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Abstract—PID (proportional-integral-derivative) and Mu 

controllers are widely used in electro-hydraulic servo systems 

due to their effectiveness and ease of implementation. This 

paper explores using particle swarm optimization (PSO) for 

tuning traditional and robust PID controllers, along with D-K 

iteration for Mu controller tuning. Three controller types: 

conventional PID (CPID), robust PID (RPID), and structured 

singular value controllers are developed, while analyzing 

multiplicative uncertainty with six uncertain coefficients. Their 

findings indicated that both PID (CPID and RPID) and Mu 

controllers maintained system stability. Notably, the Mu 

controller can handle coefficient uncertainty without a pure 

integral term, while the RPID controller demonstrated superior 

performance and reliability. Ultimately, both RPID and Mu 

controllers provide effective solutions for optimal performance, 

outperforming CPID in terms of robustness 

Keywords—PID Controller, Mu controller, Particle Swarm 

Optimization, D-K iteration, Electro-hydraulic Servo Valve 

System, style, styling, insert 

I. INTRODUCTION  

The hydraulic servo valve system is crucial in industry due 
to its high power, fast response time, and lightweight design 
[1]. The hydraulic servo valve system is complex and 
nonlinear, making it challenging to control with a linear 
controller. It often exhibits strong swinging responses. To 
mitigate this, PID controller tuning methods (CPID and RPID) 
have been applied, ensuring stability and performance amid 
varying operating conditions and disturbances [2,3]. PID and 
Mu-controllers are effective options for system control. PID 
controllers improve performance under uncertainty, enhance 
stability, and are versatile, requiring fewer adjustments and 
sensors while enabling quicker response times. Mu-
controllers provide robustness against uncertainties, better 
performance in multi-input/output systems, ensure stability, 
and are scalable with a clear design process. 

Various studies have examined the use of strong 
controllers in hydraulic systems [4]. This paper presents a 
robust control system for electrohydraulic power steering 
utilizing a 6th-order μ-controller. It demonstrates the system's 
stability and effectiveness under various conditions, with 
results indicating reliable performance even amid 25% greater 
uncertainty than anticipated. Reference [5] outlines the design 
of a depth controller for a small autonomous underwater 
vehicle (AUV) using the Mu-synthesis method, addressing 
performance uncertainties. The study assumes instant fin 
response, no underwater currents, and no sensor noise. 
Researchers in [6] assessed a controller's performance and 
stability through structured singular value Mu-synthesis. They 

designed a PID controller for a single-input single-output 
(SISO) system by optimizing the closed-loop poles to achieve 
the desired performance. They compared its performance with 
the D-K iteration method, a standard for Mu-synthesis. The 
paper [7] presented an early V&V μ analysis of the Vega 
launcher, showing successful comparisons with Monte Carlo 
methods and optimization tools. Vega is a lightweight launch 
vehicle developed by the European Space Agency, with ELV 
S.P.A. as the main contractor. Reference [8] introduced a 
method for estimating structured singular values (Mu values), 
which are crucial for assessing the stability of uncertain linear 
control systems and how system changes impact eigenvalues. 
Researchers of [9] designed a speed control system for a 
hydraulic motor using a throttling valve and a constant-
displacement pump. They modeled the system's performance 
in open-loop and feedback scenarios, exploring CPID and H-
infinity controllers with a focus on the frequency domain. 
They also considered variability in system performance and 
evaluated the system's robustness, comparing time responses 
in both cases. The work of [10] proposes a reliable and strong 
PID controller that can handle sensor and actuator failures in 
the helicopter's TRMS (Tilt Rotor Management System). It 

features a robust PID controller combined with an �∞ 
observer, enhancing its reliability. The researchers [11] 
designed a robust PID controller to manage an electro-
hydraulic actuator. This controller accurately positions the 
actuator piston, even in the presence of various physical 
uncertainties and external disturbances. I used simulations to 
demonstrate the actuator's performance.  

Researchers of [12] developed a robust control strategy for 
hydraulic servo actuators using MATLAB/Simulink to 
manage disturbances that may affect the closed-loop system’s 
operation. The study [13] explores the creation of a control 

system using the H2 and �∞control techniques. Results 

indicate that the H∞ controller maintains system stability, 
while the H2 controller targets desired performance. In [14], 

the design of a swing leg system using H∞ loop shaping for 
robust control is discussed. This system maintains stability 
and tracking accuracy despite a 20% change in parameters, 
effectively handling model variations and disruptions. 

