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Abstract:  In this research, the stability analysis of a backstepping controller on electro-hydraulic system using disturbance observer 
mechanism is presented. The proposed controller employs the parameter adaptation law designed according to Lyapunov analysis 
to guarantee the stability of the close loop system and the boundedness of the parameters, which is supported by the theorem. The 
materials used for this research include, Data from Electro hydraulic system, Matlab software and Computer system. The hydraulic 
system was built using Sim Hydraulic blocks imported from Matlab and the responses were analyzed from Matlab graph. The piston 
position was directly proportional to the Pump pressure where the hydraulic and spring forces were balanced. Discontinuities in the 
velocity at 0.04 sec and 0.05 sec indicates negligible mass of the piston. The model reaches a steady state when all the pump flow 
goes to leakage, this results to pressure drop across the control valves and brings about equal pressure at different locations of the 
valves. From the analysis, the position of the piston due to leakages was relatively poor. On implementation of disturbance observer 
the position tracking performance of the electro-hydraulic system was improved. The research concludes that the backstepping 
control using disturbance observer mechanism technique provided robust performance in the operation of electro-hydraulic system. 
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I. INTRODUCTION 

 
Hydraulic actuators are used in applications that require fast 
motion and large actuation forces. Typical areas of application 
include industrial robots, material handling machines, active 
suspensions, motion simulators, and injection moulding 
machines. Indeed, hydraulic actuators are often the only viable 
alternative for these applications, because other actuators, such 
as electric motors, usually lack the necessary power, size, and 
speed.  
 

 
 
 
 
 
 
 

 

Despite this extensive application, actively-controlled 
hydraulic systems do not fully realize their potential due to, 
among other factors, difficulties in modelling and controlling 
their highly nonlinear characteristics. 
Among these components, flow control valves are the most 
important because they most directly affect the dynamic 
properties of the system. Typical flow control valves include 
servo valves or proportional valves (Eriksson, 2013). 
The proportional and servo valves are used to regulate the oil 
flow rates, and thereby the motion of a hydraulic system. Due 
to the nature of orifice flow inside the valve body, these valves 
are the major source of nonlinearities in hydraulic systems. The 
nonlinear flow property is present regardless how precise the 
valve body and the enclosed spool are produced (Gamble et al., 
2019). In addition, most valves exhibit further nonlinearities 
such as deadzone due to valve spool overlap, hysteresis due to 
magnetic properties of the solenoid coil driver, friction, and 
nonlinear flow forces.  
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Without the proper analysis and design tools, the benefits of 
hydraulic systems may be overshadowed by the problems in 
dealing with such complex nonlinear systems (Park, et al., 
2016). 
Most hydraulic component models have been developed for 
subsequent application of linear control design tools; they are 
therefore simple and linear. In precision motion control 
applications, however, the various nonlinearities mentioned 
cannot be ignored because they can greatly degrade the system 
performance (Dachee et al., 2019).  
Furthermore, linear control theory cannot adequately cope with 
nonlinearities such as deadzone or friction. Hence for such 
applications, linear controllers are simply not capable of 
providing high performance. This is especially true when 
economic considerations drive the use of less expensive and 
less precise components.  
In order to fully realize the capabilities of hydraulic systems, 
more complete models of hydraulic systems components must 
be developed, and these models must be incorporated into the 
design of advanced controllers, (Tony, et al., 2019). However, 
because previous observers have used the derivative of the 
measurement signal, which contains measurement noise, the 
system can become unstable due to the amplification of the 
noise.  
 
To circumvent around this problem, a robust adaptive observer 
that can estimate states is required. Subsequently, the estimated 
states from the observer can be used to compute the control 
signal (Sohl, et al., 2019).  
 
In this work, an enhanced Lyapunov approach to disturbance 
observer mechanism in the stability analysis of the 
Backstepping controller of an electro-hydraulic system is 
presented. 
 

