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The Electro-Hydraulic Servo Actuators (EHSA) use the technology of the integration 

between hydraulic and electrical systems. These Actuators are widely used in many 

modern control systems including aircraft and missile flight control systems which can 

produce a rapid response, high power-to-weight ratio, and large stiffness. However, the 

nonlinearity of the EHSA systems has an impact on their accuracy and motion control. In 

this paper, a hybrid control algorithm sliding mode-PID (SMCPID) controller is designed 

based on the Particle Swarm Optimization (PSO) technique to maintain or enhance the 

performance of the utilized controller and reduce the chattering phenomena. First, a 

detailed non-linear mathematical model of the EHSA is developed and a computer 

simulation program is built using MATLAB/SIMULINK package. Then, three types of 

control strategies are designed and studied: PID, SMC, and hybrid SMCPID controllers. 

The optimization of the parameters of the PID controller and the variables of the SMC and 

hybrid SMCPID controllers is presented by using the PSO technique. The SMC control 

strategy is developed from the derived dynamic equation, whose stability is demonstrated 

by the Lyapunov theorem. Finally, in order to ensure the effectiveness of the optimized 

controllers, a comparative simulation study between the three types of controllers is 

presented where the root mean square error (RMS) values, and overshoot percentage 

(O.S %) are calculated and act as the performance indexes for comparison purposes. The 

simulation results show that the proposed hybrid SMCPID controller tuned by the PSO 

technique outperforms the PID and SMC controllers in terms of overall performance. 

Keywords: 

electrohydraulic servo actuator (EHSA), 

sliding mode control (SMC), hybrid, SMC-

PID controller, particle swarm optimization 

(PSO) 

1. INTRODUCTION

The Electro-hydraulic servo actuator (EHSA) systems have 

been widely used in numerous heavy engineering operations 

during the last several decades [1-3]. Nowadays, the 

integration of both electronic and hydraulic equipment that 

absorbed both advantages is widely employed. Furthermore, 

the sophisticated design refers to the control system which 

combined two control modes electrical and hydraulic 

significantly improving the performance of an application.  

In the electrohydraulic servo control system, the signal is 

transmitted using electronic and electric components, and the 

load is driven using a hydraulic transmission. To make the 

complete system more flexible, it can employ an electrical 

system for its efficiency and applicability, and a hydraulic 

system for its rapid response speed, large load stiffness, and 

accurate positioning features [4, 5]. 

However, its non-linearities are always a disadvantage to 

the user. The EHSA system's non-linear Behavior is primarily 

caused by uncertainties such as mass and pressure variation, 

internal leakage, temperature, friction, and fluid flow 

expression, which have rendered its performance 

uncontrollable or difficult to produce a promising and 

satisfactory output performance [6-9]. As a result, for the 

EHSA system to deliver a stable output, an acceptable and 

suitable control strategy must be developed.  

For the past few decades, academics, and engineers all over 

the world have been dedicated to studying the EHSA system 

and developing various sorts of control systems. The most 

prevalent in the industry is the PID controller, which was 

invented in 1922 by a Russian-American engineer named 

Nicholas Minorsky [9]. Its popularity stems from the 

simplicity of its design, simple control structure, and a wide 

variety of operating circumstances. Because of its low cost and 

straightforward design, it is still widely used in industry [10]. 

Other controllers being studied and proposed to control the 

EHSA system include the Linear Quadratic Regulator (LQR) 

controller [11-13], the Optimal controller [14], the PI 

controller [15], the modified PI-D controller [16-17], the 

backstepping controller [18, 19], the predictive controller [20-

22], and the Sliding Mode Controller (SMC) [23-26]. 

Nonetheless, the SMC controller has been demonstrated to be 

the most effective controller for controlling nonlinear systems 

such as the EHSA system [27-29]. 

However, a few controller parameters must be selected or 

adjusted during the controller design and study process to 

improve controller performance. Without this, the controller 

cannot work properly and consequently cannot give 

satisfactory results when operating the EHSA system. There 

are a lot of ways for tuning and selecting the appropriate 

controller parameters. 

Recently, Researchers have been interested in using 

optimization approaches to get controller settings. Researchers 

all over the world began to investigate and develop several 

types of optimization approaches to use in the controller 

design process to control the EHSA system. Ant colony 
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optimization [30], Genetic Method [31], Artificial Bee Colony 

optimization [32], Firefly algorithm [33], and Particle Swarm 

Optimization (PSO) [34-36] are a few examples. Distinct 

kinds of algorithms were employed to select controller 

parameters and control the EHSA system. 

In the present work, a detailed non-linear mathematical 

modeling of the EHSA system is deduced using MATLAB / 

SIMULINK R2022b package. The transient response of the 

system is presented and controlled by three types of controllers; 

PID, SMC, and a hybrid control algorithm sliding mode-PID 

(SMCPID) controller. Then, a proposed PSO algorithm 

optimized the control scheme is designed and implemented in 

the system in which the Lyapunov theorem has been used to 

verify its stability condition. The transient response and the 

controller tracking performance are compared where the root 

mean square error (RMS) values, and overshoot percentage 

(O.S %) are calculated and act as the performance indexes for 

comparison purposes. 

