
 

 
Abstract—The demand for high-accuracy hydraulic servo 

system in industry and national defense is becoming increas-
ingly urgent. This paper focuses on the high accuracy motion 
tracking control of hydraulic servo system with input saturation. 
Firstly, nonlinear mathematical model of the valve-controlled 
hydraulic servo system is established, which contains the load 
dynamic, the pressure dynamic and the flow equation. Secondly, 
the state-space-equation of hydraulic servo system is con-
structed in integrator form to facilitate controller derivation, 
and a saturated controller based on RISE (robust integral of the 
sign of error) method is designed, which includes a model 
compensation term based on desired trajectory and a nonlinear 
RISE term in the form of hyperbolic tangent function. Then, 
through rigorous Lyapunov analysis, it is proven that the pro-
posed controller can theoretically achieve asymptotic stability, 
while ensuring that the amplitude of control input meets the 
saturation limit requirements. Finally, the effectiveness of the 
proposed controller approach is verified through simulation of 
two comparative controllers under two desired trajectories with 
sudden disturbance. 
 

Index Terms—hydraulic system; input saturation; RISE 
control; asymptotic stability; disturbance 
 

I. INTRODUCTION 

UE to its high power-to-weight ratio and strong load 
resistance rigidity compared with motor, the hydraulic 

system has been widely applied in industries and defence, 
such as aircraft actuation systems [1], [2], construction ma-
chinery [3], load simulators [4], etc. In recent years, the de-
mand for hydraulic systems with high accuracy has become 
increasingly urgent. In this regard, the development of 
high-performance hydraulic components and control ap-
proaches is crucial. 
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However, hydraulic systems inherently exhibit nonlinear-
ity and model uncertainties, which further encompass pa-
rameter uncertainties (such as friction coefficients and leak-
age coefficients that are prone to change with operating 
conditions) and disturbances (including external disturbance 
and difficult-to--model components, et al). These factors 
pose significant challenges to control design and have long 
been a research hotspot in hydraulic system control tech-
nology. In response, researchers have proposed numerous 
control methods, including adaptive robust control [5], slid-
ing mode control [6], RISE control [7], [8], active disturb-
ance rejection control [9], neural network control [10], fuzzy 
control [11], [12], among others. These methods have im-
proved the control performance to varying degrees. Among 
them, RISE control, by adopting a continuous control input in 
integral form, can achieve asymptotic tracking in the pres-
ence of disturbances, and has been verified through applica-
tions in motor servo system [13], hydraulic servo system [7], 
and other scenarios. 

In addition to the aforementioned control challenges, input 
saturation is also a frequently encountered design issue in 
hydraulic control systems. Input saturation refers to the 
phenomenon where the amplitude of control input must not 
exceed a certain range due to physical limitations of the 
system (such as restrictions on the input voltage amplitude of 
hydraulic valves and requirements specific to the equipment's 
application scenarios). However, during actual system oper-
ation, unexpected situations like mismatched initial position, 
external disturbance, or overloading can lead to sudden 
change in input signal, potentially exceeding the allowed 
range. When these situations occur, they inevitably com-
promise the effectiveness of controllers designed based on 
normal operating conditions, ultimately degrading the sys-
tem's tracking performance. To address this issue, [14] pro-
poses anti-windup control, which often necessitates imposing 
specific constraints on system signals, potentially leading to 
conservatism in controller design. [15] introduces model 
predictive control, which struggles to simultaneously handle 
system parameter uncertainties and disturbances, limiting 
their applicability to hydraulic servo systems. [16] designs an 
input saturation controller for linear motor servo systems, 
which considers both system parameter uncertainties and 
disturbance. However, it theoretically can only achieve 
bounded stability, which is not an ideal control performance. 
[17], focusing on Euler-Lagrange systems, realizes asymp-
totic stability control with input saturation by adopting the 
RISE method based on a hyperbolic tangent function. Nev-
ertheless, it does not account for system parameter uncer-
tainties. 

Based on the above analysis, this paper presents a novel 
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high-precision tracking control approach for hydraulic servo 
system. This approach can guarantee asymptotic tracking 
performance while comprehensively accounting for input 
saturation, disturbance, and parametric uncertainties. The 
RISE method is integrated to address system disturbance, and 
the model compensation term based on desired trajectory is 
devised which can be computationally efficient. Furthermore, 
the boundedness of the control input is achieved through 
employing the hyperbolic tangent function.  

