
 

Abstract—For the issue of synchronous driving of dual elec-

tro-hydraulic servo system, a novel synchronous control 

method via internal force adjustment based on robust integral 

of the sign of the error (RISE) is proposed. The nonlinear 

mathematical model of electro-hydraulic servo system consid-

ering unmodeled disturbance is established. The synchronous 

motion error of dual electro-hydraulic servo system is regarded 

as the cause of the internal force. In order to eliminate syn-

chronous motion error, the internal force adjustment controller 

is designed based on the RISE method and further it is inte-

grated with the original PID controller of the system. Based on 

Lyapunov analysis, it is proved that the internal force can be 

asymptotically adjusted to zero theoretically. Comparative 

tracking verification under two position command working 

conditions is carried out and the simulation results show that 

the proposed control strategy can improve the synchronous 

accuracy.  

Index Terms—electro-hydraulic servo system，internal force, 

robust integral of the sign of the error, synchronous control 

I. INTRODUCTION 

ULTIPLE hydraulic synchronous actuators are widely 

used in equipment manufacturing, aviation, construc-

tion machinery and other fields[1-3], and their performance 

depends on the execution accuracy of single actuator and the 

synchronous accuracy of multiple actuators. When multiple 

hydraulic actuators driving the same load, regardless of the 

hydraulic actuators are in the same direction or in the oppo-

site direction, due to the influence of the manufacturing ac-

curacy and unknown environmental disturbance, the level of 
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wear and leakage of various components will be different 

after the system runs for a certain period of time. At this time, 

the control accuracy of each actuator will be different, and the 

synchronous error of multiple actuators will increase, which 

will seriously restrict the system performance[4]. Therefore, 

it is necessary to develop excellent synchronous control al-

gorithm to improve the performance and eliminate the mo-

tion difference of multiple hydraulic actuators through soft-

ware methods and make up for the non-synchronization 

caused by hardware facilities. In this regard, many research-

ers have done a lot of research on the hydraulic synchronous 

control algorithm. 

Classical PID control does not need to consider model 

factors. Although widely applied, it has limited control ac-

curacy for nonlinear systems and is prone to overshoot and 

oscillation. Chen[5] proposed a fuzzy PID controller and the 

controller parameters are adjusted online through fuzzy rules 

to improve the system synchronous accuracy. Wu[6] pro-

posed a fuzzy single neuron PID control algorithm for the 

hydraulic synchronous control of double cylinders in a  

forging machine, which has stronger robustness than the 

traditional fuzzy PID control. The control method based on 

RBF neural network sliding mode control proposed by Li[7] 

shows high tracking accuracy and fast response to the given 

signal. Yao[8] proposed a state feedback fuzzy controller 

based on random input-delay, which has stronger robustness 

than the traditional fuzzy  controller. Felipe [9] proposed a 

robust multivariable adaptive control technique for time 

varying autoregressive moving average systems with exog-

enous inputs considering identification and auto-tuning. 

A valuable synchronous perspective was presented by 

Wen[10] that "Force control dose not affect object motion, 

although object motion does affect the internal force ", which 

gives us inspiration that internal force adjustment can be a 

new idea for electro-hydraulic servo synchronous control. 

Recently, Xian [11] proposed RISE (robust integral of the 

sign of the error) controller to deal with the uncertainties of a 

class of high-order, multi-input and multi-output nonlinear 

systems. It has the advantage of achieving asymptotic stabil-

ity without using high-gain feedback [12] and has been ap-

plied in the fields of friction recognition, vision system range 

prediction and error detection and recognition.[13-15]  

On the basis of the above analysis, we consider synchro-

nous control as the control of the internal force between the 

actuators. The nonlinear mathematical model of elec-

tro-hydraulic servo system considering unmodeled disturb-

ance is established, and a synchronous control strategy via 
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internal force adjustment based on RISE method is proposed.  

The paper is organized as follows: The nonlinear mathe-

matical model is established in Section II, the complete con-

troller design process and control performance description 

are presented in Section III, the comparative simulation setup 

and result analysis are presented in Section IV,  and the last 

part gives the conclusion and future research. 

