensation (APDC), and nonlinear adaptive control (NAC) was proposed.



	(1)

	
The DPWM scheme was designed to improve the resolution of the net flow rate into the testing chamber in which three variables (two initial duty cycles and one control duty cycle) need to be controlled.




	(2)

	
The two initial duty cycles of the differential PWM signals were first designed by APDC which can balance the charging ability and the discharging ability under different working pressure points.




	(3)

	
The NAC was proposed to calculate the control duty cycle of the DPWM signal which is used to overcome unmodeled dynamic and parameter uncertainties, such as oil compression and leakage.




	(4)

	
Extensive comparative experiments demonstrate that, compared to the NAC and PID + APDC controllers, the proposed NAC + APDC controller ensured good tracking performance under different working pressures and tracking frequencies. For example, when tracking pressure signal was 1.5 sin (2π × 0.5) + 2.5, the three tracking indices (maximum error, average error, and error standard deviation) of the proposed NAC + APDC controller were reduced by 68.8%, 65.7% and 65%, respectively, compared to the NAC, while the tracking indexes reduction of the PID + APDC controller were all within 20%.
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Figure 1. Schematic diagram of a pressure servo system based on two HSVs. 






Figure 1. Schematic diagram of a pressure servo system based on two HSVs.



[image: Machines 10 00066 g001]







[image: Machines 10 00066 g002 550] 





Figure 2. Relationship between the HSV flow rate and the command signal. 
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Figure 3. Adaptive PWM signal and static flow rate of the HSV under adaptive PWM. (a) Adaptive PWM in publication. (b) Static flow rate of the HSV under adaptive PWM. 
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Figure 4. Simulation results of the charging and discharging process under different switching frequencies: (a) 10 Hz; (b) 20 Hz and (c) 50 Hz. 
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Figure 5. Differential PWM control scheme. 
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Figure 6. Relationships between the initial duty cycles and the working pressure. 
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Figure 7. Diagram of the control algorithm. 
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Figure 8. Comparison between the open loop and NAC. 
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Figure 9. Simulations of sinusoidal tracking (offset is 2.5 MPa, amplitude is 1.5 MPa) at: (a) 0.5 Hz and (b) 1 Hz. 
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Figure 10. Simulations of sinusoidal tracking (offset is 2 MPa, amplitude is 1.5 MPa) at: (a) 0.5 Hz and (b) 1 Hz. 
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Figure 11. Simulations of sinusoidal tracking (offset is 2 MPa, amplitude is 1 MPa) at: (a) 0.5 Hz and (b) 1 Hz. 
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Figure 12. Simulation results for smooth square tracking: (a) pressure tracking and (b) tracking error. 
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Figure 13. Experimental platform of the pressure servo system. 
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Figure 14. Experimental results of the charging and discharging process under different switching frequencies: (a) 10 Hz; (b) 20 Hz and (c) 50 Hz. 






Figure 14. Experimental results of the charging and discharging process under different switching frequencies: (a) 10 Hz; (b) 20 Hz and (c) 50 Hz.



[image: Machines 10 00066 g014]







[image: Machines 10 00066 g015 550] 





Figure 15. Experiments of sinusoidal tracking (offset is 2.5 MPa, amplitude is 1.5 MPa) at: (a) 0.5 Hz and (b) 1 Hz. 
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Figure 16. Experiments of sinusoidal tracking (offset is 2 MPa, amplitude is 1.5 MPa): (a) 0.5 Hz and (b) 1 Hz. 
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Figure 17. Experiments of sinusoidal tracking (offset is 2 MPa, amplitude is 1 MPa) at: (a) 0.5 Hz and (b) 1 Hz. 
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Figure 18. Tracking error of different controllers (offset is 2.5 MPa, amplitude is 1.5 MPa): (a) 0.5 Hz and (b) 1 Hz. 
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Figure 19. Tracking error of different controllers (offset is 2 MPa, amplitude is 1.5 MPa) at: (a) 0.5 Hz and (b) 1 Hz. 
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Figure 20. Tracking error of different controllers (offset is 2 MPa, amplitude is 1 MPa) at: (a) 0.5 Hz and (b) 1 Hz. 
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Figure 21. Experimental results of the smooth square tracking: (a) pressure tracking and (b) tracking error. 






Figure 21. Experimental results of the smooth square tracking: (a) pressure tracking and (b) tracking error.



