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Abstract. The objective of this study is to design and analyze the performance of
the designed controllers on the presence of varyingmismatched disturbances. This
research provides a clear the selected approaches for the controllers’ design
implementation of the electro-hydraulic actuator (EHA) system, an adaptive
controller, the Model Reference Adaptive controller (MRAC). Subsequently, this
research is considered another controller, the Proportional Integral Derivative
(PID) for comparing the best control performance for the electro-hydraulic actu-
ator system with varying mismatched disturbance. PID controller has been tuned
by using two different tuning techniques. The Trial-and-error and Ziegler-Nichols
tuning method have been proposed for attaining the desired control system
response in this research. Simulation results show that the MRAC provides the
best response performance among the designed methods for every specific dis-
turbance setting at 0 N, 5000 N and 10,000 N. The MRAC method dominantly
achieves the faster response in rise time for every disturbance respectively.
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1 Introduction

Electro-hydraulic actuator (EHA) are among the most common control systems devel-
oped in modern industries where hydraulic power is commonly used. EHA systems offer
many working applications such as high-power thickness, quick and smooth reaction
attributes, and great positioning ability [1]. Due to its ability in positioning, it has been
used in many applications for position control in modern equipment’s such as aerospace
flight control [2], production assembly lines, industrial robots, aircrafts equipment’s,
machine tools, and submarine operations. Most of these applications required the highest
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performance of the electro-hydraulic actuator in term of positioning [3]. However, there
are some critical drawbacks when comes to applications that linked to hydraulic actuator
systems which make the utilization of hydraulic actuator system controller to be difficult
since the system is highly nonlinear. Besides the nonlinear properties, the hydraulic
actuator system also contributes major uncertainties problems. The system’s uncertain-
ties can be divided into two types: parametric uncertainties and uncertain nonlinearities.
This approach is being developed to optimize a variety of controllers, including PID
controllers, MRAC controllers, and many more [4, 5].

2 Modelling of EHA

Figure 1 illustrates an EHA system that consists of a double acting cylinder for
extension and retraction and servo valve which are separated in design. The working
cylinder and servo valve are connected using a transfer channel, normally hydraulic
pipeline. The flow of hydraulic fluid between the chambers causes the piston of the
actuator to move, and the mechanical movement of the spool valve causes the amount
of control to be proportional to the spool position. When an external disturbance is
injected into the system’s actuator, these characteristics led to the creation of the EHA
system’s dynamic equation, which falls under a nonlinear system.

The differential equations governing the dynamics of EHA servo system with
external disturbance injected to its actuator is given as,

_x1ðtÞ ¼ x2ðtÞ ð1Þ
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where x1(t) is the displacement of the load, x2(t) is load velocity and x3(t) is the
differential pressure (q1 – q2) between the cylinder chambers caused by load. FL is the

Fig. 1. Electro-hydraulic system
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external disturbance given to the system.
ffiffiffiffiffiffiffiffiffi
Pa�x3

2

q
kvu is the challenge of this system

where input depends on the square roots of the state x3(t). Derivatives of x1(t), x2(t) and
x3(t) are known as load velocity, load acceleration and derivatives of differential
pressure (q1 – q2) between the cylinder chambers caused by load. Table 1 shows the
parameters of EHA system which are represented by Eqs. (1) till (3).

By substituting all the parameters into Eqs. (1), (2) and (3), the system equations
can be expressed as a product of matrix as below,

_xðtÞ ¼ _x1ðtÞ _x2ðtÞ _x3ðtÞ½ �T ð4Þ
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xðtÞ ¼ x1ðtÞ x2ðtÞ x3ðtÞ½ �T ð6Þ
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C ¼ 0 �3:03FL 0½ �T ð8Þ

3 Model Reference Adaptive Controller

Model Reference Adaptive Control (MRAC) strategy is used to design the adaptive
controller to perform by adjusting the varying parameters in order. Therefore, an
additional adaptive loop is inserted to the conventional feedback system for purpose of

Table 1. .

Parameter Value

Load at the EHA rod, m 0.33 Ns2/cm
Piston Area, S 10 cm2

Coefficient of viscous friction, f 27.5 Ns/cm
Coefficient of aerodynamic elastic force, k 1000 N/cm
Valve port width, w 0.05 cm
Supply pressure, Pa 2100 N/cm2

Coefficient of volumetric flow of the valve port, cd 0.63
Coefficient of internal leakage between the cylinder chambers, k1 2.38 � 10−3 cm5/Ns
Coefficient of servo valve, kv 0.017 cm /V
Coefficient involving bulk modulus and EHA volume, kc 2.5 � 10−4 cm5/N
Oil density, q 8.87 � 10−7 Ns2/cm4
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updating the parameter variations especially the error correlation with the process
uncertainness. The basic idea of the MRAC is in Fig. 2.