II. MATERIALS AND METHOD 
 

 Materials:   
The materials used for this work are data from electrohydraulic 
system, Matlab software, and related literatures. 
Method: 
The backstepping controller is designed to compensate for an 
unknown disturbance and track the desired output 𝑦𝑦𝑑𝑑.  In this 
stage, nominal system parameters are used to design the 
observers and the controller.  The proposed control system is 
demonstrated in Figure 1. 

 
Fig.1. The proposed control system based on disturbance observers 

with backstepping control. 
 
In this control system, the state observer based on the Levant’s 
differentiator is designed to accurately approximate the angular 
velocity of the inertial load. The output of this observer is fed 
back to the controller and two disturbance observers as well. 
The disturbance observers are constructed to estimate the 
lumped uncertainties, and then they are integrated in the control 
design step to compensate for their effects on the closed loop 
control system. The controller is synthesized by using the 
backstepping method, which utilizes the measured states (the 
angular position and the pressures of chambers of the actuator), 
estimated state (angular velocity) produced by state observer, 
and the estimation of unmodeled uncertainties are generated by 
the disturbance observers. This control algorithm guarantees 
globally bounded tracking performance in the presence of the 
modelling error and un-modelled uncertainties. 
We define the position/output tracking error 𝑧𝑧1 as 
 𝑧𝑧1 = 𝑥𝑥1 − 𝑦𝑦𝑑𝑑.                      (1) 
The states of the closed-loop system 𝑧𝑧𝑐𝑐𝑐𝑐 are defined as 
 𝑧𝑧𝑐𝑐𝑐𝑐 = [𝑧𝑧1, 𝑧𝑧2, 𝑧𝑧3, 𝑑̃𝑑]𝑇𝑇            (2) 
Where 𝑧𝑧2 𝑎𝑎𝑎𝑎𝑎𝑎 𝑧𝑧3 are defined below: 
Suppose that the control law is given by 
𝑧𝑧1 = 𝑥𝑥1 − 𝑦𝑦𝑑𝑑,                                (3) 
 𝛼𝛼1 = −𝑘𝑘1𝑧𝑧1,                                (4) 
 𝑧𝑧2 = 𝑥𝑥2 − 𝑦̇𝑦2 − 𝛼𝛼1,                     (5) 

𝛼𝛼2 = 𝑘𝑘𝑘𝑘1+𝑏𝑏𝑏𝑏2−�𝐴𝐴𝑝𝑝−𝑚𝑚�𝑦̈𝑦𝑑𝑑+𝑚𝑚(−𝑘𝑘2𝑧𝑧2+𝛼̇𝛼1−𝑧𝑧1)+𝑑𝑑�

𝐴𝐴𝑝𝑝
’     (6) 

𝑧𝑧3 = 𝑥𝑥3 − 𝑦̈𝑦𝑑𝑑 − 𝑦̈𝑦𝑑𝑑 − 𝛼𝛼2,                                (7) 
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𝑢𝑢 = 𝜑𝜑(𝑥𝑥,𝑧𝑧,𝑦𝑦𝑑𝑑)

4𝛽𝛽𝑒𝑒𝐶𝐶𝑑𝑑
𝑤𝑤𝑘𝑘𝑣𝑣

𝑉𝑉𝑡𝑡�𝜌𝜌
�(𝑃𝑃𝑠𝑠−𝑠𝑠𝑠𝑠𝑠𝑠(𝜑𝜑(𝑥𝑥,𝑧𝑧,𝑦𝑦𝑑𝑑))𝑥𝑥3

                               (8) 

 
Where 𝑘𝑘1,𝑘𝑘2,𝑎𝑎𝑎𝑎𝑎𝑎 𝑘𝑘3 are positive gains, and  

𝜑𝜑(𝑥𝑥, 𝑧𝑧,𝑦𝑦𝑑𝑑) = 4𝛽𝛽𝑒𝑒𝐴𝐴𝑝𝑝
𝑉𝑉𝑡𝑡

𝑥𝑥2 + 4𝛽𝛽𝑒𝑒𝐶𝐶𝑡𝑡𝑡𝑡
𝑉𝑉𝑡𝑡

𝑥𝑥3 + 𝑦𝑦𝑑𝑑 + 𝑎̇𝑎2 − 𝑘𝑘3𝑧𝑧3 −
𝐴𝐴𝑝𝑝
𝑚𝑚
𝑧𝑧2.      