[image: Machines 10 00066 g021]













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











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






media/file13.jpg
Nonlinear adsptive control

Differenial PWM_ Pressure servo system

N

% (Stabe compematon em L inear sable nem

romcton mapp

eference . = T | 22
Referen [ o] 1 [
4 compensation item  Robust fecdhack sem L3 T 0 O
e = ] L —
il | @ bzt T | @bl
& ; } | Qu=ngkofrr]

pEn j“"’
Tov

e ¢

|Asymmetc pessu
difence
compenstion






media/file4.png
------ Command signal
—— Flow rate of HSV

A






media/file30.png
P, /MPa

—NAC
—PID+APDC

—NAC+APDC
- —Reference

t/s

(a)

/MPa

P

—NAC
—PID+APDC
—NAC+APDC ¢#

- - Reference






media/file39.jpg
Error /mm

00

III B

@

[EINAC:APDC

-

[EINAC-APDC

v, P o

®)





media/file18.png
—NAC
—PID+APDC
—NAC+APDC

- —Reference

U

—NAC
— PID+APDC
—NAC+APDC
- =Reference






media/file35.jpg
04 04

[EINACHAPDC

g
H
S0
E

@

) o
j | TS S

Ilu;.Jll

®)





media/file21.jpg
D-APDC P> AP






media/file26.png
xPC Target real-time system

=y

Discharging ; Charging
HSV HSV

o L]

1,
| Tank

1 Signal

L collector|——

Pressure
sensor

Pump supply

— Y






media/file27.jpg
S —comgpren
) I e
L] £
< <
ar G v S A
(a) (b) (©)





media/file3.jpg
------ Command signal
—— Flow rate of HSV






media/file22.png
()

[ —NAC
—PID+APDC

—NAC+APDC
- —Reference

(U8

W — — Reference

—NAC
—PID+APDC
—NAC+APDC






media/file19.jpg
)






media/file7.jpg
W





media/file28.png
— Charging process

[ Discharging process
H
1
N
*
\
‘\\
e N
‘\\ )
1 ' .
‘ 0.2 0.3

o

4 -
— Charging process
................. \ — Discharging process
< 3t \.
& \
g R \
) \
\\._ ..... .
M
1 ' L —
0 0.1 0.2 0.3
t/s

o %J‘\M — Charging process
x\\ ---------------------- Discharging process

s 3 N

& A

> \

5 \\"‘
oo N
Sy






media/file10.png
Charging

HSV

A PWM 1

Discharging

HSV

Ton





media/file40.png
Error /mm

=
P—

0.05

ElNAC
I PID+APDC
[ INAC+APDC

(a)

Error /mm
()
[E—

0.05

ElNAC
[ IPID+APDC
[ INAC+APDC






media/file33.jpg
—mac
—rib-arc
Refence

<
Aroc
A ame






media/file32.png
4 —NAC
351 —PID+APDC
51 —NAC+APDC
- —Reference

P, /MPa

—NAC
—PID+APDC
—NAC+APDC £ %
- —Reference






media/file14.png
Nonhnear adaptive control

------------------------------------- . Differential PWM Pressure servo system

l \ "

Xd | (Stable compensation item Linear stable item\ : APWM-1 Charsglng
| ] T H V — ]

Y Z . . dp. _ P
Reference : thal__( _‘92+xd) GB Ohas1 = 8.0 ksle : :,T upc‘ dts o V QC
: ﬂel91 S : Q :..’ 3 % 17 C
: 3 :
xd : Fast Compensation item Robust feedback item : 0 ru:T T QC :th - Qh2

e 1 A 5 Di ;

! o _ g @ o —Vciz , : PWM-2 EDls;?;%/gmg
A i ﬂ 91 hds2 ﬂeél dg E ﬂ: uCt = Q npckpc
! X

: : : 3 Qh2: nCt kct D.—Dy

e, ( Projection mapping and ] : 0 o7 r

——> - ' A A A _A
"\ parameter adaptation /; 10| 20 Pe | P Ps P P P
Low
A . ;P S ; pass |«
symmetric pressur 10= \ ‘
ymmetric pressure P, filter |
difference 05 / <
. 1 o\
COl’l’lpGIlS&thIl Toan="—"" 2 AN
D7 pNIRTPe ey
A
rt pl ord






media/file11.jpg
=
n

Initial duty cycle

Ps/2
Working pressure





media/file6.png
Driving voltage U /v

3071

201

(a)