• Plant to be control (EHA system)
• Reference model to generate desired closed-loop response
• Controller that is time-varying and whose coefficients are adjusted by adaptive

mechanism
• Adaption mechanism that uses “error” to produce controller coefficients.

To present MIT rule, suppose there is a closed loop system in which the cost
function is minimized and defined as shown in Eq. (9),

JðhnÞ ¼ 1
2
e2 ð9Þ

Change the parameters in negative gradient direction of loss function as in Eq. (10),

dhn
dt

¼ �c
@J
@hn

¼ �ce
@e
@hn

) hn 2 R
ð10Þ

The partial derivative ∂e/∂hn is labelled as sensitivity derivative of the system,
indicates the error is affected by the adjusting parameter, h. c is the adaptation gain. If
the process is assumed as transfer function KG(s), where K is an unknown parameter, a
system can be defined as function Gm(s) = KoG(s), by defining control law, Eq. (11)
providing the law of adjusting the parameter h and the Simulink model is shown in
Fig. 3.

u tð Þ ¼ h � uc ð11Þ

E sð Þ ¼ KG sð ÞU sð Þ � KoG sð ÞUc sð Þ ð12Þ

Fig. 2. Block diagram showing structure of MRAC
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Referring (11), (12),

@E sð Þ
@h

¼ KG sð ÞUc sð Þ ¼ K
Ko

Ym sð Þ ð13Þ

Referring (13),

dh
dt

¼ �ce
K
Ko

Ym ¼ �c
0
Ym ð14Þ

4 Proportional-Integral-Derivative (PID) Controller

Figure 4 shows the block diagram of how PID are generated and applied. An error
value, e(t) can be derived as the difference between the desired set point, SP and a
measured variable, PV from time to time variation. The aim of the design is to mini-
mize the error over time by changing the control variable, u(t). Defining u(t) as the
controller output, the final form of the PID algorithm is shown in Eq. (15),

Fig. 3. Simulink diagram of MRAC design structure with EHA system

Fig. 4. Block diagram of PID controller
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uðtÞ ¼ KpeðtÞþKi

Z t

0

eðsÞdsþKd
deðtÞ
dt

ð15Þ

where, e(t) = SP − PV(t), t is the time or instantaneous time (the present), r is the
variable of integration (takes on values from time 0 to the present t). A standard
procedure flowchart with steps for tuning a PID controller is illustrated in Fig. 5.

A general tuning of PID controller parameters can be determined as shown below:

• P-term with a small initial gain (TI ! 0, TD = 0)
• Increase ZR until constant oscillations with Zrc
• ZR = 0.5ZRC, lower TI until constant oscillations (TI = 3TIC)
• Increase TD until TDC. Next TD = 0.33TDC.

The transfer function of PID can be expressed in (16),

GPIDðsÞ ¼ GcðsÞ ¼ Kpð1þ 1
Tis

þ TDsÞ ð16Þ

Table 2 shows the gain proportion that applied to the ideal form of PID controller.

Fig. 5. Flowchart of tuning process of PID controller [10]

Table 2. Gain values applied to ideal PID controller

Control type Kp Ki Kd

P 0.50Ku – –

PI 0.45Ku 0.54Ku/Tu –

PID 0.60Ku 1.20Ku/Tu 3KuTu/40
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The Simulink model of PID controller integrated with EHA system block is shown
in Fig. 6 below.

5 Results and Analysis

The simulations are performed under three conditions, which are different values given
by the external disturbance, FL. The setup of the disturbance signals is given as below:

Case 1: FL = 0 N
Case 2: FL = 5000 N
Case 3: FL = 10000 N.

Fig. 6. Simulink diagram of PID design structure with EHA system

Fig. 7. The response of the system with MRAC method when FL = 0 N

Fig. 8. The response of the system with MRAC method when FL = 5000 N
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The output responses of three conditions are shown in Fig. 7, Fig. 8 and Fig. 9
respectively by setting the disturbance with different values. The response of the system
of the controller is presented by the dark blue line and the response of the system of the
designed reference model input is presented by the red color line.

The decision of correlative PID parameters for getting the optimum performance
from the tuning process is compared between the Trial-and-error and ZN method. The
steps involved in these produce a desired performance for the dynamic characteristics
determined by implementing the different setup of the disturbance signals, FLis equal
to 0 N, 5000 N and 10,000 N. The PID gain value, Kp, Ki and Kd, of these approaches
are tabulated in Table 3 and the output response is shown in Fig. 10 when an external
disturbance (FL = 0) is applied to the system.

