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Abstract 

It is well known that the electro-hydraulic actuator (EHA) system is exposed to the 

disturbances, uncertainties, and parameter variations which are caused by the changes in 

operating conditions for instance, total moving mass, supply pressure, servo-valve gain, bulk 

modulus, leakage coefficient, and friction. These problems pose to a great challenge in 

modelling and controller development for an EHA system. Degradation of the desired 

performance can be imposed if an improper control strategy is utilized. This paper discusses 

the fundamental study on the significant effect that leads to degradation of EHA system 

performance due to variation in the system parameters. A nonlinear EHA system model is 

developed and implemented in the simulation studies in open-loop and closed-loop control 

configuration. The finding shows that the servo-valve gain resulted the most influential 

parameters to the EHA system performance as compared to the total moving mass and supply 

pressure parameters. In order to overcome these issues, the utilized controller should be 

robust enough to overcome the entire operating range that against such disturbances, 

uncertainties, and parameter variations. Therefore, a nonlinear and the intelligent control 

approach may be necessary to be designed in order to overcome these difficulties. 
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1. Introduction 

In the past decades, electro-hydraulic actuator (EHA) system has been widely used in 

various heavy engineering works that is categorized as a harmful work to human being. The 

advanced design of EHA system with the versatility electronic and hydraulic components 

offers a massive enhancement in an application performance. The integration of both 

electronic and hydraulic equipment that absorbed both advantages is extensively used 

nowadays. Due to the ability to create a large force, torques, and high energy density, EHA 

system becomes widely used in robotic, mobile machine, metal forming, and manufacturing, 

[1-4]. The dynamic sources such as electric motor or engine drives provide hydraulic pump 

dynamics that deliver fluid under pressure. The fluid delivered through pressure is used to 

create the necessary movements in linear or rotary. The movement is the desired end function, 

for instance, lifting, pressing, clamping, and orientation. However, the dynamic features of 

the EHA system is known to be highly nonlinear which result from various factors for 

instance, saturation point of valve and cylinder, the valve pressure flow characteristics, the 

valve and cylinder leakage flow characteristics with the variation of supply pressure, the 

cylinder friction characteristics, the working fluid viscosity and compressibility varied with 

the working temperature, the shape of pipeline that affecting the flow characteristics, and the 
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most affected variation, the load, supply pressure, and the system gain [5]. These factors 

consecutively cause difficulties in the control of EHA system. 

Apart from the nonlinear characteristics of hydraulic dynamics, large degree of model 

uncertainties is also governed by the EHA system. Two common classifications of the system 

uncertainties comprised of parametric uncertainties and uncertain nonlinearities. The 

parametric uncertainties involved the large variations in the load of the industrial system and 

the hydraulic fluid bulk modulus affected by the component wear and the changes of working 

temperature. While, the general uncertainties that could not be modelled precisely included 

leakage, friction, and external disturbances are known as uncertain nonlinearities. These 

model uncertainties lead to the degradation of performance and the stability of the designed 

nominal control system. Therefore, in order to achieve a higher performance in an EHA 

system, an appropriate control techniques that could overcome or reduce the system model 

uncertainties are required [6]. To evaluate the performance of the proposed controller, for 

instance the robustness and adaptability assessment, the variation in terms of parametric 

uncertainties has been performed. 

In the previous studies, the most common varied parameter by the researchers is the supply 

pressure [7-19]. It is well known that, supply pressure plays vital role in the dynamic of an 

EHA system. Pressure that is generated from the pressurized fluid produced a desired or 

required movement of EHA system. A variation of the system’s supply pressure signifies the 

modification of the system characteristics. For a better performance, a sufficient or higher 

pressure will be required. However, more leakage could be occurred for higher pressure as 

compared to the lower pressure. 

