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ABSTRACT 

Electro hydraulic actuator (EHA) system has inner and outer loops like a cascade system. The inner loop consists of an 
electric motor, a gear pump, and an angular velocity controller, and the outer loop consists of a hydro-actuator and a 
position controller. Especially, dead-band nonlinearity that exists between the electric motor and the gear pump and 
friction that occurs between the cylinder and the piston are considered. The tracking performance of EHA position 
control systems becomes unsatisfactory due to the dead-band and friction effects. Thus, in order to improve the position 
tracking performance of EHA systems with disturbance, backstepping control scheme for the desired position tracking 
is proposed, which is compared with the conventional PID scheme. 
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INTRODUCTION 

Hydraulic actuators, in general, have shortcomings such 
as the leakage of working fluid, environmental pollution 
due to the leakage, a maintenance load, and limited 
working space, etc. In addition, conventional hydraulic 
actuator(CHA) systems have some problems in case of 
applying to fighting aircrafts, since fighting aircrafts 
require light weight as well as the improvement their 
response performance and fault detection for self safety 
or backup system. Therefore, to overcome these 
problems, EHA systems have been studied for the 
integration of components and electric motor control. 
However, the EHA systems have some merits such as 
size, energy efficiency, and faster response due to high 
stiffness compared with CHA systems. 

The flow rate and pressure in EHA systems are adjusted 
directly by the control of the velocity and rotation 
direction of servo motor connected directly to the 
bidirectional hydraulic pump. Therefore, the motor 
control in EHA systems is very important to obtain 
precise position control performance and velocity 
control performance of the piston. The servo motor of 
EHA systems takes an important role for position and 
velocity controls of the actuator. The position tracking 
performance of the actuator is greatly influenced by the 
load pressure due to external load and friction between 
piston and cylinder. To overcome these problems, 
Pachter et. al. proposed a robust adaptive control 
scheme which can guarantee good position tracking 
control performance, although the system is influenced 
by disturbance and perturbation of system parameters[1]. 
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Kokotovic et. al. suggested an EHA system with inner 
loop for the speed control and outer loop for the position 
control and applied an adaptive control scheme to the 
inner loop [2]. Although they proposed various control 
schemes to cope with system uncertainties and 
disturbance, the establishment of the inner loop 
controller is technically difficult and it is very expensive 
to develop it. 
In this paper, a bacstepping controller is proposed for 
the position control of the piston rod with disturbances 
such as the load exerted on the piston rod and the 
contact friction between the piston and the cylinder, 
which affect to the rotation of the servo motor. And the 
backstepping scheme is compared with a conventional 
PID scheme for EHA systems with disturbances. 
Computer simulations are executed in order to verity the 
effectiveness of the backstepping control scheme for the 
EHA system with disturbances. 

SYSTEM MODELING 

Figure 1 shows an EHA system, which consists of the 
electric servo motor and the bi-directional gear pump. 
The gear pump is rotated by the servo motor and then 
the flow rate is generated in the gear pump. The 
generated pressure by the flow rate makes a position 
change in the piston rod. And the movement direction of 
the piston is related to the rotation direction of the servo 
motor. 

As shown in Fig. 1, the servo motor and the 
bi-directional gear pump are connected directly. 
Therefore, the servo motor and the gear pump of the 
EHA position control system can be represented as [3, 
4] 

)( bapDBppmpmpm ppCTBJT     (1) 
where

pmJ ,
pmB ,

pC , DBT  and 
p
 are the equivalent 

inertia, equivalent viscous friction, volumetric capacity 
of the pump, torque loss due to static friction, and 
angular velocity of the pump, respectively. 

To derive the dynamics of EHA systems, Newton’s 
second law is applied for the hydraulic piston. Then, 
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M
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Figure 1 The schematic of an EHA system 

where )(tx , M , A , lp , and 
fricF  are the moving 

position of piston, the piston mass, the cross section 
area of piston, the load pressure( ba pp ), and LuGre 
friction, respectively. And the derivatives of pressures 
ap and bp  of both the sides on piston can be 

represented as [5] 

a
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The chamber volumes aV  and bV  depend on the 
position of the piston )(tx  as follows: 

)()( 0 tAxVtV aa , )()( 0 tAxVtV bb      (4) 
The flow rates ( aq , bq ) in the hydraulic pump can be 

represented with the pressure of the pump ( ap , bp ) and 
the angular velocity(

p
) of  the pump as follows: 

lfppa pLCq , ab qq        (5) 
where 

fL  is the leakage factor of the pump. 
By differentiating Eq. (2), we can determine how these 

pressures can be controlled as follows: 

fricl FpA
M

x 1           (6) 

