
 

 

  

Abstract—Electrohydraulic servo system have been used in 

industry in a wide number of applications. Its dynamics  are highly 

nonlinear and also have large extent of model uncertainties and 

external disturbances. In this  paper, a robust back-stepping control 

(RBSC) scheme is proposed to overcome the problem of  disturbances 

and system uncertainties effectively and to improve the tracking 

performance of EHS  systems. In order to implement the proposed 

control scheme, the system uncertainties in EHS systems  are 

considered as total leakage coefficient and effective oil volume. In 

addition, in order to obtain the  virtual controls for stabilizing system, 

the update rule for the system uncertainty term is induced by 

the  Lyapunov control function (LCF). To verify the performance and 

robustness of the proposed control  system, computer simulation of 

the proposed control system using Matlab/Simulink Software 

is  executed. From the computer simulation, it was found that the 

RBSC system produces the desired  tracking performance and has 

robustness to the disturbances and system uncertainties of EHS 

systems.  

 

Keywords—Electro hydraulic servo system, back-stepping 

control, robust back-stepping control, Lyapunov redesign.  

I. INTRODUCTION 

LECTROHYDRAULIC servo systems are widely used in 

many industrial applications because of their high  power-

to-weight ratio, high stiffness, and high payload capability, 

and at the same time, achieve fast  responses and high degree 

of both accuracy and performance [1], [2]. However, the 

dynamic behavior of  these systems is highly nonlinear due to 

phenomena such as nonlinear servo valve flow-

pressure  characteristics, variations in trapped fluid volumes, 

time varying behavior, nonlinear transmission  effects, flow 

forces acting on spool, friction and associated stiffness which 

is not only largely uncertain  but is greatly influenced by 

external load disturbances. These advantages, in turn, cause 

difficulties in  the control of such systems.  

Control techniques used to compensate the nonlinear 

behavior of hydraulic systems include adaptive  control, sliding 

mode control, fuzzy control, feedback linearization and other 

less applicable methods  such as genetic algorithm and 

optimum control.  
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Adaptive techniques to control EHS position have been 

proposed by researchers, which the most recent  papers are 

[3]–[8], assuming linearized system models. These controllers 

have the ability to cope with  small changes in system 

parameters such as valve flow coefficients, the fluid bulk 

modulus, and variable  loading. However, there is no guarantee 

that the linear adaptive controllers will remain globally stable 

in  the presence of large changes in the system parameters.  

Variations of sliding mode controllers have also been 

developed for electrohydraulic servo systems. In  according to 

the recently studies [9]–[14], these controllers are robust to 

large parameter variations, but  the nearly discontinuous 

control signal excites unmodeled system dynamics and 

degrades system  performance. This can be reduced by 

smoothing the control discontinuity in a small boundary 

layer  bordering the sliding manifold as introduced in 

simulations [15], [16].  

In order to cope with the nonlinear characteristics of EHS 

system such as saturation between voltage and  current and 

dead zone due to the static friction, different fuzzy control 

techniques have been presented   [17]–[25]. Fuzzy control have 

advantages such as Intuitive design, rules document the 

control action, no  precise model needed, controller can be 

built up by experience and new rules can be added. On the 

other  hand its advantages are: completeness of rules and their 

consistency, no stability is guaranteed,  optimization by trial 

and error, care must be given for the control of critical 

systems, many tuning  parameters (fuzzification, inference, 

defuzzification).  

The nonlinear nature of the system behavior resulting from 

valve flow characteristics and actuator  nonlinearities have 

been taken into account in application of the feedback 

linearization techniques   [26], [27]. The main drawback of the 

resulting linearizable control law is that it relies on exact 

cancellation  of the nonlinear terms. In addition, time scale 

difference of inner and outer loop must be large enough   (inner 

loop must be much faster than desired overall closed loop 

dynamics) [28].  

In addition to the above-mentioned methods, there are 

several less common methods for position  controlling of EHS 

system. For instance, [29] presented the application of Genetic 

Algorithm  Technique based on new fitness function to 

optimally tune the three terms of the classical PID 

controller  to regulate a valve controlled hydraulic servo-

system as a nonlinear process. The optimized PID 

improves  the performances of the hydraulic servo-system in 
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order to achieve minimum settling time with no  overshoot and 

nearly zero steady state error. A disadvantage of the proposed 

method is the necessity of  the definition of parameters for a 

performance index by the user, which impedes the procedure 

to be  fully automatic. P. Olranthichachat et al. proposed a new 

technique to design an optimal robust PI- controller for electro-

hydraulic servo system to achieve both the robustness and 

performance [30].  