Load, in other word which is called as mass, is a source of pressure that the cylinder 

actuator will hold, carry or form into a desired shape in different kind of material. Load 

alteration is another system parameter used to verify the performance of the proposed 

controller proposed by the researchers in [6, 10, 14, 15, 19, 20-25]. Different material, 

environment, and sizes required different forces to be carried, hold, and formed. Thus, the 

variation in the load denotes the changing in the material, environment, and size that 

influence the force demands. The changes in the force demand directly influence the 

acceleration of the cylinder actuator that required a proper controller to hold still the best 

performance compensate the changes parametric uncertainties. Hence, the variation in the 

load has been done by the former researcher to assess the proposed controller performance. 

The servo-valve gain is a hard quantity which influences the stability of electro-hydraulic 

servo (EHS) system changes in [6, 13, 14, 26]. The focal point of linear flow gain causes the 

majority of four-way servo valves to be manufactured with a width of the land identical to the 

port in the valve sleeve which is known as critical centre. Fundamentally, the system flow 

gains must be compatible with gains of other components in a system to yield the required 

loop gain. Establishing the flow gain is very important if it is the most convenient method of 

varying system loop gain. In hydro-mechanical servos, it is often the only method of gain 

control in the loop. In such system a change in loop gain level requires a new valve with a 

different gradient and can become an expensive method of achieving system stability if trial 

and error adjustments are made [27]. 

Another parametric uncertainty which is the bulk modulus is varied by the researcher in [6, 

15, 16, 28-31]. In practice, a system stiffness is most often required. For this reason it is 

necessary to achieve the highest oil bulk modulus of elasticity. Bulk modulus of elasticity 

depends on many factors such as pressure, temperature, and un-dissolved air volume. An 

amount of un-dissolved air has the greatest influence on hydraulic oil bulk modulus of 

elasticity due to high air volume compressibility compared to oil volume compressibility. 

This fact has an influence on the speed of response and also on whole dynamics of a given 

hydraulic system [32]. 

Others parametric uncertainties such as volume between the pump and the servo-valve are 

altered in [15, 29-30]. An uncertain nonlinearities for instance the internal leakage is varied 

by the researchers in [33-34], the model friction is altered in [16, 35], and the set-point is 
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adjusted by [7, 9] to evaluate the proposed controller performance. In this paper, in order to 

evaluate the performance of the developed control technique, several robustness tests based 

on the most influential and common varied system parameter in terms of the parametric 

uncertainties has been conducted. This paper continues the work done in [36], where the 

performance of the utilized controller has been assessed with the alteration of the parametric 

uncertainties.  

The paper is organized as below. Section 2 describes the developed system mathematical 

models. The process to develop the simulation studies are explained in Section 3. An 

observation results are discussed, compared, and presented in Section 4. Finally, conclusion 

and summary of the observation are drawn in section 5. 

 

2. Modelling of EHA System 

Dynamics equation of an EHA system consists of a hydraulic cylinder connected to the 

servo valve through the pipeline as shown in Figure 1. The displacement of cylinder actuator 

will be generated by utilizing the servo valve that will regulate the oil flow from the cylinder 

chamber to the hydraulic cylinder. The spring and damper that are attached to the mass will 

generate the counter force against cylinder actuator [37]. 

 

 

Figure 1. Schematic Diagram of EHA System 

To produce a mechanical motion of the spool valve, the electrical current is supplied to the 

coil that is connected to the servo valve. The torque motor that received the power source will 

drive the servo spool valve to the desired position. The torque motor electrical signal is given 

as in Equation (1), [33]. 

IRL
dt

dl
V cc           (1) 

where Rc and Lc are the coil resistance and inductance respectively. 

The dynamics of the servo valve are represented by a second order differential Equation 

that related to electric current drive from the torque motor as expressed in equation (2). 
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where ξ is the damping ratio, while ω is the natural frequency of servo valve. 