 

 

2. MATHEMATICAL MODELING 

 

This section deals with the detailed modeling of the 

Electrohydraulic Servo Actuator (EHSA) and its subsystems-

the electromagnetic torque motor, two-stage electrohydraulic 

servo valve incorporating flapper valve amplifier with 

mechanical feedback, and the actuating cylinder as shown in 

Figure 1. The definitions and the numerical values of the 

overall model equations are collected and tabulated in 

Appendix-A. 

 

 
 

Figure 1. Physical Scheme of EHSA 

 

The dynamic behavior of the EHSA system is described by 

a set of mathematical relations. Due to this complicated system, 

there are some assumptions are taken into consideration in the 

model: 

•The pressure losses of the transmission lines are neglected. 

•The jet reaction forces are neglected.  

•The pressure supply in the system is constant. 

•The effect of flow forces and armature hysteresis are 

neglected.  

•The hydraulic cylinder is ideal without friction. 

  

2.1 Electromagnetic torque motor 

 

The electromagnetic torque motor transforms a low-level 

electric input signal into a mechanical torque that is 

proportionate to it. The net torque is influenced by the flapper 

rotational angle and the effective input current. The following 

torque expression can be derived by ignoring the impact of 

magnetic hysteresis. 

 

𝑇 = 𝐾𝑖𝑖𝑒 + 𝐾𝜃𝜃 (1) 

 

2.2 Armature equation of motion 

 

𝑇 = 𝐽𝜃̈ + 𝑓𝜃𝜃̇ + 𝐾𝑇𝜃 + 𝑇𝐿 + 𝑇𝑃 + 𝑇𝐹  (2) 

𝑇𝑃 =
𝜋

4
𝑑𝑓

2(𝑃2 − 𝑃1)𝐿𝑓 (3) 

 

2.2.1 Feedback torque 

The feedback torque 𝑇𝐹  depends on the spool displacement 

x and the flapper rotational angle 𝜃, as given by the following 

equations: 

 

𝑇𝐹 = 𝐹𝑠𝐿𝑠 (4) 

 

𝑇𝐹 = 𝐾𝑠𝐿𝑠(𝐿𝑠𝜃 + 𝑥) (5) 

 

where 𝐹𝑠 is the force acting at the extremity of the feedback 

spring, 𝐹𝑠 = 𝐾𝑠(𝐿𝑠𝜃 + 𝑥). 

 

2.2.2 Flapper position limiter 

The flapper displacement is limited mechanically by the jet 

nozzles. When reaching any of the side nozzles, the seat 

reaction develops a counter torque, given by the following 

equation: 

 

𝑇𝐿 = {
0                                         |𝑥𝑓| < 𝑥𝑖

 
𝑅𝑠𝜃̇ − (|𝑥𝑓| − 𝑥𝑖)𝐾𝐿𝑓𝐿𝑓   |𝑥𝑓| > 𝑥𝑖  

 (6) 
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2.3 Flow rates through the flapper valve restrictions 

 

The flow rates through the flapper valve restrictions are 

given by the following equations: 

 

𝑄1 = 𝐶𝑑𝐴0√
2(𝑃𝑠 − 𝑃1)

𝜌
 (7) 

 

𝑄2 = 𝐶𝑑𝐴0√
2(𝑃𝑠 − 𝑃2)

𝜌
 (8) 

 

𝑄3 = 𝐶𝑑  𝜋𝑑𝑓(𝑥𝑖 + 𝑥𝑓)√
2(𝑃1 − 𝑃3)

𝜌
 (9) 

 

𝑄4 = 𝐶𝑑  𝜋𝑑𝑓(𝑥𝑖 − 𝑥𝑓)√
2(𝑃2 − 𝑃3)

𝜌
 (10) 

 

𝑥𝑓 = 𝐿𝑓  θ (11) 

 

𝑄5 = 𝐶𝑑𝐴5√
2(𝑃3 − 𝑃𝑡)

𝜌
 (12) 

 

2.4 Continuity equations applied to the flapper chambers 

 

The general mathematical expression of the continuity 

equation is ∑ 𝑄𝑖𝑛 − ∑ 𝑄𝑜𝑢𝑡 =
𝑉

𝐵

𝑑𝑃

𝑑𝑡
. The application of the 

continuity equation to the flapper valve chambers results in the 

following relations: 

 

𝑄1 − 𝑄3 + 𝐴𝑠𝑥̇ =
𝑉0 − 𝐴𝑠𝑥

𝐵
 
𝑑𝑃1

𝑑𝑡
 (13) 

 

𝑄2 − 𝑄4 − 𝐴𝑠𝑥̇ =
𝑉0 + 𝐴𝑠𝑥

𝐵
 
𝑑𝑃2

𝑑𝑡
 (14) 

 

𝑄3 + 𝑄4 − 𝑄5 =
𝑉3

𝐵
 
𝑑𝑃3

𝑑𝑡
 (15) 

 

2.5 Equation of motion of the spool 

 

The motion of the spool valve is described by the following 

equation: 

 

𝐴𝑠(𝑃2 − 𝑃1) = 𝑚𝑠𝑥̈ + 𝑓𝑠𝑥̇ + 𝐾𝑠𝐿𝑠𝜃 + 𝐾𝑠 𝑥 (16) 

 

2.6 Flow rates through the spool valve 

 

Neglecting the effect of transmission lines, connecting the 

valve to the symmetrical cylinder, the flow rates through the 

valve restrictions areas are given by:  

 

𝑄𝑎 = 𝐶𝑑𝐴𝑎√
2(𝑃𝐴 − 𝑃𝑡)