The subsequent content is organized as follows: Section 2 
establishes the mathematical model of hydraulic servo sys-
tem in integrator form to facilitate controller design, Section 
3 details the derivation process of the controller, Section 4 
presents rigorous control results and proofs, Section 5 con-
tains simulation verification, and Section 6 summarizes the 
main conclusions. 

II. MATHEMATICAL MODELING  

Fig. 1 shows the structure of considered hydraulic servo 
system. P1, P2 denote the oil pressure in the left and right 
chambers of the hydraulic cylinder; Q1, Q2 denote the flow 
rates entering and exiting the hydraulic cylinder. The servo 
valve controls the pressure P1, P2 by adjusting the flow rate 
Q1, Q2, thereby controlling the extension length y of the pis-
ton rod, which is connected to the inertia load. 
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Fig. 1.  Structure of considered hydraulic servo system 

The dynamic of the inertia load is 

L ( )my P A By f t                          (1) 

where m is the mass of the inertial load; y, y and y  denotes 

displacement, velocity and acceleration of the inertial load 
respectively; PL=P1-P2 is the load pressure; A is the ram area 
of the chamber; B is the viscous friction parameter; f(t) de-
notes the unstructured uncertainty which contains unmodeled 
friction, external disturbance and other hard-to-model terms. 

Neglecting the external leakage, the load pressure dynamic 
in the actuators can be written as 

t
L L t L d

e4

V
P Q Ay C P Q


                   (2) 

where Vt denotes the total control volume; βe denotes the 
effective bulk modulus; QL denotes the load flow; Ct denotes 
the internal leakage coefficient of the cylinder; Qd denotes the 
modelling error. 

QL can be modelled as  

L v v c LQ k x k P 
                     

(3) 

where kv is the flow gain with respect to the valve core dis-
placement xv; kc is the gain with respect to load pressure. 
Considering that high response servo valve is used, we can 

neglect the servo valve dynamic as in [18], i.e., xv = kuu. 
The control objective can be summarized as: given the 

desired trajectory x1d, then to derive a control input u such 
that the actual output x1 tracks x1d as closely as possible, 
while to ensure that the amplitude of u meets saturation limit, 
i.e., 

satu u
                             

(4) 

where usat denotes a known saturation limit. 
 

III. CONTROLLER DESIGN 

Define the state variables x = [x1, x2, x3]T =[y, y , y ]T, then 

the entire system can be expressed in a state-space form as 
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2 3

1 3 2 2 3 3 ( )

x x

x x

x u x x t   



   

 
 

            
(5) 

where 

t t
1 2

g e g g

t t
3

g g e

d t t

g g g e

t c t g v u

,
4

4

( ) ( )
( )=

4

,

mV k BA

Ak k Ak

k m BV

Ak Ak

Q k f t V f t
t

k Ak Ak

k k C k k k

 








  

 

 

  

               

Assumption 1: In general working conditions, according 
to the definition of P1 and P2, the system states of hydraulic 
system, P1 and P2 are both bounded, i.e., 0 < Pr < P1 < Ps, 0 < 
Pr < P2 < Ps, where Ps, Pr denotes the pressure of supplied oil 
and returned oil.  

Assumption 2: Although the true value of the parameter 
set θ = [θ1, θ2, θ3]T is unknown, the range of the parameter 
uncertainties is known for most applications, i.e.,  

 in max: i                    (6) 

where θmin= [θ1min,…,θ3min]T, θmax= [θ1max,…,θ3max]T. 
To facilitate the controller design, the nominal value will 

be adopted for system parameters, and then model (5) can be 
transformed to: 

1 2

2 3

1n 3 2n 2 3n 3 ( )

x x

x x

x u x x t  




    

 
 


                (7) 

where 

1 3 1n 3 2 2 2n 2 3 3 3n 3( )= ( ) ( ) ( ) ( )t t x x x x x x               

Assumption 3: The first-order and second-order deriva-
tive of total disturbance ∆(t) are bounded, i.e., 

 
1 2( ) , ( )t t                                    (8) 

where σ1, σ2 are known constants. 
Remake 1: According to formula (1)(2)(5)(7), it is evident 

that the total disturbance ∆(t) is mainly related to f(t), Qd, and 
system parameters. For f(t), its main component is unmod-
eled friction of hydraulic system. Since it is impossible for 
hydraulic system to generate discontinuous force during 
operation, the friction can be considered continuous. For Qd, 
its main component is the external leakage of hydraulic cyl-
inder, which can also be regarded as continuous. Additionally, 
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although the system parameters are unknown, they always 
change slowly and the system states are also continuously 
varying. It is therefore straightforward to deduce that the total 
disturbance in the system is always bounded, smooth, and 
continuous, which validates the rationality of Assumption 3.   