(9) 
If we take1

𝑙𝑙𝑜𝑜
< 4𝑚𝑚2𝑘𝑘2, then 𝑧𝑧𝑡𝑡𝑡𝑡(𝑡𝑡) is globally uniformly 

bounded. 
 
Proof:  
The derivative of  𝑧𝑧1 with respect to time gives us 
𝑧̇𝑧1 = 𝑥̇𝑥1 − 𝑦̇𝑦𝑑𝑑=𝑥𝑥2 − 𝑦̇𝑦𝑑𝑑.                                              (10) 
Let us define the control Lyapunov function (CLF) candidate,  
𝑉𝑉1 as, 
𝑉𝑉1 = 1

2
𝑧𝑧12                                           (11) 

The derivative of 𝑉𝑉1 with respect to time is given by  
𝑉̇𝑉1 = 𝑧𝑧1𝑧̇𝑧1 = 𝑧𝑧1(𝑧𝑧2 + 𝛼𝛼1)                 (12) 
Substituting 𝛼𝛼1 in (8) into (12) results in  
𝑉̇𝑉1 = −𝑘𝑘1𝑧𝑧12 + 𝑧𝑧1𝑧𝑧2                                                   (13) 
The derivative of  𝑧𝑧2 with respect to time gives us 
𝑧̇𝑧2 = 𝑥̇𝑥2 − 𝑦̈𝑦𝑑𝑑 − 𝛼̇𝛼1=− 1

𝑚𝑚
(𝑘𝑘𝑘𝑘1+𝑏𝑏𝑏𝑏2) + 𝐴𝐴𝑝𝑝

𝑚𝑚
𝑥𝑥3 −

𝑑𝑑
𝑚𝑚
− 𝑦̈𝑦𝑑𝑑 − 𝛼̇𝛼1         

(14) 
Let us define 𝑉𝑉2 as 
𝑉𝑉2 = 𝑉𝑉1 + 1

2
𝑧𝑧12 + 1

2
𝑑̃𝑑2                               (15) 

Then 
𝑉̇𝑉2 = 𝑉̇𝑉1 + 𝑧𝑧2𝑧̇𝑧2 + 𝑑̃𝑑𝑑̇̃𝑑  
=𝑉̇𝑉1+𝑧𝑧2 �−

1
𝑚𝑚

(𝑘𝑘𝑘𝑘1+𝑏𝑏𝑏𝑏2) + 𝐴𝐴𝑝𝑝
𝑚𝑚
𝑥𝑥3 −

𝑑𝑑
𝑚𝑚
− 𝑦̈𝑦𝑑𝑑 − 𝛼̇𝛼1� + 𝑑̃𝑑𝑑̇̃𝑑                

(16) 
 
Substituting (7) and (8) into (16) results in  
𝑉̇𝑉2 = 𝑉̇𝑉1+𝑧𝑧2 �−

1
𝑚𝑚

(𝑘𝑘𝑘𝑘1+𝑏𝑏𝑏𝑏2) + 𝐴𝐴𝑝𝑝
𝑚𝑚

(𝑧𝑧3 + 𝑦̈𝑦𝑑𝑑 + 𝛼𝛼2) − 𝑑𝑑
𝑚𝑚
−

𝑦̈𝑦𝑑𝑑 − 𝛼̇𝛼1� + 𝑑̃𝑑(𝑑̇𝑑 − 𝑙𝑙0𝑑̃𝑑)         (17) 
 