Researchers in [15] developed H∞  and H2 controllers to 
improve the performance of hydraulic machines. They used 
the MATLAB/Simulink Toolbox to design and simulate the 
operation of a hydraulic tire changer machine. The study in 
[16] examines the certainty in inflow measurement in the 
Velocity Control System (VCS). It proposed using 

proportional integral derivative (PID) and H∞  control 

methods, finding that both perform similarly, but H∞ offers 
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better robustness. In this research, the speed response of the 
hydraulic actuator is controlled by input voltage. We analyzed 
the stability and effectiveness of the system in closed-loop 
scenarios, designing robust PID and μ-controllers. The paper 
compares time responses across different scenarios and 
includes a system model, dynamics analysis with and without 
uncertainties, and robust controller design along with results 
and conclusions The formatter will need to create these 
components, incorporating the applicable criteria that follow. 

II. DESCRPTION OF THE SYSTEM 

The electro-hydraulic servo valve precisely controls the 
flow of hydraulic fluid to actuators, such as cylinders or 
motors, based on an electrical signal. It manages hydraulic 
power by adjusting the position, speed, pressure, or force of 
the actuator. 

Inside the valve, a spool regulates fluid flow by opening 
and closing ports, with a feedback mechanism monitoring the 
spool's position. This "closed-loop" system enables 
continuous adjustments for accuracy. Servo valves typically 
feature a "zero-lapped" spool design, allowing for immediate 
and linear responses to small changes in the electrical signal.  

 

Electro-hydraulic servo valve system 

III. MODEL STABILITY ANALYSIS 

A mathematical model of the electro-hydraulic actuator 
system will be developed to analyze its responses and address 
dynamic issues, focusing on the electro-hydraulic servo 
system. Figure 1 illustrates the actuator's basic components. 
The cylinder's dynamical model can be described using 
Newton's Law, as shown in Eq. (1): 

  ��� �  ��	 
 ��� 
 ��  (1) 

 
The actuator displacement is x, and the load mass is m. The 

total load pressure in the cylinder, PL, equals the sum of 
pressures P1 and P2 in chambers 1 and 2. The ram area is A, b 
is the viscous damping coefficient, and k is the spring 
constant. The load pressure can be expressed with the 
following equation:  

    
��� ��� �  
	�� 
 ��� 
 ��   (2) 

The total volume of the cylinder (V) includes the hoses 

connecting it to the servo valve. β represents the effective bulk 
modulus, C indicates internal leakage due to pressure, and QL 

(Q1 + Q2) / 2 is the load flow. QL is related to the spool valve 
movement of the servo valve, as shown in Equation (3): 

 �� �  �� ����������� !"�#$  (3) 

The discharge coefficient is cd, the pilot spool valve area 
gradient is w, and the fluid supply pressure is PL with density 
ρ. The servo valve spool displacement is xv, and its dynamics 
are described in Equation (4). 

 %���� �  
�� 
 &�'       (4) 

The spool valve displacement (xv) is linked to the flapper's 
current input (u). The parameters v and Kv denote the time 
constant and gain of the servo-valve, respectively. This work 
excludes spool dynamics, leading to Equation (5). 

 �� � &�'  (5) 

To write the mathematical model of the electro-hydraulic 
actuator in state space form, we will define the following state 
variables as shown in Equation (6). 

 

�( � ��) � ���* � ��'+ � ,�� 
 -./�&�'"�* ' 0  (6) 

We can express the nonlinear mathematical model using 
the equation labeled as (7): 

  
��� ��� �  
	�� 
 ��� 
 ��    (7) 

 �� �  �� ����������� !"�#$   (8) 

��( � �)��) � 
 12 �( 
 32 �) 
 42 �*��* � 
 ��4� �) 
 ��5� �* 
 ��56 78!�,$ ,�� 
 -./�&�'"�* '⎭⎬
⎫

(9) 

The term u0 refers to a new control signal. Since we know 
that sgn(u0) matches sgn(u), we can now calculate the actual 
control, which is the current, using the following relation: 

' � <=,�������<=" > . 

The control signal u0 makes the state space model in Eq. 
(6) a better choice for designing a controller, as we will 
explain in the next section. The equation for the pressure rise 
rate is written as: 

��* � 
 ��4� �) 
 ��5� �* 
 ��56 78!�,$ ,�� 
 -./�&�'"�* '  (10) 

The linearized equation (10) shows the simplified version 
of the pressure rise rate equation. 

 ��* � 
 ��4� �) 
 ��5� �* 
 ��56 78!�,$ ,�� '  (11)  

104Authorized licensed use limited to: Universiti Kebangsaan Malaysia. Downloaded on January 02,2026 at 11:36:33 UTC from IEEE Xplore.  Restrictions apply. 