In this paper, a robust back-stepping control (RBSC) 

scheme is proposed for EHS systems to obtain the  desired 

tracking performance and the robustness to system 

uncertainties. First, to realize a stable back- stepping control 

(BSC) system with a closed-loop structure and to select new 

state variables, EHS  system dynamics are represented with 

state equations and error equations. Defining the 

Lyapunov  Control Functions (LCF), a BSC system can be 

designed, which can guarantee exponential stability for  the 

nominal system without system uncertainties. However, the 

BSC system cannot achieve robustness  to system 

uncertainties. To overcome the drawback of the BSC system, 

an RBSC scheme for EHS  position control systems was 

proposed. To evaluate the tracking performance and 

robustness of the  proposed EHS position control system, both 

BSC and RBSC schemes were evaluated by 

computer  simulation.  Procedure for Paper Submission 

II. EHS DYNAMIC MODEL  

Typical electro-hydraulic servo system is shown in Fig. 1 

which consists of a position control system.  The voltage 

applied to the solenoid coil results in the current flowing 

through the coil. The current is  function of resistance and 

inductance of coil. Inductance in turn depends on spool 

position of the valve   (spool and plunger are connected). The 

spool movement generates the orifice which causes the flow 

of  fluid in the chambers of cylinders. Pressure in the chamber 

grows and pressure difference is created in  cylinder. The 

pressure differential of fluid at piston of cylinder drives the 

load.  
 

  

Fig. 1 Typical electro-hydraulic servo system 

 

Mathematical model of electro-hydraulic actuator consists 

of the dynamics of the system disturbed by an  external load 

and the dynamics of a servo valve. The relation between 

actuator-valve dynamics and load  flow rate based on the 

Orifice law are given by:  

 �� � ���� � 	�
��                                 (1) 

 

where Q is load flow, P � P� � P� is load pressure, X� is 

servo valve spool displacement, K� is pressure gain under 

different performance points and K� is valve flow gain that 

changes in different performance points. So: 

 

�� � ����������� !"#$�%&                           (2) 

 

where K' is servo valve gain, c) is cylinder discharge 

coefficient, ω is servo valve area gradient, ρ is oil density and P, is tank pressure. When servo valve is considered as a zero 

level system then: 

 -� � �./0                                        (3) 

 

where K12 is amplifier gain of the servo and u is input signal 

of servo valve controlling. Considering leakage and 

compressibility, the stream continuity equation for cylinder 

chamber is obtained: 

 �� � 4-5 6 �789�5� 6�:;��                        (4) 

 

where A is pressurized area in actuator, V= is effective oil 

volume in system, B is effective viscosity coefficient of oil, K�> is total leakage coefficient of cylinder and x5  is cylinder 

shaft speed. The equilibrium equation for cylinder is obtained 

as: 

 4�� � @�A 6 B�5 6 ��� 6 CD                    (5) 

 

where M is effective mass of system, n is viscous friction 

factor, KE is the elastic load hardness and FG is the external 

disturbance. Combining (4) and (5) the set of system state 

equations are obtained as: 
 -�5 � -�                                       (6) 
 

  -�5 � -H                                       (7) 
 -H5 � I!-!J$, J$ 6 L!-�$0!J$ � M!J$              (8) 

 I!-!J$, J$ � �N�!-�$-� � N�!-�$-H                (9) 

 N�!-�$ � 89!OP!�QR.H�/ !TU$$$VQ89WXY!TU$ QZ[�7\�7           (10) 

 N�!-�$ �  \ 6 89WXY!TU$�7                        (11) 

 L!-�$ � 89OP!�QR.H�/ !TU$$\�7 �����./             (12) 
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M!J$ � 89WXY!TU$\�7 @!J$ 6 �\ �]!^$�^                  (13) 

 

where R is the effective length of connection arm, I is the 

inertia torque and K_ is the position torque factor. d!t$ is 

demonstrated as system disturbances. Also: 

 �:;!-�$ � b;!-�$ 6 �: � b;�� c1 � e�TU fXYg h 6 �
          (14) 

III. CONTROLLER DESIGN 

In this chapter, the BSC and RBSC schemes based on EHS 

system dynamics are considered as the position controller. Fig. 