In servo valve mechanical design, the spool valve is unexposed from flow leakages and 

dead-zone problems for each port. Critical centred on the spool valve is considered. The flow 

Q in each of the chambers controlled by servo valve can be modelled from the orifice 

equations relates the spool valve displacement xv and pressure difference Pv. The ideal orifice 

equation is written in (3). 
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vv PKxQ            (3) 

The flow relation that neglecting the internal leakages in servo valve for each chambers are 

given in Equation (4) and (5). 
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The hydraulic actuator volumes for each chamber are modelled in Equation (6) and (7). 

)(1 pspline xxAVV           (6) 

)(2 pspline xxAVV           (7) 

Where Vline is the volume between hydraulic cylinder and pipeline. 

Pressure for each chamber can be obtained by defining the relation between bulk 

modulus, volume, and flow rate as expressed in Equation (8) and (9). 
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Through the overall dynamics equation of moving mass, damper, and spring, the total 

force produced from hydraulic actuator can be obtained in Equation (10). 
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In a simulation study, the parameters used in a nonlinear model of EHA system have been 

tabulated in Table 1. 

Table 1. EHA System Parameters [38] 

Symbol Description Value 

Rc Servo-valve coil resistance 100 Ω 

Lc Servo-valve coil inductance 0.59 H 

Isat Torque motor saturation current 0.02 A 

ξ Servo-valve damping ratio 0.48 

ωn Servo-valve natural frequency 543 rad/s 

K Servo-valve gain 2.38x10-5 m5/2/kg1/2 

β Hydraulic fluid bulk modulus 1.4x109 N/m2 

Ps Pump pressure 2.1x107 Pa 

Pr Return pressure 0 Pa 

Ks Spring stiffness 10 Nm 

Xs Total actuator displacement 0.1 m 

Ap Piston area 645x10-6 m2 

Mp Total mass 9 kg 

Bs Damping coefficient 2000 Ns/m 

 

3. Methodology 

From the previous literature study, the most common varied systems parametric 

uncertainties including load, supply pressure, servo-valve gain, bulk modulus of hydraulic 

fluid, and the volume between pump with servo-valve, while the variations for uncertain 

nonlinearities comprised of internal leakage, model friction, and set-point. However, 

this paper only considers the variation in parametric uncertainties that are most 
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influenced the EHA system when the changes in these parameters occur during system 

operations, the other parameters that are not obviously influence the performance of the 

system will be neglected. 

 

 

Figure 2. Structure of Open-Loop Control System 

Two categories of control schemes which are open-loop and closed-loop will be 

implemented in the study. The open-loop system is conducted to evaluate the most influential 

parameters for EHA system without the control of the system controller. Figure 2 illustrates 

the open-loop control system’s structure of the EHA system. The commonly used industrial 

controller, which is the PID controller, will be applied to the closed-loop system and its 

robustness to the parameters variation will be evaluated. Figure 3 depicts the structure of the 

closed-loop control systems. The block diagram that illustrates the location of parametric 

uncertainties parameters that are changing during the assessment is described in Figure 4. 

 

 

Figure 3. Structure of Closed-Loop Control System 
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Figure 4. The Parametric Uncertainties Variation in Nonlinear EHA System 

Evaluation will be done in a few simple steps as pictured in the Figure 5 flow chart. Before 

moving to the evaluation stages, the EHA system will be modelled as described in sections 2. 

In the study, the assessment is first done in an open-loop system by changing the parametric 

uncertainties parameters such as bulk modulus, spring stiffness, volume between pump and 

servo-valve, total moving mass, supply pressure, and servo-valve gain in a standard range 

which are the deduction of 50% from the original value. The purposed of this procedure is to 

assess the most influential parametric uncertainties to the EHA system without the monitoring 

of the system controller. When the most influential parametric uncertainties to the EHA 

system is obtained, these parameters are then used for the controller robustness evaluations. 

PID controller is utilized and its robustness to the changing in parametric uncertainties 

parameters will be assessed and recorded. The details are shown in the results and discussion 

section. 