Define the tracking error as z1 = x1 - x1d. In addition, define 
a set of quantities as 

2 1 1 1

3 2 2 2 f

2
f f 1 r1 3 r2 f

3 3 3

,

tanh( )

= cosh ( )[ tanh( )]

z z k z

z z k z z

z z k z k z

r z k z



 

  

 
 







        

(9) 

where k1, k2, k3, kr1, kr2, γ1 are positive feedback gains, r(t) is 
an auxiliary error signal to get an extra design freedom. It is 
easy to check that the filtered error r(t) could not be measured 
because it depends on the time derivative of acceleration 
signal, in fact, its main function is just to help the following 
controller design and will not appear in the final controller.  

From (9), r can be expressed as 

3 1d 1 2 3 1 r1 3

2 2 3
1 2 1 2 2 1 1 1 2 r2 f

( )

( ) ( ) tanh( )

r x x k k k k z

k k k k z k z k k k z

     

      

 

   

(10) 

Based on formula (7) and (10), we can arrive at 
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          (11) 

Then the final controller can be designed as 

a s

a 1n 1d 2n 1d 3n 1d

s 1

2
r1 3 3 3

tanh( )

cosh ( )[ sign( )]

u u u

u x x x

u v

v v k k z z

  




 
  



  

  

              

(12) 

where ua is a mode-based compensation term based on de-
sired trajectory, us is a nonlinear robust control term to cope 
with the total disturbance ∆(t), γ1 and β are positive feedback 
gains. 

Further from the expression of control input, we know  

1n 1d 2n 1d 3n 1d 1u x x x u         

             

(13) 

To satisfy inequality (4), it is sufficient to select u  appro-
priately such that it is less than usat.  

The controller design is completed. Structure of the pro-
posed controller is shown in Fig. 2. 

IV. MAIN RESULTS 

Substituting (12) into (11), we can obtain 
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(14) 
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Fig. 2.  Structure of the proposed controller 

then the time derivative of (14) can be given by 
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where 
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Lemma 1: An auxiliary function P(t) is defined as 

1 3( ) [ ( ) sign( )]P t r t z   

             

(16) 

Provided that the feedback gain β is chosen to satisfy  

1 2 3

1

/ k 







                         

(17) 

thus, the function H(t) defined below is always non-negative 
[19]  
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Proof of Lemma 1: 
From (16) and (18), we have 
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Obviously from (6) and (19), the function H(t) defined in 
(18) is always non-negative provided that inequality (17) is 
satisfied. This completes the proof.  

Theorem 1: By choosing feedback gains k1, k2, k3, kr1 and 
kr2 large enough, the following defined matrix Λ can be pos-
itive definite 

4
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(20) 

where 1 r1 1k c   , then the proposed controller (12) can 

guarantee that all signals in the closed-loop system are 
bounded, and asymptotic tracking can also be achieved, i.e., 
z1→0 as t→∞.  
Proof of Theorem 1: 

Define the following Lyapunov function:  
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(22) 

Then, as long as matrix Λ is positive definite, the following 
inequality holds  

2 2 2 2
min 1 1 1 f( )[ tanh ( )]V z z z z W       

  

(23) 

where λmin(Λ) denotes the minimum eigenvalue of matrix Λ. 
By analyzing formula (21)-(23), it can be concluded that 
Lyapunov function V is bounded, and consequently W ∈ L2, 
and further, tracking error z1 and z2, z3, tanh(zf), r are also 
bounded. Combining with formula (9)(12), it can be deduced 
that all signals in the closed-loop system are bounded, and 
thus W is bounded. Based on Barbalat's Lemma [20], W is 
uniformly continuous, which means that as t→∞, W→0, i.e., 
z1→0, thereby asymptotic tracking can be achieved for hy-
draulic servo system in the presence of input saturation. This 
completes the proof. 

Remake 2: Some advantages of the designed controller 
are as follows: (i) The state-related quantities in the controller 

are replaced by the desired trajectory and its derivatives, 
which effectively mitigating the impact of measurement 
noise on states. (ii) The adoption of the desired trajectory and 
its derivatives can also significantly reduce the online cal-
culation time of control input. (iii) The control input is con-
tinuous, making it practical for actual hydraulic systems. (iiii) 
The upper bound of control input can be adjusted through 
parameter γ1, which ensures that the proposed controller can 
be applied to various input saturation situations. 
 