2 shows the control structure for a multivariable control 

system. The goal is to control the position x) in order to 

follow a desired trajectory of position. In this section a robust 

multivariable control system is presented which reduces the 

sensitivity to changing parameters related to system 

disturbances and variety of uncertainties. The back-stepping 

approach [30] which is commonly known and relatively easy 

to implement will be used for the EHS system. The main 

contribution of this paper is the application of back-stepping 

techniques to an EHS system. A recursive framework is 

proposed to construct a Lyapunov function and corresponding 

control actions for the system stabilization [9]. This idea is 

adopted to design a nonlinear controller for position tracking 

in the EHS system. 

 

 

Fig. 2 Control structure for a multivariable control system 

A. Standard Back-Stepping 

In this chapter, we present our recursive back-stepping 

design procedure via Lyapunov functions for the EHS system. 

Firstly, to design a BSC system, (6), (7) and (8) that represent 

state equations is rewritten as: 

 

i�5� � ��																	�5� � �H																	�5H � I 6 L0 � M                             (15) 

 

And, in order to design the BSC system, new state variables 

are defined as: 
 j� � �� � ��                     (16) 

 j� � �� � k�!j�$                        (17) 

 

jH � �H � k�!j�, j�$            (18) 

 

where x) is the desired position input, and α� and α� are the 

functions for new state variables, which can be obtained 

through the following BSC design procedure. 

Step 1. 

From (16), the state equation for z� can be described as 

 j5� � j� 6 k�!j�$ � �5�                         (19) 
 α�!z�$ is the virtual control which should be selected to 

guarantee the stability of the control system through the 

Lyapunov control function(LCF) which is defined as 

 n�!j�$ � �� j��                (20) 

 

Then 

 n5�!j�$ � j�j5� � j�ok�!j�$ � �5�p 6 j�j�     (21) 
 

From (21), if α�!z�$ � �k�z� 6 x5), (19) can be exponentially 

stable when t → ∞ and k�!> 0$ is a design parameter. 

Step 2 

From (17), the state equation for z� can be described as  

 j5� � jH 6 k�!j�, j�$ � k5�!j�$            (22) 

 

where k5�!j�$ � vwUvxU j5� 6 vwUv"5y �A� � �z�j5� 6 �A� � �z�!j��z�j�$ 6 �A�(23) 

 

Since (22) includes the information of (19), the second LCF 

for obtaining the virtual control to guarantee the stability of 

the control system can be selected as 

 n�!j�, j�$ � n�!j�$ 6 �� j��                           (24) 

 

Then 

 n5�!j�, j�$ � n5�!j�$ 6 j�j5� � �z�j�� 6 j�jH 6 j�oj� 6 k�!j�, j�$ �k5�!j�$p                                  (25) 

 

If the virtual control α� in the last term of (25) is defined as 

 k�!j�, j�$ � �z�j� � j� 6 k5�!j�$             (26) 

 

where k�!> 0$ is a design parameter, then another expression 

of α� can be rearranged as 

 k�!j�, j�$ � �!z� 6 z�$j� � !1 � z��$j� 6 �A�           (27) 

 

Therefore n5� � j�jH � z�j�� � z�j��              (28) 

Step 3. 

From (18), the state equation for zH is described as 
 j5H � �5H � k5�!j�, j�$ � I 6 L0 � M � k5�!j�, j�$        (29) 

Servo 
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where k5�!j�, j�$ � vwVvxU j5� 6 vwVvxV j5� 6 vwUvw5 U kA� � �j5��z�j5� 6 kA�   (30) 

 

and kA� � vw5 UvxU j5� 6 vw5 UvxV j5� 6 vw5 Uv"Ay �A� � z��j5� � z�j5� 6 �{�      (31) 

 

Substituting (19), (22), and (31) into (30), (30) can be 

rearranged as 

 k5�!j�, j�$ � !z�� � 1$j5� � !z� 6 z�$j5� 6 �{�        (32) 

 

Since (29) uses the information of z� and z� due to the 

property of the design procedure of the back-stepping control, 

the third LCF for (18) can be defined as 

 nH!j�, j�, jH$ � n�!j�, j�$ 6 �� jH�           (33) 

 