𝜌
 (17) 

 

𝑄𝑏 = 𝐶𝑑𝐴𝑏√
2(𝑃𝑠 − 𝑃𝐴)

𝜌
 (18) 

 

𝑄𝑐 = 𝐶𝑑  𝐴𝑐√
2(𝑃𝑠 − 𝑃𝐵)

𝜌
 (19) 

 

𝑄𝑑 = 𝐶𝑑 𝐴𝑑√
2(𝑃𝐵 − 𝑃𝑡)

𝜌
 (20) 

 

The valve restriction areas are given by: 

 
                    𝐴𝑎 = 𝐴𝑐 = 𝜔𝑐

𝐴𝑏 = 𝐴𝑑 = 𝜔√(𝑥2 + 𝑐2)
}  𝑓𝑜𝑟 𝑥 ≥ 0 (21) 

 
                   𝐴𝑏 = 𝐴𝑑 = 𝜔𝑐

𝐴𝑎 = 𝐴𝑏 = 𝜔√(𝑥2 + 𝑐2)
}  𝑓𝑜𝑟 𝑥 ≤ 0 (22) 

 

2.7 Continuity equations applied to the cylinder chambers 

 

Applying the continuity equation to the cylinder chambers, 

considering the internal leakage, and neglecting the external 

leakage, the following equations were obtained: 

 

𝑄𝑏 − 𝑄𝑎 −
(𝑃𝐴 − 𝑃𝐵)

𝑅𝑖

− 𝐴𝑝𝑦̇ =
𝑉𝑐 + 𝐴𝑝 𝑦

𝐵
 
𝑑𝑃𝐴

𝑑𝑡
 (23) 

 

𝑄𝑐 − 𝑄𝑑 +
(𝑃𝐴 − 𝑃𝐵)

𝑅𝑖

+ 𝐴𝑝𝑦̇ =
𝑉𝑐 − 𝐴𝑝 𝑦

𝐵
 
𝑑𝑃𝐵

𝑑𝑡
 (24) 

 

where, the internal leakage  𝑄𝑖 =
(𝑃𝐴−𝑃𝐵)

𝑅𝑖
. 

 

 
 

Figure 2. SIMULINK block diagram of the EHSA 
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2.8 Equation of motion of the piston  

 

The motion of the piston under the action of pressure, 

viscous friction, inertia, and external forces is described by the 

following equation: 

 

𝐴𝑃(𝑃𝐴 − 𝑃𝐵) = 𝑚𝑝𝑦̈ + 𝑓𝑝𝑦̇ + 𝐾𝑏 𝑦 (25) 

 

2.9 Feedback system 

 

The piston displacement is picked up by a position sensor 

and feedback to the electronic controller, which generates the 

corresponding error signal. The feedback loop can be 

described by the following equations: 

 

𝑖𝑒 = 𝑖𝑐 − 𝑖𝑏  (26) 

 

𝑖𝑏 = 𝐾𝐹𝐵  𝑦 (27) 

 

The Simulink block diagram of the EHSA system with 

internal leakage obtained from Equations (1) to (27) is shown 

in Figure 2. The boundary conditions used would depend on 

the specific characteristics and requirements of the system 

being modeled. 

 

 

3. DESIGN OF CONTROLLERS 

 

The control strategies that will be developed in this paper 

are Proportional-Integral-Derivative (PID) controller, Sliding 

Mode Controller (SMC), and a hybrid control algorithm 

sliding mode-PID (SMCPID) controller. The main function of 

the control method is to enhance the overall performance of 

the system represented in the motion control with insuring the 

stability of the system. 

 

3.1 PID controller design 

 

The proportional-Integral-Derivative (PID) controller is the 

most generic form of feedback. It was an essential element of 

early governors. PID controller is used in more than 95 % of 

process control loops nowadays. The PID controllers are today 

found in all areas where control is used [37]. The PID 

algorithm is described by: 

 

𝑢(𝑡) = 𝐾𝑃𝑒(𝑡) + 𝐾𝑖 ∫ 𝑒(𝑡)𝑑𝑡

𝑡

0

+ 𝐾𝑑

𝑑𝑒(𝑡)

𝑡
 (28) 

 

where, 

𝐾𝑃=proportional gain 

𝐾𝑖=Integral gain 

𝐾𝑑=Derivative gain 

𝑒(𝑡)=error of the system 

The error signal 𝑒(𝑡)  is the difference between the 

instantaneos values of the input signal (desired state) and the 

output signal (feedback signal) as illustrated by Figure 3. 

 

3.2 Sliding mode control (SMC) 

 

SMC is developed in early sixty’ in Russia [38] and has 

become an efficient tool in the control of complex systems 

with disturbances due to its low sensitivity to uncertainties and 

parameter variations. The basic concept of SMC design is 

shown schematically in Figure 4. The main idea behind SMC 

is to use a discontinuous control input to force the state 

trajectory onto a certain well known sliding surface (S=0) and 

to remain on this surface over time. The design of the SMC 

consists of two main steps: including the design of the slide 

surface and the design of the control law [39]. 