V. VERIFICATION 

Simulation verification is carried out based on the system 
shown in Fig. 1, MATLAB/Simulink is selected as simula-
tion platform, and S-function module is used to calculate the 
control input. 

Specifications of the considered hydraulic servo system 
are as follows: 

TABLE I 
SPECIFICATIONS OF THE CONSIDERED HYDRAULIC SERVO SYSTEM 

Symbol Value Symbol Value 

m 30kg
 

βe
 

700MPa 

B
 

4000N⸱s/m kg
 1.18×10-8 

m4/(s·V·N-1/2) 

A 9×10-4m2 kt 9×10-12 m5/(N·s) 

Vt 7.96×10-5m3   

To fully verify the effectiveness, the following two con-
trollers are selected for comparison: 

(1) SRISE: the detailed structure has been given in (12). 
By trial-and-error, the control parameters are chosen as: k1 = 
50, k2 = 100, k3 = 50, kr1 = 20, kr2 = 10, β = 0.05. 

(2) RISE: this is the RISE control proposed in [21], which 
does not consider the effect from input saturation. By refer-
ring to [21], the detailed structure of RISE controller is: 

2 1 1 1 3 2 2 2 3 3 3

a s

a 1n 1d 2n 1d 3n 1d

s r1 3 r1 3 3 3

0

, ,

sign( )
t

z z k z z z k z r z k z

u u u

u x x x

u k z k k z z dv

  



     
 
  

   

  

  

    

(24) 

To ensure that the comparison is valid, the controller pa-
rameters are taken to be the same as the corresponding pa-
rameters of SRISE, i.e., k1 = 50, k2 = 100, k3 = 50, kr1 = 20, β = 
0.05.  

Case 1： 
A smooth sine-like trajectory x1d = 20sin(πt)(1-exp(-0.01 

t3))mm shown in Fig. 3 is chosen as the desired trajectory.  
The simulation time is 0-20s, with a sampling interval 
0.0002s. A sinusoidal disturbance with an amplitude of 
1000N is added at 10-12s, as shown in Fig. 4. The saturation 
limit of control input is set as usat =0.8V, and γ1 = 0.7. The 
simulation results are shown in Fig. 5-6. 

As can be seen from Fig. 5, thanks to the hyperbolic tan-
gent function, control input of the proposed SRISE controller 
remains within the saturation limit at all times, whereas con-
trol input of RISE controller reaches the saturation limit when 
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faced with disturbance, specifically at 12-12.5s. According to 
Fig. 6, tracking error of the proposed SRISE controller is 
significantly smaller than that of RISE controller. Moreover, 
when faced with disturbance, tracking error of the proposed 
SRISE controller exhibits no fluctuations, whereas RISE 
controller experiences notable error fluctuations at 10-12s. 
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Fig. 3. The desired trajectory 

 

Fig. 4. Disturbance 

 

Fig. 5. Control input 
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Fig. 6. Tracking error 

Case 2:  
A point-to-point trajectory with the amplitude of 20mm 

shown in Fig. 7 is chosen as the desired trajectory. The sim-
ulation time is 0-20s, with a sampling interval 0.0002s. A 
sinusoidal disturbance as in case 1 is added. The saturation 
limit of control input is set as usat =0.6V, and γ1 = 0.6. The 
simulation results are shown in Fig. 8-9. 

As can be seen from Fig. 8, thanks to the hyperbolic tan-
gent function, control input of the proposed SRISE controller 
remains within the saturation limit at all times, whereas con-
trol input of RISE controller reaches the saturation limit when 
faced with disturbance, specifically at 10.5-11s. According to 
Fig. 9, tracking error of the proposed SRISE controller is 
significantly smaller than that of RISE controller. Moreover, 
when faced with disturbance, tracking error of the proposed 
SRISE controller exhibits no fluctuations, whereas RISE 
controller experiences notable error fluctuations at 10-12s. 
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Fig. 7. The desired trajectory 
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Fig. 8. Control input 

 

Fig. 9. Tracking error 

VI. CONCLUSION 

This paper proposes a saturated RISE control approach for 
hydraulic servo systems with input saturation, and the theo-
retical performance is analyzed based on the rigorous Lya-
punov method. Through comparative simulations of tracking 
performance with the traditional RISE method under two 
desired trajectories, it is verified that the proposed controller 
can significantly improve control accuracy while ensuring 
the control input remains within the saturation limit. The 
approach proposed in this paper can be extended to various 
application scenarios of hydraulic servo systems with input 
saturation. Future research will focus on the efficient tuning 
methods of controller parameters. 
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