II. MATHEMATICAL MODELING       

The working principle of the considered valve-controlled 

electro-hydraulic servo synchronous control system is shown 

in Figure 1. Both subsystems act on the same inertial load 

through the servo valve-controlled single-rod hydraulic cyl-

inder. 
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Fig. 1.  Structure diagram of dual electro-hydraulic servo control system 

The kinematic equation of the electro-hydraulic servo 

system is: 

1 1 2 2 f f ( ) ( , , )my P A P A By A S y f y y t= − − − −         (1) 

where m, y, y , y represent the load mass, displacement, 

velocity and acceleration respectively, A1, A2 represent the 

effective piston area of the left and right chambers of hy-

draulic cylinder, P1 , P2 represent the oil pressure of the two 

chambers of hydraulic cylinder respectively, B is the effec-

tive viscous damping coefficient, Af, Sf  represent the ampli-

tude and the continuously approximate shape function that 

can be modeled  of coulomb friction respectively, f (y, y , t) 

is the unmodeled dynamics. 

The pressure dynamic of the two-chamber is: 

e

1 1 t L 1

1

( )P A y C P Q
V


= − − +                       (2) 

e

2 2 t L 2

2

( )P A y C P Q
V


= + −                        (3) 

where βe is the elasticity modulus of the hydraulic oil, V1 =V01 

+A1y, V2 =V02 - A2y represent the control volume of the left 

and right chambers of hydraulic cylinder respectively, V01 

and V02 represent the initial control volume of the left and 

right chambers, Q1 ,Q2 denote  the into/out hydraulic flow of 

the left/right cavity of the hydraulic cylinder respectively, Ct  

is the internal leakage factor, PL = P1 - P2 is the load pressure. 

The load flow equation of servo valve  is: 

1 q1 v v 1 v 1 r2 ( ) ( ) ( ) ( )sQ k x s x P P s x P P = − + − −
 

     (4) 

2 q2 v v 2 r v s 22 ( ) ( ) ( ) ( )Q k x s x P P s x P P = − + − −
 

    (5) 

q1 d 1 q2 d 2

1 1
,k C w k C w

 
= =                                    (6) 

and  s(*) is defined as: 

*

*

*

1,             0
( )

0,            0

if
s

if


= 


                         (7) 

where kq1, kq2 denote the flow gain at the left and right ends of 

the spool displacement of the servo valve respectively, xv, Ps, 

Pr, Cd, ρ represent spool displacement, supply pressure,  

return pressure, orifice flow coefficient of servo valve, hy-

draulic oil density respectively, w1, w2 represent the area 

gradient at the left and right ends of the orifice of servo valve 

spool respectively. 

Assumption 1: Servo valve is symmetrical and matched, i.e., 

kq1 = kq2 = kq. The elasticity modulus of the hydraulic oil in 

the two cavities of the actuator is the same, i.e., βe1 = βe2 = βe. 
The frequency bandwidth of the servo valve is much higher 

than that of the system, which can simplify the dynamics of 

the servo valve as a proportional term, i.e, xv = ki u, so s(xv) = 

s(u). The system works under normal working conditions, 

that is, the pressure in the two actuator chambers meets 0 < Pr 

< P1 < Ps , 0 < Pr < P2< Ps. 

Based on the above assumptions, equations (4) and (5) can 

be transformed to 

1 1Q gR u=                                       (8)            

2 2Q gR u=                                       (9) 

where g = 2 kq ki, and 

1 1 1( ) ( )s rR s u P P s u P P = − + − −
 

               (10) 

2 2 2( ) ( )r sR s u P P s u P P = − + − −
 

              (11) 

Therefore, equations (1-3) and (8-11) characterize the 

nonlinear model of the electro-hydraulic servo system., and 

subsequent controller design will be derived based on this 

nonlinear model. 

III. INTERNAL FORCE CONTROLLER DESIGN 

 

When the motion of the dual electro-hydraulic servo con-

trol system is not synchronized, synchronous error will cause 

the driving interference between the two hydraulic cylinders, 

thereby generating internal force. The goal of controller 

design is to eliminate the internal force. 