 

 
 

Figure 3. PID controller structure 

 

 
 

Figure 4. SMC controller structure 

 

3.2.1 Sliding surface control 

The design of the sliding surface is important to develop a 

realistic but stabilized sliding surface S for the system error 

states. Defining the EHSA position error 𝑒, velocity error 𝑒̇, 

acceleration error 𝑒̈, and the acceleration derative error 𝑒. 𝑦𝑟 

is the given reference input signal, according to equation (25), 

(26), and (27), can be expanded as: 

 

𝑒 = 𝑦𝑟 − 𝑦 (29) 

 

𝑒̇ = 𝑦𝑟̇ − 𝑦̇ (30) 

 

𝑒̈ = 𝑦𝑟̈ − 𝑦̈ (31) 

 

𝑒 = 𝑦𝑟⃛ − 𝑦 (32) 

 

𝑒 = 𝑦𝑟⃛ −
−1

𝑚𝑝
2

((𝑓𝑝 (𝐴𝑝(𝑃𝐴 − 𝑃𝐵) + 𝑖𝑒

𝑘𝑏

𝑘𝐹𝐵

)

+ (𝑘𝑏𝑚𝑝 − 𝑓𝑏
2)𝑦̇ − 𝑓𝑏

𝑘𝑏

𝑘𝐹𝐵

𝑢(𝑡))) 

(33) 

 

The sliding surface, 𝑠(𝑡) used in this work is described by: 

 

𝑠(𝑡) = (𝜆 +
𝑑

𝑑𝑡
)

𝑛−1

× 𝑒(𝑡) (34) 

where, 

𝜆=positive constant 

𝑛=model order of the EHSA 
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Therfore, the sliding surface, 𝑠 for the third order EHSA 

system is considered as follows: 

 

𝑠 = 𝑒̈ + 2𝜆𝑒̇ + 𝜆2𝑒 (35) 

 

So, the deravitive of the sliding surface,𝑠̇ can be expressed 

as: 

 

𝑠̇ = 𝑒 + 2𝜆𝑒̈ + 𝜆2𝑒̇ (36) 

 

The general expression of SMC control structure, 𝑢𝑠𝑚𝑐(𝑡) 

consists of switching control and equivalent control as shown 

in equation (37). The switching control, 𝑢𝑠𝑤(𝑡) is obtained at 

𝑠(𝑡) ≠ 0  corresponding to the reaching phase. While the 

equivalent control, 𝑢𝑒𝑞(𝑡)  is obtained at 𝑠(𝑡) = 0 

corresponding to the sliding phase. 

 

𝑢𝑠𝑚𝑐(𝑡) = 𝑢𝑒𝑞(𝑡) + 𝑢𝑠𝑤(𝑡) (37) 

 

3.2.2 Sliding mode control design 

The first expression 𝑠(𝑡) = 0  was used in the sliding 

surface design. The second expression 𝑠̇(𝑡) = 0 will be used 

in the control design. So, the equivalent control 𝑢𝑒𝑞(𝑡) can be 

obtained by substituting equation (33) into equation (36), we 

will get: 

 

𝑢𝑒𝑞(𝑡) =
1

𝐶1

[𝑦𝑟⃛ + 𝐶2 + 𝐶1𝑖𝑒 + 𝐶3𝑦̇ + 2𝜆𝑒̈ + 𝜆2𝑒̇] (38) 

 

where, 𝐶1 =
𝑓𝑏𝑘𝑏

𝑘𝐹𝐵𝑚𝑝
2 , 𝐶2 =

𝑓𝑏𝐴𝑝

𝑚𝑝
2 (𝑃𝐴 − 𝑃𝐵), 𝐶3 =

𝑘𝑏𝑚𝑝−𝑓𝑝
2

𝑚𝑝
2 . 

By applying the sign function to the sliding surface, the 

switching control 𝑢𝑠𝑤(𝑡) can be described by: 

 

𝑢𝑠𝑤(𝑡) = 𝜂 𝑠𝑖𝑔𝑛(𝑠) (39) 

 

where, 𝜂 is positive constant value and 𝑠𝑖𝑔𝑛(𝑠) is the signum 

function which described by the following: 

 

𝑠𝑖𝑔𝑛(𝑠) = {

1          𝑎𝑡  𝑠(𝑡) > 0

0           𝑎𝑡 𝑠(𝑡) = 0

−1        𝑎𝑡 𝑠(𝑡) < 0

 (40) 

 

3.2.3 Lyapunov stability theorem 

 The Lyapunov theorem, as described in [48], was used to 

verify the controller's stability using the following Lyapunov 

function: 

 

𝑉(𝑡) =
1

2
𝑠2(𝑡) (41) 

 

where 𝑉(𝑡) > 0  and 𝑉(0) = 0  for 𝑠(𝑡) ≠ 0 . To ensure the 

stability condition defined by the trajectory moving from the 

reaching phase to the sliding phase, the reaching condition is 

described as: 

 

𝑉̇(𝑡) = 𝑠(𝑡) 𝑠̇(𝑡) < 0,   𝑓𝑜𝑟 𝑠(𝑡) ≠ 0 (42) 

 

Substituting by equations (33), (36), (37), and (39) into 

equation (42), this will yield to: 

 

𝑠(𝑡)𝑠̇(𝑡) = 𝑠(𝑡)(𝑒 + 2𝜆𝑒̈ + 𝜆2𝑒̇) < 0 (43) 