Fig. 9. The response of the system with MRAC method when FL = 10,000 N

Table 3. PID gain values parameters when FL = 0 N

Trial-and-error ZN with fine-tuning

Kp 0.30 0.18000
Ki 0.90 0.08780
Kd 0.01 0.09225

Fig. 10. The response of the system with PID using Trial-and-error method and ZN tuning
method when FL = 0 N
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Figure 10 shows the comparison between the Trial-and-error method and ZN
tuning method on the PID controller when FL = 0 injected to the system’s actuator. The
response of the system using Trial-and-error method is presented by the dark blue line
and the response of the system using ZN tuning method is presented by the red color
line. The light blue or cyan color line indicates the reference trajectory of the input
implemented to the system. The same color code labelling also achievable in Fig. 11
and Fig. 12.

Table 4. PID gain values parameters when FL = 5000 N

Trial-and-error ZN with fine-tuning

Kp 0.60 0.3600
Ki 0.50 0.2769
Kd 0.01 0.1170

Fig. 11. The response of the system with PID using Trial-and-error method and ZN tuning
method when FL = 5000 N

Table 5. PID gain values parameters when FL = 10,000 N

Trial-and-error ZN with fine-tuning

Kp 0.2 0.12000
Ki 0.5 0.20870
Kd 0 0.01725

Fig. 12. The response of the system with PID using Trial-and-error method and ZN tuning
method when FL = 10,000 N.
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Table 4 and Table 5 tabulated the PID gain values of using Trial-and-error method
and ZN tuning method when the disturbances subjected is 5000 N and 10000 N
respectively and shows the comparison between the Trial-and-error method and ZN
tuning method on the PID controller.

Next, the simulations results obtained from the proposed tuning methods of PID
controller are compared to the results reached by the MRAC controller. The models are
fed into a same input with the varying values of the disturbances and the observable
analysis can be taken place as shown in Fig. 13, Fig. 14 and Fig. 15.

Fig. 13. Comparison of performance with MRAC and PID method when FL = 0 N

Fig. 14. Comparison of performance with MRAC and PID method when FL = 5000 N

Fig. 15. Comparison of performance with MRAC and PID method when FL = 10,000 N

Model Reference Adaptive Controller Design 189



Figures above show that all the designed controllers are capable to achieve the
precise control of the system either the both PID tuning method or the MRAC con-
troller as both controllers shown a very low steady state error. However, the MRAC
controller provides the lowest overshoot (%OS = 14.6%) and greater rise time which
hit the value of 0.2587 s compared to both tuning method of PID controller. The faster
response to input and settling at steady state is achieved by MRAC. An overall of
control parameters indexes of the designed PID and MRAC controller are tabulated in
Table 6.

From Table 2, generally, the MRAC provides the best response performance
among the designed methods for every specific disturbance setting at 0 N, 5000 N and
10,000 N. The MRAC method dominantly achieves the faster response in rise time
which is 0.2587 s, 0.2808 s and 0.2826 s for three disturbances setting respectively.
This indicates that the MRAC method provides better disturbance rejection as the
performances indexes such as %OS and SSE are not affected by the increasing of
disturbance.

6 Conclusions

In conclusion, MRAC controller proved the best performance, compare to the con-
ventional PID controller, which tuned by using Trial-and-error method and Ziegler-
Nichols method. The MRAC approach allocates the lower rise time, lower settling time
as well as a lower percentage overshoot for the EHA system. The PID controller
parameters such as the P-, I- and D-term gains can be optimized using suitable opti-
mization algorithms. The MRAC model is suggested to be optimized using algorithm
such as Normalized algorithm, in order to get the best selection of adaptation gain for
implementing the model to the EHA system as accurate as possible. Other than that,
another enhancement that can be improved for this project is to develop an intelligent
controller for the EHA system. The types of intelligent controller include Fuzzy Logic
(FL) and Narmax Neural Network controllers are suitable to track the system to follow
different reference trajectories with minimal errors ideally, which have effective
capabilities to handle nonlinearities and uncertainties of EHA systems.

Table 6. Comparison of control performance indexes of designed MRAC and PID controller

Tuning method FL = 0 N FL = 5000 N FL = 10,000 N
Control performance
indexes

PID
TE

ZN MRAC PID
TE

ZN MRAC PID
TE

ZN MRAC

Rise time (s) 4.82 14.9 0.2587 5.75 7.97 0.2808 5.75 8.98 0.2826
Settling time (s) 52.6 201 3.404 101 136 2.197 97.9 228 2.992
Percentage overshoot
(%OS)

42.5 47.7 14.6 57.4 56.8 20.6 54.4 66.1 27.3

Steady-state error (cm) 0 0 0.0010 0 0 0.0068 0 0 0.0131
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