T

Static flow rate O /(L/min)

(98]

\®]

[
T

=20 Hz simulation
O 20 Hz experiment

=50 Hz simulation
V' 50 Hz experiment

0.4 0.6
Duty cycle ¢

(b)

0.8





media/file36.png
Error /mm

<
~

<
w

<
&)

<
[S—

BNAC

IPID+APDC
|_INAC+APDC

Error /mm
()
(\©]

EENAC
I PID+APDC
[ INAC+APDC}






media/file15.jpg
—Open loop
—NAC
= =Rerference






media/file41.jpg
APDC

b

15[ —xac

ZpiiArDC

1} SNachaDe






media/file37.jpg
EINACHAPDC

II Ill III

@

o

v, "

®)

A
PID-APDC
EEINACIAPDC






nav.xhtml


  machines-10-00066


  
    		
      machines-10-00066
    


  




  





media/file16.png
P, /MPa

— Open loop
—NAC
- =Rerference

P

N






media/file2.png
Testing

a
PWM 2
: . PWM 1 Digutal
é % Output
Disclnrei Charsi Power
; IRCRATEINE -MAIgINg supply | Controller
Tank HSV . HSV PP1} ontre
Pressurel}.,ﬂ
e S€NSOT R .
P1 sssure i P f:;;‘ou.e ...... Signal
e ' s Collection






media/file20.png
—NAC
—PID+APDC

—NAC+APDC
- =Reference

P, /MPa

—NAC
—PID+APDC

—NAC+APDC
\ = =Reference






media/file23.jpg
—Nac






media/file5.jpg
0

e

()

St flow e @ (Uimin)

— 201z simulation
20z experimen
50 H simlation
7 50 He experiment

[
Duy cycer

(b)

o5





media/file24.png
4 ¢ 041 _NAC
—PID+APDC
| — NAC+APDC

—NAC
3.5 —PID+APDC

| —NAC+APDC
- = Reference

e /MPa






media/file29.jpg
@ ®





media/file1.jpg
Tank

Testing

PWM 2,

Discharging
HSV

Pressure
sensor

Pressure|
sensor

Digital
Output
) Power
C l;:;rx\x}u supply | Controller
Pressure Signal

Collection






media/file31.jpg
—nac —wc
—piarc 35 —piarc
—NAC AR 4 —aciamc
“Referece R - Reterence
g2
15

@






media/file25.jpg
XPC Target real-time system






media/file12.png
Initial duty cycle
S
o)

/
TIV
/
/
= Z ~<
R >~ 20
/// / \\
// / \\\
! / \
v |
0 Ds/2 Ds

Working pressure





media/file9.jpg
APWM 1

A A
&~ =1
& £
8| o0
£ 55
o S =
S 2
A 1
[) oy
' 2
..... Fin i meisise st - S
i & ¥
S
o
=
z
ay
S -

70T





media/file0.png





media/file42.png
—NAC
—PID+APDC
—NAC+APDC
- —Reference

—PID+APDC
1+ —NAC+APDC

e /MPa






media/file38.png
BNAC
IR PID+APDC |-
[ INAC+APDC

Error /mm
o o o
(\) (Ue) I~

=
Pr—

(b)

ElNAC
[ IPID+APDC
[ INAC+APDC






media/file8.png
4
, A,
— Charging process ‘
. . <
/T Disharging process S — Charging process
"\ = 2 Vo Disharging process
\ = \
(N \ I \
\ﬁ B 3\
l e"\ 4.....................................................................; O . ‘."—\ \‘ ...........
0.1 0.2 0.3 0 0.1 ./ 0.2 0.3
S

4
""""" \
A \
% ) (W — Charging process
= o Disharging process
S -
It ‘\ .............
......... ‘\\
0 A
0 0.1 0.2 0.3
t/s





media/file34.png
p, /MPa

—NAC
—PID+APDC

—NAC+APDC
- —Reference

—NAC

3F —PID+APDC
\ —NAC+APDC
75 - —Reference
&
s
| 2
Q






media/file17.jpg
A

—PiDiARC

—NACIAPDC
~Referoce

—Nac
—PiD-ApDC
ZNAC A
- -Refernce

», P