Then n5H!j� , j�, jH$ � n5� 6 jHj5H � �z�j�� � z�j�� 6 jH!I 6 L0 � M � k5�$
  (34) 

 

If the last term of (34) for satisfying the system stability is 

defined as 

 �zHjH � I 6 L0 � M � k5�            (35) 

 

Then the BSC law can be selected as 

 0 � �| !k5� � zHjH � I 6 M$         (36) 

 

Now the negative semi-definite of V5H can be obtained by 

substituting (36) into (34) as 

 n5H!j� , j�, jH$ � n5� 6 j�j5H � �z�j�� � z�j�� � zHjH� ≤ 0   (37) 

 

From (37), it is found that EHS position control systems 

using the BSC law of (36) can guarantee exponential stability. 

B. Robust Back-Stepping 

If system uncertainties can be exactly known, the BSC law 

of (36) can achieve the desired tracking performance and the 

robustness to the system uncertainties of EHS systems. 

However, the BSC law of (36) will cause a tracking error and 

does not achieve the robustness to the system uncertainties 

because the value of f cannot be exactly known. To improve 

the tracking performance and the robustness to the system 

uncertainties, the value of f, in which system uncertainties are 

included, should be estimated. Therefore, in this chapter, an 

ABSC scheme is proposed, which is the BSC scheme with the 

estimator of f. In order to design the ABSC system, the BSC 

law of (36) is modified as 
 0 � �| �k5� � zHjH � I� � ���LB!jH$�        (38) 

 

where f� is the estimator of the system uncertainties and ρ is a 

positive constant.  

Substituting (38) into (15), (15) is modified as 

��5� � ��																																															�5� � �H																																															�5H � I� 6 k5� � zHjH 6 ���LB!jH$              (39) 

 

where f� � f � f� 
From (38), the LCF is defined as 

 n8 � �� j�� 6 �� j�� 6 �� jH�                   (40) 

 

The derivative of (39) can be described as 

 n58 � j�j5� 6 j�j5� 6 jHj5H                     (41) 

 

Substituting z5H into (41), (41) is rearranged as 

 n58 � �z�j�� � z�j�� 6 jH!I 6 L0 � M � k5�$       (42) 
 

Replacing gu from (38), (42) is modified as 
 n58 � �z�j�� � z�j�� 6 jH!I 6 k5� � zHjH � I� � ���LB!jH$ � M �k5�$                                   (43) 

 

Then n58 � �z�j�� � z�j�� � zHjH� 6 jH!I� � ���LB!jH$ � M$   (44) 

 

Considering  ρsign!zH$ � ρ ��|��| , (44) is rearranged as 

 n58 � �z�j�� � z�j�� � zHjH� 6 jH�I� � M� � � x�V|x�|     (45) 

 

As regards to ρ ��V|��| � ρ|zH|, (42) can be rewritten as 

 n58 � �z�j�� � z�j�� � zHjH� 6 jH�I� � M� � �|jH|        (46) 

 

The negative semi-definite of V58 can be obtained if 

 jH�I� � M� � �|jH| ≤ 0            (47) 

 �I� � M� ≤ �                    (48) 

 

From (16), (17), and (18), these equations are the error 

equations for the velocity, acceleration and jerk of the piston, 

which include α�!z�$ and α�!z�, z�$ that guarantee the 

exponential stability of EHS position control systems. 

Substituting these equations into (39), the error dynamics can 

be represented as 	
�j5� � j� � z�j�																							j5� � jH � z�j� � j�														j5H � I� � zHjH 6 ���LB!jH$          (49) 

IV. RESULTS AND DISCUSSION 

In order to evaluate the validity of the proposed control 

scheme for EHS position control systems, a sinusoidal 

reference input was considered as  

 �� � sin	!2�J$                   (50) 
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Fig. 3 Block diagram of the EHS position control system 

 

This sinusoidal reference input is suitable for evaluating the 

tracking performance and the robustness of EHS position 

control systems because it reflects the various changes in the 

magnitudes of the position of the piston. Table I shows the 

system parameters of the EHS system which are used to 

computer simulation. Fig. 3 shows the block diagram of the 

EHS position control system. 
 