Define F my= , then from equation (1)(2)(3), we can get 

2 2

1 2 1 2

1 2 e e

1 2 1 2

1 2

e t f f

1 2

   L

A A A A
F R R g u y

V V V V

A A
C P By A S f

V V

 



  
= + − +  

   

 
− + − − − 

            

(12) 

Considering the parametric uncertainties, it is difficult to 

obtain accurate values of system parameters βe, Ct, B, Af, so 

nominal values are used in controller design, and the model 

uncertainties caused by parametric deviations between ac-

curate values and nominal values can be seen as disturbances.  

Define βen, Ctn, Bn, Afn as the nominal value of βe, Ct, B, Af 

respectively, then equation (12) can be transformed to     
2 2

1 2 1 2

1 2 en en

1 2 1 2

1 2

en tn n fn f

1 2

3 c u n fn f

   

    =

L

A A A A
F R R g u y

V V V V

A A
C P B y A S

V V

g u f f B y A S

 



  
= + − +  

   

 
− + − − +  

 

− − − − +             

(13) 
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where 

           
2 2
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en e en e
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

  
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   

 
+ + − − − − − − 

 

  
= + = +  

   

 
= + 

 

     

From the expressions of R1 , R2 and V1 , V2，it can be known 

that following inequality is always true: 

3 0g   

Assumption 2: The lumped system uncertainties ∆ is 

third-order continuous differentiable and bounded, i.e., 

, ,  L     

and  

     2 3
,N N      

and the bounds 
2 3,N N  are known. 

Define the following error variables: 

 f d f 1 f,  e F F r e k e= − = +

                    

(14)                           

where k1 is a positive feedback gain, Fd is the desired internal 

force. To eliminate the internal force, the desired internal 

force should be chosen as zero. 

From equation (13)(14), we have                              

f 1 f

3 c u n fn f eq

eq d 1 f

r e k e

g u f f B y A S F

F F k e

= +

= − − − − +  −

= −

      (15) 

Finally, the controller is designed as follows: 

  
( )

( )

1 2 3

1 n fn f eq

3

2 2 f

3 r 1 f f
0

1

sign

F F F

F c u

F

t

F

u u u u

u f f B y A S F
g

u k e

u k k e K e du

= + +

= + + + +

= −

= − +

              (16) 

where kr > 0, k2 > 0 is the controller gain to be chosen, K > 0 is 

the robust gain, uF1, uF2, uF3 represent the model compensa-

tion term, linear robust stability term, and nonlinear robust 

integral of the sign of the error (RISE) respectively. Espe-

cially, uF3 is mainly used to deal with the lumped uncertain-

ties∆ to improve the internal force control accuracy. It should 

be noted that in the actual application of the proposed con-

troller, there is no need to calculate the auxiliary error signal 

r. 

IV.  MAIN RESULTS 

Substituting the final control (16) into equation (15), we 

can achieve 

  ( )r f r 1 f f
0

sign
t

r k e k k e K e= − − + +             (17) 

Take the time derivative  of  (17), we have ： 

 ( )signr fr k r K e=  − −                             (18) 

In order to facilitate the performance analysis of the con-

troller, the following lemma is given. 

Lemma 1：Define auxiliary function L(t), P(t) as follows[11]: 

     

f f
0

( ) sign( )

( ) (0) (0) (0) ( )

f

t

L t r K e

P t K e e L d 

 =  − 

= −  − 
       (19) 

If the robust gain K satisfies the following inequality： 

 
2 3

1

1
N NK

k
  +                                    (20) 

then the auxiliary function P(t) is always positive. 