= 𝑠 (𝑦𝑟⃛ −
−1

𝑚𝑝
2

(𝑓𝑝 (𝐴𝑝(𝑃𝐴 − 𝑃𝐵) + 𝑖𝑒

𝑘𝑏

𝑘𝐹𝐵

) + (𝑘𝑏𝑚𝑝 − 𝑓𝑏
2)𝑦̇

− 𝑓𝑏

𝑘𝑏

𝑘𝐹𝐵

(𝑢𝑒𝑞(𝑡) + 𝑢𝑠𝑤(𝑡))) + 2𝜆𝑒̈ + 𝜆2𝑒̇) < 0 

Then, 

 

𝑠(𝑡)𝑠̇(𝑡) = 𝑠(𝑡)[−𝐶1 𝑢𝑠𝑤(𝑡)]  

= −𝑠(𝑡) 𝐶1 𝜂 𝑠𝑖𝑔𝑛(𝑠) 

= −𝐶1 𝜂 |𝑠(𝑡)| < 0 

(44) 

 

To assure the stability of the switching control based on the 

Lyapunov theory, the chattering phenomenon of the 

discontinuous signum function in equation (39) has been 

decreased by replacing the following hyperbolic tangent 

function as presented in [40]. 

 

𝑢𝑠𝑤(𝑡) = 𝜂 tanh (
𝑠

𝜑
) (45) 

 

where 𝜑  is the boundary layer of the hyperbolic tangent 

function. 

Finally, the total control signal of the SMC is the summation 

of the two equations (38) and (45) as follow: 

 

𝑢𝑠𝑚𝑐(𝑡) =
1

𝐶1

[
𝑦𝑟⃛ + 𝐶2 + 𝐶1𝑖𝑒

+𝐶3𝑦̇ + 2𝜆𝑒̈ + 𝜆2𝑒̇
] + 𝜂 tanh (

𝑠

𝜑
) (46) 

 

3.3 Hybrid (SMCPID) controller 

 

This section deals with the design of a hybrid control 

algorithm sliding mode-PID (SMCPID) controller. The sliding 

surface for this controller will be as follows: 

 

𝑠(𝑡) = (𝑘𝑝 + 𝑘𝑖 ∫ 𝑑𝑡
𝑡

0

+ 𝑘𝑑

𝑑

𝑑𝑡
)

𝑛−1

× 𝑒(𝑡) (47) 

 

For the third order EHSA system, 𝑛 = 3, we will get: 
 

𝑠 = (𝑘𝑝
2 + 2𝑘𝑑𝑘𝑖)𝑒 + 2𝑘𝑝𝑘𝑖 ∫ 𝑒𝑑𝑡

𝑡

0

+ 2𝑘𝑝𝑘𝑑𝑒̇ 

+𝑘𝑖
2 (∫ 𝑒𝑑𝑡

𝑡

0

)

2

+ 𝑘𝑑
2𝑒̈ 

(48) 

 

So, the derivative of the sliding surface,𝑠̇ can be expressed 

as: 

 

𝑠̇ = (𝑘𝑝
2 + 2𝑘𝑑𝑘𝑖)𝑒̇ + 2𝑘𝑝𝑘𝑖𝑒 + 2𝑘𝑝𝑘𝑑𝑒̈ 

+𝑘𝑖
2 ∫ 𝑒𝑑𝑡

𝑡

0

+ 𝑘𝑑
2𝑒 

(49) 

 

By substituting equation (33) into equation (49), we will get: 
 

𝑢𝑒𝑞(𝑡) =
1

𝑘𝑑
2𝐶1

((𝑘𝑑
2( 𝑦𝑟⃛ + 𝐶2 + 𝐶1𝑖𝑒 + 𝐶3𝑦̇)

+ (𝑘𝑝
2 + 2𝑘𝑑𝑘𝑖)𝑒̇ + 2𝑘𝑝𝑘𝑖𝑒 + 2𝑘𝑝𝑘𝑑𝑒̈

+ 𝑘𝑖
2 ∫ 𝑒𝑑𝑡

𝑡

0

) 

(50) 

where, 𝐶1 =
𝑓𝑏𝑘𝑏

𝑘𝐹𝐵𝑚𝑝
2 , 𝐶2 =

𝑓𝑏𝐴𝑝

𝑚𝑝
2 (𝑃𝐴 − 𝑃𝐵), 𝐶3 =

𝑘𝑏𝑚𝑝−𝑓𝑝
2

𝑚𝑝
2 . 

157



 

To verify the stability of the controller using the Lyapunov 

function in equation (41), we will substitute equations (33), 

(37), (39), and (49) into equation (42), this will yield to: 

 

𝑠(𝑡) 𝑠̇(𝑡) = 𝑠(𝑡) ((𝑘𝑝
2 + 2𝑘𝑑𝑘𝑖)𝑒̇ + 2𝑘𝑝𝑘𝑖𝑒 + 2𝑘𝑝𝑘𝑑𝑒̈ + 𝑘𝑖

2 ∫ 𝑒𝑑𝑡
𝑡

0

+ 𝑘𝑑
2𝑒) < 0 

= 𝑠 ((𝑘𝑝
2 + 2𝑘𝑑𝑘𝑖)𝑒̇ + 2𝑘𝑝𝑘𝑖𝑒 + 2𝑘𝑝𝑘𝑑𝑒̈ + 𝑘𝑖

2 ∫ 𝑒𝑑𝑡
𝑡

0
+ 𝑘𝑑

2 (𝑦𝑟⃛ −
−1

𝑚𝑝
2 [𝑓𝑝 (𝐴𝑝(𝑃𝐴 − 𝑃𝐵) + 𝑖𝑒

𝑘𝑏

𝑘𝐹𝐵
) +

(𝑘𝑏𝑚𝑝 − 𝑓𝑏
2)𝑦̇ − 𝑓𝑏

𝑘𝑏

𝑘𝐹𝐵
(𝑢𝑒𝑞(𝑡) + 𝑢𝑠𝑤(𝑡))]))<0 

(51) 