TABLE I 

SYSTEM PARAMETERS OF THE ELECTROHYDRAULIC SERVO 

Symbol Quantity amount 

Kui amplifier gain of servo valve  0.005  

Kv gain of servo valve  8.67  

KQ gain of servo valve flow  0.012  

A actuator area  0.001  

R effective length of connection arm  0.17  

Vt oil volume  2e-4  

Cess Total leakage coefficient  2.4e-11  

Kc gain of servo valve pressure  4.8e-12  

B oil viscosity  1.17e8  

n viscous friction coefficient  30.65  

I inertia torque  1.16  

δK position torque coefficient  5.8e4  

 

The simulation is performed in usual, with disturbances 

states and with disturbances plus 10% uncertainties. In this 

paper, total leakage coefficient of cylinder and effective oil 

volume in system are considered as EHS system uncertainties. 

 

 

Fig. 4 Simulation of piston position tracking for standard back-

stepping controller in the absence of  disturbances and uncertainties  

 

 

Fig. 5 Simulation of piston position tracking for robust back-stepping 

controller in the absence of disturbances  and uncertainties    

 

The controlling of piston position of EHS system using 

back-stepping and robust back-stepping is compared in Fig. 4. 

As shown in Fig. 4, in the absence of disturbances and any 

uncertainties, both controllers have shown good performance. 

But robust controller has better performance as illustrated in 

Fig. 5. 

 

 

Fig. 6 Simulation of piston position tracking for standard back-

stepping controller with disturbances  

 

 

 

Fig. 7 Simulation of piston position tracking for robust back-stepping 

controller with disturbances    

 

By applying disturbances in system, it is found that the 

distance of piston position will be further from desired 
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position in the standard back-stepping controller. In this 

situation, the controller tracked the desired position in the 

unknown range, as demonstrated in Fig. 6. In the other hand, 

robustness of proposed controller with disturbances is 

illustrated in Fig. 7. It can be seen that, robustness is done very 

well. 

 

 

Fig. 8 Simulation of error for standard back-stepping controller with 

disturbances       

 

 

Fig. 9 Simulation of error for robust back-stepping controller with 

disturbances        

 

 

Fig. 10 Simulation of piston position tracking for standard back-

stepping controller with disturbances  and considering 10% 

uncertainties in total leakage coefficient of cylinder and effective oil 

volume in  system  

 

 

Fig. 11 Simulation of piston position tracking for robust back-

stepping controller with disturbances  and considering 10% 

uncertainties in total leakage coefficient of cylinder and effective oil 

volume in  system 

 

The error of back-stepping and robust back-stepping 

controller in the presence of disturbances is also shown in 

Figs. 8 and 9 respectively. From the figures, position control 

error of robust controller reached the zero in comparison to the 

increasing of standard back-stepping error. 

In addition to the presence of disturbances, 10% 

uncertainties of EHS system is considered, In order to 

examine the proposed robust controller further. 

In this step, the simulation results of EHS system position 

controlling are shown in Figs. 10 and 11, using back-stepping 

and robust back-stepping controller respectively. In Fig. 10 the 

position control performance deteriorated. And the curve trend 

is decreasing. 

On the other hand a good performance is attained using 

robust back-stepping controller. Also the position controlling 

error of standard and robust back-stepping controller is shown 

in Figs. 12 and 13 respectively. Similar to the previous state, 

the error of standard back-stepping controller is growing 

increasingly while the error trend achieved in a short time 

using robust back-stepping controller. 
 

 

Fig. 12 Simulation of error for standard back-stepping controller with 

disturbances and considering   10% uncertainties in total leakage 

coefficient of cylinder and effective oil volume in system.  
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Fig. 13 Simulation of error for robust back-stepping controller with 

disturbances and considering 10%  uncertainties in total leakage 

coefficient of cylinder and effective oil volume in system.  

V. CONCLUSION 

A robust position control of EHS systems was proposed by 

using the RBSC scheme, which has  robustness to disturbances 

of viscous friction and also by considering uncertainties like 

total leakage  coefficient and effective oil volume. Firstly, a 

stable BSC system based on the EHS system dynamics  was 

derived. However, the BSC scheme had a drawback: it could 

not consider disturbances and system  uncertainties. To 

overcome the drawback of the BSC scheme, the RBSC 

scheme was proposed. To  evaluate the performance and 

robustness of the proposed EHS position control system, BSC 

and RBSC  schemes were implemented in a computer 

simulation. It was found that the RBSC scheme can yield 

the  desired tracking performance and the robustness to 

disturbances and system uncertainties.  
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