Proof of  Lemma 1: 

    Substitute (14) into (19) and then integrating in time ,we 

can obtain 

  
1 f f

0 0

f f

f
0 0

( ) ( )( ( ) sign( ( )))

( ( )) ( ( ))
( ) sign( ( ))

t t

t t

L t dt k e t t K e t dt

d e t d e t
   t dt K e t dt

dt dt

=  −

+  −

 

 
      (21) 

We now upper bound the right-hand side of (21) as  

1 f f f 00 0

f f 00

1 f f
0

1

f f f

( ) ( )( ( ) sign( ( ))) ( ) ( )

( )
( ) ( )

1 ( )
( ) ( ) sign( ( ))

( ) ( ) (0) (0) (

t t t

t t

t

L t dt k e t t K e t dt+e t t

d t
              e t dt K e t

dt

d t
             = k e t t K e t dt

k dt

              +e t t e K e

=  − 


− −

 
  − 

 

 −  −

 





f) (0)t K e+

(22) 

After the partial integration of the right-hand side of (22), 

we have 

1 f
0 0

1

f f f

1 ( )
( ) ( ) ( )

( ) ( ( ) ) (0) (0) (0)

t t d t
L t dt k e t t K dt

k dt

              + e t t K K e e

 
  + −  

 

 − + − 

 
(23) 

Form (23) and Assumption 2, it is easy to see that if K is 

chosen according to (20), then the auxiliary function P(t) is 

always positive. The proof of Lemma 1 is completed. 

Theorem 1: For system (13), if the robust gain K in con-

troller (16) satisfies the inequality (20), and the value of the 

feedback gain k2, kr are large enough so that the matrix 

 defined as follows is a positive definite matrix: 

 
1

r

1
         

2

1
          

2

k

k

 
− 

 =  
 −
  

                               (24) 

then all signals in the closed-loop system are bounded, and 

the robust controller can obtain asymptotic tracking perfor-

mance. That is, ef →0 as  t →∞  . 

Proof of Theorem 1: 

Define the following Lyapunov function: 

 2 2

f

1 1

2 2
V e r P= + +                          (25) 

Take the time derivative of V, and substitute (14)(18), we 

have 

f f

f 1 f r f

f

2 2

min

( ) sgn( )

sgn( )

( )( )=f

V e e rr P

e r k e r k r K e

rN rK e

e r W

= + +

 = − +  − − 

− +

 −  + −          

(26) 
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From (26), it can be seen that V is bounded, so ef , r are 

bounded, and then from (16) we know all the signals of the 

closed-loop system are bounded, so W L .Then from 

(14)(18), it is easy to check that
 2W L . So W is uniformly 

continuous. Based on the Barbalet's Lemma[16-17], 

0W → as t →  , i.e., 
f 0e → . Then complete the proof. 

The synchronous control principle of the proposed 

RISE-based internal force adjustment is shown in Figure 2.  

 

Fig. 2.  Schematic diagram of internal force adjustment synchronous 

control based on RISE method 

V. SIMULATION COMPARISON 

The parameter of the considered electro-hydraulic servo 

system is shown in Table 1. To simulate the different levels 

of the component wear and leakage of the two subsystems, 

the effective viscous damping coefficient, hydraulic oil elas-

ticity modulus, and leakage coefficient of the two subsystems 

in the table are taken different values. 

TABLE I 

PARAMETERS OF THE CONTROL SYSTEM 

Symbol Unit Value 

m kg
 

40 

A1,A2

 
m2 2e-4 

V01,V02

 
m3 1e-3 

Af

 
N 10 

Ps
 

Pa 7e6 

Pr

 
Pa 0 

g 4 1
* * *( )m s V N −  4 8 / 2e −  

B1,B2

 
* /N s m  80, 140 

βe1,βe2 Pa 20e7, 15e7 

Ct1,Ct2

 5
*/ ( )m N s  9e-12, 40e-12 

Assume that the original position controller of the system 

is a PID controller, the asynchronous operation of two hy-

draulic cylinders can be simulated through the parameter 

settings in Table 1. The simulation platform is built based on 

the MATLAB/Simulink. In order to verify the effectiveness 

of the proposed controller, the following three controllers 

were selected for comparison. 

(1) C1: This is the PID controller and the controllers pa-

rameters are selected as : kp =10, ki =120, kd = 0 which denotes 

the P-gain, I-gain, D-gain respectively. 

(2) The proposed controller, i.e., PID with RISE-based 

internal force adjustment: the controller parameters are cho-

sen as kp =10, ki =120, kd = 0 and kr = 3e-5, k1 =10e-4,  K = 

0.05. 