CONTROLLER DESIGN 

Figure 2 shows the block diagram of the EHA position 
control system. The EHA position control system 
consists of the inner loop for the speed control of the 
servo motor and the outer loop for the position control 
of the piston. For the speed control of the motor in the 
inner loop, a proportional and derivative (PD) controller 
is used. In addition, the dynamics of the inner loop is 
not considered to design a backstepping position 
controller. 
To design the backstepping controller, Eq. (6) is 

transformed as a general form [6] as follows: 
bufx             (7) 

where 
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Figure 2 Block diagram of the EHA position control 
system 
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Now, let us Eq. (2) represent state equations. Then, 

bufx
xx
xx

3

32

21
            (8) 

And, in order to design the backstepping controller, a 
new states are defined as follows: 

)(11 trxz             (9) 
)( 1122 zxz             (10) 

),( 21233 zzxz            (11) 
The design procedure of the backstepping controller 

is as follows: 

Step 1 
From Eq. (9), state equation for 1z  can be described as 

).()( 1121 trzzz           (12) 
In order to select )( 11 z  to guarantee stability for 

error dynamics in Eq. (12), the Lyapunov control 
function(LCF) is defined as 

.
2
1)( 2
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Then, 
.])([)( 211111111 zzrzzzzzV        (14) 

From Eq. (14), if rzkz 1111 )( , Eq. (12) can be 
exponentially stable when t . And 01k  is a 
design parameter. 

Step2 
From Eq. (10), state equation for 2z  can be described 
as
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Since Eq. (15) includes the information of Eq. (12), the 
LCF can be selected as 

.
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Then,  
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If the last term of Eq. (17) is defined as 
,)(),( 22112121 zkzzzz

Then, 2 can be obtained as 

rxzkzkkzz 1
2
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where 02k  is a design parameter. 
Therefore, 
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Step 3 

From Eq. (11), the state equation for 3z  is described as 
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Substituting Eqs. (12), (15), and (22) into Eq. (21), Eq. 
(21) can be rearranged as 

.)()1(),( 2211
2

1212 rxzkkzkzz
Since Eq. (20) uses the information of 1z  and 2z , the 

LCF included Eq. (16) can be described as 

.
2
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Then, 
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If the last term of Eq. (24) is defined as 
),,( 212233 zzbufzzk        (25) 

From Eq. (25), the backstepping control law can be 
obtained as 

).(1
2332 fzzk
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Substituting Eq. (25) into Eq. (24), Eq. (24) can be 
described as  

2
33
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Thus, from Eq. (27), the proposed backstepping control 
law is exponentially stable, since the time derivative of 
the LCF about new states is negative. 

SIMULATION AND DISCUSSION 

To design a backstepping position controller, only 
actuator dynamics neglected the inner dynamics is 
considered. And in order to confirm the position 
tracking performance of the proposed backstepping 
scheme, a conventional PID position controller is also 
designed. Figure 3 shows the position command input. 
The position command input 

)]4.2sin()4.0[sin(05.0)( tttxr  has the maximum 
amplitude of ±10 [cm] and the variation of velocity 
during 5 seconds. The load pressure due to the friction 
between the piston and the cylinder is shown in Fig. 4. 
This load pressure interrupts the desired rotation of the 
servo motor and decreases the position tracking 
performance of the EHA position control systems. 
From these simulation conditions, the position error 

results of the backstepping and PID control schemes are 
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shown in Fig. 5. In case of the PID position control 
system, the pattern of the position error is a little 
irregular. However, that of the backstepping position 
control system is relatively regular. From this result, the 
backstepping position control system has desired 
robustness to the disturbance. Also, the transient 
response of the backstepping position control system is 
worse than that of the PID position control system. This 
result is why backstepping position controller use 
differential value of the position output state such as the 
velocity and the acceleration and excessive change of 
the initial error. The root mean square errors for the 
backstepping and the PID control systems are 0.019mm 
and 0.08mm, respectively. Therefore, by using the 
backstepping scheme in place of the PID scheme, the 
tracking position performance of EHA system with 
disturbances can be improved by 4 times. 

CONCLUSION 

Position tracking performance of EHA systems with 
disturbances such as friction and dead-band are 
considered. In order to improve the position tracking 
performance of EHA with disturbances, backstepping

Figure 3 Position command input 

Figure 4 Disturbance input of the EHA system 

Figure 5 Position error of backstepping and PID control 
systems 

position controller is proposed. It is found that 
backstepping control scheme based on the system model 
has robust characteristics for disturbances by computer 
simulation. The inner loop dynamics, which consist of a 
servo motor, a servo driver, and a speed controller, are 
considered as a total EHA systems. And the inner loop 
dynamics are not considered in a backstepping 
controller. However, the EHA position control system 
with the backstepping control scheme has desired 
position tracking performance and robustness. 
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