 

Then, 

 

𝑠(𝑡) 𝑠̇(𝑡) = 𝑠(𝑡)[−𝐶1 𝑘𝑑
2 𝑢𝑠𝑤(𝑡)] 

= −𝑠(𝑡) 𝐶1 𝑘𝑑
2 𝜂 𝑠𝑖𝑔𝑛(𝑠) 

= −𝐶1 𝑘𝑑
2 𝜂 |𝑠(𝑡)| < 0 

(52) 

 

From equations (44) for SMC and equation (52) for 

SMCPID, we can check the stability condition 𝑉̇(𝑡) < 0 as 

follow: 

•When 𝑠 > 0, so 𝑠𝑖𝑔𝑛(𝑠) = 1 > 0, then equations (44) and 

(52) wille be 𝑉̇(𝑡) = 𝑠(𝑡) 𝑠̇(𝑡) < 0. 

•When 𝑠 > 0, so 𝑠𝑖𝑔𝑛(𝑠) = −1 < 0, then equations (44) 

and (52) wille be 𝑉̇(𝑡) = 𝑠(𝑡) 𝑠̇(𝑡) < 0. 

From above, this asserts that the design switching control 

from equation (39) will be stable for 𝑠 > 0 and 𝑠 < 0. Based 

on that the Lyapunov stability theorem is being used to guide 

the design of SMC and SMCPID controllers for the third order 

EHSA system, and the system output will be bound when the 

input is bound. 

Finally, the total control signal of the hybrid SMCPID 

controller is the summation of the two equations (50) and (45) 

as follow: 

 

𝑢𝑠𝑚𝑐𝑝𝑖𝑑(𝑡) =
1

𝑘𝑑
2𝐶1

(𝑘𝑑
2 (𝑦𝑟⃛ + 𝐶2 + 𝐶1𝑖𝑒 + 𝐶3𝑦)̇

+ (𝑘𝑝
2 + 2𝑘𝑑𝑘𝑖)𝑒̇ + 2𝑘𝑝𝑘𝑖𝑒

+ 2𝑘𝑝𝑘𝑑𝑒̈ + 𝑘𝑖
2 ∫ 𝑒𝑑𝑡

𝑡

0

)

+ 𝜂 tanh (
𝑠

𝜑
) 

(53) 

 

 

4. PARTICLE SWARM OPTIMIZATION ALGORITHM 

 

Although the PID, SMC, hybrid SMCPID controllers have 

good control performance for electrohydraulic servo systems, 

if the parameters are not appropriate, it will result in failure to 

track, significant tracking error, chattering, and other problems. 

As a result, the optimization algorithm is used in this paper to 

optimize the controller parameters. The PSO was introduced 

in 1995 by James Kennedy and Russell Eberhart [41]. It was 

designed using the swarm intelligence of fish schooling and 

bird flocking movement Behavior to locate food. 

A swarm of individuals known as particles flows across a 

high-dimensional search space with a defined position and 

velocity to the global optimal solution (maximum or 

minimum). Each particle in the swarm provides an excellent 

solution and follows a basic concept by reproducing its 

previous success. Furthermore, the personal best position in a 

neighborhood affects the particle position, and the optimal 

solution between personal best positions is known as the 

global best position [42]. Let 𝑋𝑖  and 𝑉𝑖  represent the 𝑖𝑡ℎ 

particle position and its corresponding velocity in search space. 

The best previous position of 𝑖𝑡ℎ  particles recorded and 

represented as 𝑃𝑏𝑖 . The best particle from all the particles in 

the group is represented as 𝐺𝑏.  

The updated velocity of 𝑖𝑡ℎ individual is given as: 

 

𝑉𝑖
𝑘+1 = 𝑤𝑘𝑉𝑖

𝑘 + 𝑐1𝑟1(𝑃𝑏𝑖
𝑘 − 𝑋𝑖

𝑘) 

+𝑐2𝑟2(𝐺𝑏𝑘 − 𝑋𝑖
𝑘) 

(54) 

 

And the next generation values as follows: 

 

𝑋𝑖
𝑘+1 = 𝑋𝑖

𝑘 + 𝑉𝑖
𝑘+1 (55) 

 

Where, 

𝑉𝑖
𝑘+1=Velocity of the 𝑖𝑡ℎ individual at iteration 𝑘 

𝑤𝑘=Inertia weight at iteration 𝑘 

𝑐1, 𝑐2=Cognitive and social acceleration factors 

𝑟1, 𝑟2=Uniform random numbers between 0 and 1 

𝑋𝑖
𝑘=Position of the 𝑖𝑡ℎ individual at iteration 𝑘 

𝑃𝑏𝑖
𝑘=Best position of the 𝑖𝑡ℎ individual at iteration 𝑘 

𝐺𝑏𝑘=Best position of the group until iteration 𝑘 

 

The overall design process using the PSO algorithm is 

illustrated in the flow chart as shown in Figure 5. 