(3) C2: This is PID with proportional internal force ad-

justment. Compared with the proposed controller, this con-

troller only integrates the proportional internal force adjust-

ment, that is, uF2 in equation (16), on the basis of PID. The 

corresponding controller parameters are chosen the same as 

the proposed controller. 

Remark 1: In the verification, on the basis of the original 

PID controller, we integrated the designed RISE-based in-

ternal force adjustment. However, to avoid repetitive model 

compensation, only the linear stability term uF2 and the robust 

integral of sign of the error uF3 are integrated.  

Case 1：Sine signal tracking case. 

The position command is chosen as y = sin(t) m shown in 

Figure 3. The simulation step is set as 0.005s and the simu-

lation time is taken as 50s. 

 

Fig. 3. The desired position trajectory in case 1 

 

Fig. 4.   Tracking errors of the compared controllers 

 

Fig. 5.  Tracking errors for 45-50s 

 

TABLE I I 
 THE MAXIMUM SYNCHRONIZATION ERROR OF THE THREE CONTROLLERS 

AT DIFFERENT TIME PERIODS 

PERIOD C1/m C2/m The proposed controller/m 

0-10S 1.14e-02 1.02e-02 9.76e-03 

10-30S 1.13e-02 1.09e-02 8.12e-03 

30-50S 1.13e-02 1.05e-02 7.93e-03 
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It can be seen from Figure 4 that the maximum synchro-

nous error of C1 controller is 1.14e-02m, the maximum 

synchronous error of C2 controller is 1.09e-02m, while the 

maximum synchronization error of the proposed controller is 

9.76e-03m. It can be seen from Figure 5 and Table 2 that the 

maximum synchronous error of C2 controller is reduced by 

about 15% compared with C1 controller , and the maximum 

synchronous error of the proposed controller is further re-

duced by 20%. Then we know that for sine tracking case, the 

proposed controller performs better than the other two con-

trollers in eliminating the influence of uncertainty disturb-

ance. 

Case 2: Square wave signal tracking case 

The amplitude of the square wave signal is 0.1m as shown 

in Figure 6. The simulation step is 0.005s, and the simulation 

time is 50s. 

 

Fig. 6.  The desired position trajectory in case 2 

 

Fig. 7.  Tracking errors of the compared controllers 

It can be seen from Figure 7 that the maximum synchro-

nous error of C1 controller  is 5.09e-02m, the maximum 

synchronous error of C2 controller is 6.16e-02m, while the 

maximum synchronous error of the proposed controller is 

4.62e-03m.  

Fig.8.  Tracking errors for 45-50s 

TABLE III 
THE MAXIMUM SYNCHRONIZATION ERROR OF THE THREE CONTROLLERS 

AT DIFFERENT TIME PERIODS 

PERIOD C1/m C2/m The proposed controller/m 

0-10S 5.47e-02 6.16e-02 4.61e-02 

10-30S 5.09e-02 3.79e-02 2.75e-02 

30-50S 5.07e-02 3.71e-02 2.63e-02 

 From Figure 8 and Table 3, it can be seen  that the max-

imum synchronous error of C2 controller is reduced by about 

20% compared with C1 controller, and the maximum syn-

chronous error of the proposed controller is further reduced 

by 25% compared with compared with C2 controller. Then 

we know that under the square wave tracking case, the pro-

posed controller performs better than the other two control-

lers in eliminating the influence of uncertainty disturbance.  

VI. CONCLUSION 

For the synchronous driving problem of dual elec-

tro-hydraulic servo systems, a RISE-based  internal force 

adjustment synchronous control method is proposed to 

eliminate the internal force. Through simulation and com-

parison analysis, it is verified that the designed controller can 

reduces the maximum synchronous error by more than 20% 

compared with the original PID controller  and PID with 

internal force proportional adjustment controller, and can 

eventually improves the synchronous accuracy significantly. 

Future research will focus on the tracking control at higher 

frequency commands and how to compensate the nonlinear 

friction at ultra-low speeds. 
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