With𝛼𝛼2, the time derivatives of 𝑉𝑉2 becomes 
𝑉̇𝑉2 = −𝑘𝑘1𝑧𝑧12 + 𝑘𝑘2𝑧𝑧22 −

1
𝑚𝑚
𝑧𝑧2𝑑̃𝑑 + 𝑑̃𝑑�𝑑̇𝑑 − 𝑙𝑙0𝑑̃𝑑� + 𝐴𝐴𝑝𝑝

𝑚𝑚
𝑧𝑧2𝑧𝑧3 ≤

−𝑘𝑘1𝑧𝑧12 − 𝑘𝑘2 �𝑧𝑧22 + 1
𝑘𝑘2𝑚𝑚

𝑧𝑧2𝑑̃𝑑� − 𝑙𝑙0𝑑̃𝑑2 + �𝑑̃𝑑��𝑑̇𝑑� + 𝐴𝐴𝑝𝑝
𝑚𝑚
𝑧𝑧2𝑧𝑧3 =

−𝑘𝑘1𝑧𝑧12 − 𝑘𝑘2 �𝑧𝑧2 + 1
2𝑚𝑚𝑘𝑘2

𝑑̃𝑑�
2
− 𝛾𝛾 ��𝑑̃𝑑� − 1

2𝛾𝛾
�𝑑̇𝑑��

2
+ 1

4𝛾𝛾
�𝑑̇𝑑�

2
+

𝐴𝐴𝑝𝑝
𝑚𝑚
𝑧𝑧2𝑧𝑧3                               (18) 

Where𝛾𝛾 = 4𝑚𝑚2𝑙𝑙0𝑘𝑘2−1
4𝑚𝑚2𝑘𝑘2

.  

From Assumption 1, because �𝑑̇𝑑� ≤ 𝑑̇𝑑𝑚𝑚𝑚𝑚𝑚𝑚, 𝑉̇𝑉2 becomes 

𝑉̇𝑉2 ≤ −𝑘𝑘1𝑧𝑧12 − 𝑘𝑘2 �𝑧𝑧2 + 1
2𝑚𝑚𝑘𝑘2

𝑑̃𝑑�
2
− 𝛾𝛾 ��𝑑̃𝑑� − 1

2𝛾𝛾
�𝑑̇𝑑��

2
+

1
4𝛾𝛾
�𝑑̇𝑑�

2
+ 𝐴𝐴𝑝𝑝

𝑚𝑚
𝑧𝑧2𝑧𝑧3               (19) 

 
The dynamics of  𝑧𝑧3 is 

𝑧𝑧3̇ = 4𝛽𝛽𝑒𝑒𝐴𝐴𝑝𝑝
𝑉𝑉𝑡𝑡

𝑥𝑥2 + 4𝛽𝛽𝑒𝑒𝐶𝐶𝑡𝑡𝑡𝑡
𝑉𝑉𝑡𝑡

𝑥𝑥3+
4𝛽𝛽𝑒𝑒𝐶𝐶𝑑𝑑

𝑤𝑤𝑘𝑘𝑣𝑣

𝑉𝑉𝑡𝑡�𝜌𝜌
�(𝑃𝑃𝑠𝑠 − 𝑠𝑠𝑠𝑠𝑠𝑠(𝑢𝑢)𝑥𝑥3𝑢𝑢-𝑦𝑦𝑑⃛𝑑-𝛼𝛼2̇               

(20) 
 
We define the overall   Lyapunov function candidate 𝑉𝑉3 as 
𝑉𝑉3=𝑉𝑉2 + 1

2
𝑧𝑧32                                       (21) 

Then we obtain 𝑉̇𝑉3 as 
𝑉̇𝑉3 = 𝑉̇𝑉2 + 𝑧𝑧3𝑧̇𝑧3                               (22) 
 