 

 
 

Figure 5. Flow chart of  PSO algorithm [29] 

 

In this paper the initialization parameters of the 

optimization process are shown in Table 1. The dimension of 

the optimization problem is 3, 2, and 2 for PID, SMC, and the 

hybrid SMCPID controllers, respectively. In addition, the 

inertia weighting coefficient 𝑤 is set to be linearly decreased 
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from 1.2 to 0.9 as proposed by the researcher in reference [43]. 

Integral-square-error (ISE) criteria will be used as an 

objective/fitness function that used to calculate the minimum 

error produced in each iteration as shown: 

𝐼𝑆𝐸 = ∫ 𝑒(𝑡)2

∞

0

𝑑𝑡 (56) 

 

Table 1. The initialization parameters of PSO algorithm 

 
Initialization Parameters Value 

Particles population size (Generation), G 10 

Number of maximum iterations, 𝑘 20 

Cognitive acceleration factors, 𝑐1 2 

Social acceleration factors, 𝑐2 2 

 

 

5. SIMULATION RESULTS AND DISCUSSION 

 

The simulation program is designed with numerical values 

from a typical electro-hydraulic servo actuator (EHSA) in 

mind, as shown in Appendix-A. The dynamic performance 

and transient response of the EHSA system are described by 

the equations (1) to (27). These equations reflect a 

sophisticated non-linear mathematical modelling of the system, 

which was utilized to create a computer simulation program 

with the MATLAB/SIMULINK R2022b package. The 

boundary conditions used by the simulation program are a step 

input current of 6 𝑚𝐴 with a step time of 0.2 seconds, the 

piston loading coefficient of 1000 N/m, supply pressure of 250 

bar, and return pressure 0 bar. The EHSA system response is 

over-damped with a reference value of 3 mm, rise time of 

0.3696 second, overshoot of 0.496 % and with root mean 

square (RMS) error of 5.584 × 10−3. The transient response 

of the EHSA is shown in Figure 6. 

 
 

Figure 6. Step response of the EHSA without controller 

 

It shown from the simulation result that the EHSA system 

has a slow response with large steady state error. To overcome 

this, three controllers are used to ensure better performance for 

the EHSA system. 

 

Table 2. Control parameters 

 

Controller 
Control Parameters 

𝐾𝑝 𝐾𝑖 𝐾𝑑 𝝀 𝝓 𝜼 

PID 25 0.63 0.024 --- --- --- 

SMC 9.2 0.318 0.0932 50 253.75 2.16 

SMCPID 7.54 0.136 0.0027 --- 253.66 2.39 

 

The implementation of PID, SMC, and the hybrid SMCPID 

controllers to the EHSA are shown in Figure 7. The control 

parameters for the three types of controllers are summarized 

in Table 2.  

 

 
 

Figure 7. Step response of the EHSA with controller 

 

A through analysis for the controlled system transient 

response is carried out, and the results are shown in Table 3, 

where the root mean square error (RMS) values, overshoot 

percentage (O.S %) are calculated and act as the performance 

indexes for comparison purposes as follow: 

 

𝑅𝑀𝑆𝐸 = √∑
𝑦𝑖̂ − 𝑦𝑖

𝑛

𝑛

𝑖=1

 (57) 

 

% 𝑜𝑣𝑒𝑟𝑠ℎ𝑜𝑜𝑡 = 𝑒𝑥𝑝 (
−ɳ𝜋

√1 − ɳ2
) × 100% (58) 

 

Table 3. Transient response analysis of the controlled EHSA 

 

Controller 
Performance Indexes 

O.S% RMS (× 10−3) 

Model 0.496 5.584 

PID 21.37 1.413 

SMC 0.364 1.156 

SMCPID 0.426 1.013 
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Figure 8(a). Implementation of PSO algorithm on PID 
 

 
 

Figure 8(b). Implementation of PSO algorithm on SMC 

 

 
 

Figure 8(c). Implementation of PSO Algorithm on hydrid SMCPID 

 

From results, the implementation of the controllers to the 

EHSA model improve the performance of the system. It is 

possible to infer from the data that the hybrid SMCPID, SMC, 

and PID controllers improve MSE by 81.86%, 79.29%, and 

74.69% respectively. While the controllers have a different 

impact on the overshoot percentage. Indeed, we need to apply 

an optimization technique to obtain the accurate control 

parameters that provide an overall best performance of the 

EHSA system. 

The Particle Swarm Optimization (PSO) is applied to the 

PID, SMC, hybrid SMCPID controllers based on the algorithm 

explained in section 4. The initializing parameters are taken 

from Table 1. The dimension of the optimization problem is 3, 

2, and 2 for PID, SMC, and the hybrid SMCPID controllers, 

respectively. In addition, the inertia weighting coefficient 𝑤 is 

set to be linearly decreased from 1.2 to 0.9. the Integral-

square-error (ISE) criteria will be used as an objective/fitness 

function that used to calculate the minimum error produced in 

each iteration. From the simulation results, Figure 8 (a), (b), 

and (c) show the effect of implementation the utilized PSO 

algorithm individually on the PID, SMC, and the hybrid 

SMCPID controllers. The optimization parameters used in the 

optimization process are summarized in Table 4. 
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Table 4. Optimization parameters of PSO algorithm 

 

Controller 
Parameters 

𝐾𝑝 𝐾𝑖 𝐾𝑑 𝝀 𝝓 𝜼 

PID-PSO 22.34 0.52 0.0038 --- --- --- 

SMC-PSO 7.2 0.6 0.01 50 143.75 1.13 

SMCPID-PSO 8.2 0.2 0.0025 --- 194.97 1.24 

 

A through analysis for the optimized system transient 

response is carried out, and the results are shown in Table 5 

according to equations (57) and (58). 