 

 

Figure 5. Evaluation Process Flow Chart 
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4. Results and Discussion 

Simulation work has been done by using MATLAB/Simulink 2013 software. In order to 

evaluate the effect on EHA system when the changes occur, a standard deduction, which is 

50% of the nominal value has been implemented to the parameters of parametric uncertainties 

that have affected the system most. The most influential parametric uncertainties to the EHA 

system has been concluded after the observation process and summarized which included the 

parameters for instance load, supply pressure, and servo-valve gain. Table 2 tabulates the 

nominal value and the 50% deducted parametric uncertainties parameters that influenced 

EHA system most. 

Table 2. The Nominal and Deducted Value For the Parametric Uncertainties 
Parameters 

Parametric Uncertainties Nominal Value 50% deductions 

Load, Mp 9 kg 4.5 kg 

Supply Pressure, Ps 2.1x107 Pa 1.05x107 Pa 

Servo-valve Gain, K 2.38x10-5m5/2/kg1/2 1.19x10-5m5/2/kg1/2 

As depicted in Figure 6, the 50% deduction for the load, Mp have a small changes 

compared to the EHA system nominal values while the adjustment of the pump pressure, Ps 

provides a much bigger effect followed by the adjustment in servo-valve gain, K. Table 3 

provides a much clearer view of the comparison result in terms of root mean square error 

(RMSE) analysis. The error obtained by the variations in load is the less and became much 

bigger when adjusting the supply pressure parameters followed by the servo-valve gain 

parameters. 

Table 3. Open-Loop Parametric Uncertainties Parameters Variation Compared 
To the System Nominal Parameters 

Parameters Variation Root Mean Square Error 

Load, Mp; (-50%) 0.000087 

Supply Pressure, Ps; (-50%) 0.009282 

Servo-valve Gain, K; (-50%) 0.016696 
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Figure 6. Open-Loop Parametric Uncertainties Parameters Variation 

The so called effect could be referred to the desired position to be achieved, the required 

shape to be formed, and the accuracy produced by the systems. An appropriate controller that 

is robust and adapt to the variation effect produced during the systems operation will be 

needed. However, the adaptability of the controller is not considered in this paper. Robustness 

of the PID controller utilized in the work has been evaluated in the closed-loop systems. 

Table 4 below tabulates the closed-loop RMSE analysis, which indicates same performance 

as in an open-loop control system. 

Table 4. Closed-Loop Parametric Uncertainties Parameters Variation Compared 
To the System References Signal 

Parameters Variation Root Mean Square Error 

Nominal 0.0076 

Load, Mp; (-50%) 0.0075 

Supply Pressure, Ps; (-50%) 0.0080 

Servo-valve Gain, K; (-50%) 0.0085 
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Figure 7. Closed-Loop Parametric Uncertainties Parameters Variation 

Although the PID controller is applied to the system, the parametric uncertainty that 

are influencing the most which is the servo-valve gain is still degrading the EHA 

systems performance. Besides, the result shows that the optimized PID controller with 

gradient descent technique unable to cope with the changes in the system’s parameters 

as demonstrated in Figure 7. Therefore, an advanced control strategies such as nonlinear 

and intelligent control approach is required to be designed to overcome these 

difficulties. It also shows that the supply pressure and servo-valve gain produce a 

significant effect on the system performance as resulted in the open-loop test. 

 

5. Conclusion 

From the simulation work conducted in open-loop and closed-loop, the finding shows 

that the servo-valve gain, K is the most influential parametric uncertainties that degrade 

the system performance since the variation in affecting the stability issues of the EHA 

system as illustrated in the introduction section. A variation of the system supply 

pressure signifies the modification of the system characteristics. Thus, significant effect 

produced when the supply pressure is varied. An adjustment in the load has a small 

alteration in the system behaviour. The reason could be the load applied to the system is 

under the system lifting capacity that is not reached to the maximum weight that the 

system can handle. As indicated in the result section, PID controller is not able to cope 

the system changes caused by the variations in the parametric uncertainties parameters. 

Therefore, an advanced control strategies such as nonlinear and intelligent control approach is 

required to be designed to overcome these difficulties. 
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