Substituting (20) into (22) yields 

𝑉̇𝑉3 = 𝑉̇𝑉2 + 𝑧𝑧3 �
4𝛽𝛽𝑒𝑒𝐴𝐴𝑝𝑝
𝑉𝑉𝑡𝑡

𝑥𝑥2 + 4𝛽𝛽𝑒𝑒𝐶𝐶𝑡𝑡𝑡𝑡
𝑉𝑉𝑡𝑡

𝑥𝑥3 +

4𝛽𝛽𝑒𝑒𝐶𝐶𝑑𝑑
𝑤𝑤𝑘𝑘𝑣𝑣

𝑉𝑉𝑡𝑡�𝜌𝜌
�(𝑃𝑃𝑠𝑠 − 𝑠𝑠𝑠𝑠𝑠𝑠(𝑢𝑢)𝑥𝑥3𝑢𝑢 − 𝑦𝑦𝑑⃛𝑑 − 𝛼𝛼2̇�    (23) 

 
With the control input, 𝑉̇𝑉3can be written as 

𝑉̇𝑉3 = 𝑉̇𝑉2−𝑘𝑘3𝑧𝑧32 −
𝐴𝐴𝑝𝑝
𝑚𝑚
𝑧𝑧2𝑧𝑧3

≤ −𝑘𝑘1𝑧𝑧12 − 𝑘𝑘2 �𝑧𝑧2 +
1

2𝑚𝑚𝑘𝑘2
𝑑̃𝑑�

2

− 𝛾𝛾 ��𝑑̃𝑑� −
1

2𝛾𝛾
𝑑̇𝑑𝑚𝑚𝑚𝑚𝑚𝑚�

2

−𝑘𝑘3𝑧𝑧32
1

4𝛾𝛾
�𝑑̇𝑑�

2

≤ −(1 − 𝜃𝜃)𝑉𝑉�30 − 𝜃𝜃𝑉𝑉�30 +
1

4𝛾𝛾
𝑑̇𝑑𝑚𝑚𝑚𝑚𝑚𝑚2 ,  

 

Where 𝑉𝑉�30 = 𝑘𝑘1𝑧𝑧12 + 𝑘𝑘2 �𝑧𝑧2 + 1
2𝑚𝑚𝑘𝑘2

𝑑̃𝑑�
2

+ 𝛾𝛾 ��𝑑̃𝑑� −

1
2𝛾𝛾
𝑑̇𝑑𝑚𝑚𝑚𝑚𝑚𝑚�

2
+𝑘𝑘3𝑧𝑧32 

and 0 < 𝜃𝜃 < 1. If we take 1
𝑙𝑙0

< 4𝑚𝑚2𝑘𝑘2 and ‖𝑧𝑧𝑐𝑐𝑐𝑐(𝑡𝑡)‖ ≥ Br  

where Br=�𝑧𝑧𝑐𝑐𝑐𝑐�𝜃𝜃𝑉𝑉�30 = 1
4𝛾𝛾
𝑑̇𝑑𝑚𝑚𝑚𝑚𝑚𝑚2 �, then  

𝑉̇𝑉3 ≤ −(1 − 𝜃𝜃)𝑉̇𝑉30 .                                                                (24) 
Thus 𝑧𝑧𝑐𝑐𝑐𝑐(𝑡𝑡) globally uniformly bounded. 
 