From the results, the utilized PSO algorithm provides a 

great impact to the system response. It can be infered that the 

hybrid SMCPID, SMC, and PID controllers improve MSE by 

82.34%, 81.37%, and 75.43 respectively. Figure 9 shows the 

effect of using PSO to the PID, SMC, hybrid SMCPID 

controllers. Thus, it can concluded that the hybrid SMCPID 

controller optimized through PSO algorithm generates the best 

performance of the EHSA according to the performance 

indexes values of the overshoot percentage and the MSE by 

0.408% and 0.986 × 10−3 respectively. 
 

Table 5. Transient response analysis of the optimized EHSA 

 

Controller 
Performance indexes 

O.S% RMS (× 10−3) 

Model 0.496 5.584 

PID-PSO 6.989 1.372 

SMC-PSO 0.415 1.04 

SMCPID-PSO 0.408 0.986 
 

 

 
 

Figure 9. Implementation of PSO algorithm 

 

6. CONCLUSION 

 

Over the past few years, the electrohydraulic servo actuators 

(EHSA) Technology has been one of the most sought-after 

research subjects in the industrial and academic fields. In this 

study, a non-linear mathematical model of the EHSA system 

is built and three types of controllers; PID, SMC, and a hybrid 

control algorithm sliding mode-PID (SMCPID) controller are 

designed. Then, the PSO algorithm optimized the control 

scheme is implemented to the system which the Lyapunov 

theorem has been used to verify its stability condition. The 

transient response and the controller tracking performance is 

compared where the root mean square error (RMS) values, 

overshoot percentage (O.S %) are calculated and function as 

the performance indexes for comparison purposes. The 

numerical simulations clearly inferred that the proposed 

hybrid control algorithm sliding mode-PID (SMCPID) 

controller tuned by PSO technique outperforms the PID and 

SMC controllers in terms of overall performance. 
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APPENDIX A 

 

The Numerical Values of the Studied System 

 

Torque motor 

Current-torque gain 𝐾𝑖 = 0.556 𝑁𝑚/𝐴 

Armature damping coefficient 𝑓𝜃 = 0.002 𝑁𝑚𝑠/𝑟𝑎𝑑 

Armature moment of inertia 𝐽 = 5 × 10 −7𝑘𝑔 𝑚2 

Armature rotational angle gain 𝐾𝜃 = 5 × 10−7 𝑁𝑚/𝑟𝑎𝑑 

Servoactuator feedback gain 𝐾𝐹𝐵 = 2 𝐴/𝑚 

Flexible tube rotational stiffness 𝐾𝑇 = 10 𝑁/𝑚 

 

Flapper valve 

Flapper length 𝐿𝑓 = 9 𝑚𝑚 

Mechanical feedback spring length 𝐿𝑠 = 30 𝑚𝑚 

Flapper limiting displacement 𝑥𝑖 = 30 𝜇𝑚 

Flapper nozzle diameter 𝑑𝑓 = 0.5 𝑚𝑚 

Equivalent flapper seat material damping coefficient 𝑅𝑠 =
5000 𝑁𝑠𝑚/𝑟𝑎𝑑 

Flapper seat equivalent stiffness 𝐾𝐿𝑓 = 5𝑥106 𝑁/𝑚 

Hydraulic amplifier nozzles N1 & N2 diameter 𝑑𝑓 = 0.5 𝑚𝑚 

Diameter of the return orifice 𝑁5, 𝑑5 = 0.6 𝑚𝑚 

 

Hydraulic oil 

Oil density 𝜌 = 867 𝑘𝑔/𝑚3 

Bulk modulus os oil 𝐵 = 1.5 𝐺𝑃𝑎 

 

Spool valve 

Spool diameter 𝑑𝑠 = 4.6 𝑚𝑚 

Initial volume of oil in spool side chamber 𝑉𝑜 = 2 𝑐𝑚3  

Initial Volume of oil in the return chamber 𝑉3 = 5 𝑐𝑚3 

Spool mass 𝑚𝑠 = 0.02 𝑘𝑔 

Spool port width 𝜔 = 2 𝑚𝑚 

Spool radial clearance 𝑐 = 2 𝜇𝑚 

Spool Damping coefficient 𝑓𝑠 = 2 𝑁𝑠/𝑚 

Feedback spring stiffness 𝐾𝑠 = 900 𝑁/𝑚 

 

System pressures 

Supply Pressure 𝑃𝑠 = 250 𝑏𝑎𝑟 

Return Pressure 𝑃𝑡 = 0 𝑏𝑎𝑟 

 

Hydraulic Cylinder 

Piston area 𝐴𝑝 = 12.5 𝑐𝑚2  

Initial volume of oil in cylinder chamber 𝑉𝑐 = 100 𝑐𝑚3  

Resistance to internal leakage 𝑅𝑖 = 1014 𝑃𝑎𝑠/𝑚3 

Piston mass 𝑚𝑝 = 10 𝑘𝑔 

Friction coefficient on piston 𝑓𝑝 = 1000 𝑁𝑠/𝑚 

Piston loading coefficient 𝐾𝑦 = 100 𝑁/𝑚 
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