In this work, the system, disturbance observer, and controller 
parameters used are as follows: m=10, k=50, b=1000, 𝐴𝐴𝑝𝑝 =
4.812 × 10−4 , 𝛽𝛽𝑒𝑒 = 1.8 × 109,𝑉𝑉𝑡𝑡 = 6.2 × 10−5 𝐶𝐶𝑖𝑖l =
2.48815 × 10−14, 𝐶𝐶𝑒𝑒l = 1.66 × 10−14, 𝑤𝑤 = 5.2 × 10−3, 𝜌𝜌 =
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840, 𝐶𝐶𝑑𝑑 = 0.6, 𝑘𝑘𝑣𝑣 = 1.33 × 10−5, 𝑃𝑃𝑠𝑠 = 12.0 × 106, 𝑘𝑘1 =
350, 𝑘𝑘2 = 1700, 𝑘𝑘3 = 130, l0 = 1,49 × 103  
 
Figures 2 shows the top level diagram of the model. The pump 
flow and the control valve orifice area are simulation inputs. 
The model is organized as two subsystems: the 'Pump' and the 
'Valve/Cylinder/Piston/Spring Assembly' 
 
The pump model computes the supply pressure as a function of 
the pump flow and the load (output) flow (Figure 3). Q pump is 
the pump flow data. A matrix with column vectors of time 
points and the corresponding flow rates [T, Q] specifies the 
flow data. The model calculates pressure p1 as indicated in 
Equation Block 1. Because Qout = q12 is a direct function of 
p1 (via the control valve), an algebraic loop is formed. An 
estimate of the initial value, p10, enables a more efficient 
solution 

 
Fig.2. The pump subsystem 

 
The Actuator subsystem, a system of differential-algebraic 
equations models the cylinder pressurization with the pressure 
p3, which appears as a derivative in Equation Block 3 and is 
used as the state (integrator). If we neglect piston mass, the 
spring force and piston position are direct multiples of p3 and 
the velocity is a direct multiple of p3's time derivative. This 
latter relationship forms an algebraic loop around the 'Beta' 
Gain block. The intermediate pressure p2 is the sum of p3 and 
the pressure drop due to the flow from the valve to the cylinder 
(Equation Block 4). This relationship also imposes an algebraic 
constraint through the control valve and the 1/C1 gain.  
The control valve subsystem computes the orifice. It uses as 
inputs the upstream and downstream pressures m and the 
variable orifice area. The 'Control Valve Flow' Subsystem 
computes the signed square root: 
𝑦𝑦 = s𝑔𝑔𝑔𝑔(𝑢𝑢)�|𝑢𝑢|                                                                 (25) 
Three nonlinear functions are used, two of which are 
discontinuous. In combination, however, y is a continuous 
function of u. 

 
Fig.3. The valve/cylinder/piston/spring subsystem 

 
Figure 4 shows the Simulink diagram of the model. This model 
has a single pump and observer. The same pump pressure (p1) 
drives each cylinder assembly and the sum of their flows loads 
the pump. Although each of the control valves could be 
controlled independently, as in an active suspension system, in 
this case all control receives the same commands, a linear ramp 
in orifice area from zero to 0.002 sq. 

 
Fig.4.  Modelling with observer 
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III. RESULTS AND DISCUSSION 
 

 
Fig.5. The respective pressures of the electro-hydraulic system 

Figure 5 shows the result of the respective pressures of the 
electro-hydraulic system. 
The system initially steps to a pump flow of 0.005 m^3/sec=300 
l/min, abruptly steps to zero at t=0.04 sec, then resumes its 
initial flow rate at t=0.05 sec.  
 

 
Fig.6. Results of the electro-hydraulic system with disturbance 

observer 
Figure 6 shows the result of the position electro-hydraulic 
system when Disturbance observer was incorporated.  The 
pump flow begins at 0.005 m3/sec (the electro-hydraulic 
system without Disturbance observer), then it drops to 0.0025 
m3/sec at t=0.05 sec. 
 

IV. CONCLUSION 
 

The stability analysis of a backstepping controller on electro-
hydraulic system using disturbance observer mechanism was 
examined. The proposed controller guarantees the stability of 
the close loop system and the boundedness of the parameters. 
On implementation of the disturbance observer the position 
tracking performance of the electro-hydraulic system was 
improved. The research concludes that the backstepping control 
using disturbance observer mechanism technique provided an 

improved performance in the operation of electro-hydraulic 
system. 
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