We will define the state variables for the electro-hydraulic 
actuator in a mathematical model using state space form. This 
is explained in Eq. (6). 

 

��( � �)��) � 
 12 �( 
 32 �) 
 42 �*��* � 
 ��4� �) 
 ��5� �* 
 ��56 78!�,$ ,�� '? � �) ⎭⎪⎬
⎪⎫

 (12) 

	 � A 0 1 0
 12 
 32 
 420 
 ��4� 
 ��5�
D         E �

F 00
 ��56 78!�,$ ,��G      H � I000J        � � [1 0 0]   (13) 

The dynamics of the system were impacted by a response 
delay; nonetheless, the Routh–Hurwitz stability criterion 
showed that the open-loop system remains stable [17]. The 
mathematical model was transformed into transfer functions 
to demonstrate the connection between input voltage and the 
area of the valve opening. 

 L�-" � MN�OP � )Q.)S�TU)).)�U*�VU(W.W�XU)Q.�(�>U(Y.)�TU()�U(  (14) 

let  Z( � 16.6   ,   Z) �  25.41  ,       Z* � 17.2,    Z� � 12     
and    ZQ  � 1 

 �a � 0,  �( � 0 ,   �) �  0  ,   �* � 25.28,    �� � 22.2     
and    �Q  � 3  

IV. DYNAMIC SYSTEM ANALYSIS AND CONTROLLER DESIGN 

Robust controllers are designed to handle uncertainties in 
a system, such as variations in coefficients and external 
disturbances, while ensuring stability and performance. This 
is crucial in real-world applications where precise models are 
often unattainable. The synthesis of robust controllers uses 
optimization techniques to develop their transfer function. As 
illustrated in Figure 2, robust controllers rely on the robust 
controller norm, which maps external signals (reference 
signals, disturbances, and uncertainties) to controlled outputs. 
The objective is to minimize this norm [18,19]. Here, C(s) 
represents the actual output, E(s) is the error signal, and U(s) 
is the control input. 

 
Fig. 2. The schematic representation of the suggested system components 
along with their corresponding weights 

The sensitivity (S) assesses the impact of the reference 
signal (R) on the error signal (E). This relationship can be 
described using the formula in Eq. (15). 

 d�-" �  e��"f��" � ((Ug��"8��"  (15) 

The complementary sensitivity function (T) describes the 
effect of the reference signal (R) on the output signal (Da), as 
shown in Eq. (16). 

 h�-" �  MN��"f��" � 8��"g��"(U8��"g��"   (16) 

where h�-" 
  d�-" � 1   
To assess the system's performance, it is essential to 

analyze the sensitivity transfer function, bandwidth, and error 
metrics across a range of frequencies. The transfer function of 
the robust controller must meet specific criteria [18,19]: 

 |d| < k (lm�no"k , |d. &| < k (lp�no"k  ,            ∀r (17) 

The performance weight (wp) evaluates how effective a 
control system is at different frequencies. On the other hand, 
the control effort weight (wu) gauges the significance of 
performance characteristics like tracking precision and 
disturbance handling. This framework aids in reducing the 
control energy required for performance while ensuring that 
system states stay within a specified range [20-22]. To 
investigate multiplicative uncertainty, perturbed plants will be 
generated using the earlier transfer functions.  

The study investigated six variable factors that influence 
multiplicative uncertainty, with three varying by ±10% and 
the other three by ±5%. For accurate results, the parameter (wI) 
must exceed the largest error in the frequency spectrum (lI). 
We calculated the highest multiplicative error using the 
standard plant (G(sr)) and its variations (Gpert (sr)), setting 
up a standard open-loop system with nominal values for the 
six factors. 

1. Adjust the variation reputation for every parameter 
in the nominal open-loop system G(sr) to obtain Gpert (sr) as 
demonstrated in Eq. (18). 

 Ltuvw�sr" �  L�sr"�1 
 ∆"  (18) 

where the variation range of ∆  is + 10% and + 5%. 

2. Equation (19) shows the model for how plants 
behave under uncertain conditions. In contrast, Equation (20) 
presents the uncertainty weight (wl). 

 ɭ y �r" �  �Z� kgz{|}�no" � g�no" g�no" k (19)  

  ɭ y �r" < �y�sr",      ∀r  (20) 

Figure 3 shows how the uncertainty in the electro-
hydraulic servo valve system changes with varying 
coefficients and frequencies. The red curve, representing 
uncertainty weight (wI) from Eq. (20), shows no uncertainty at 
low frequency, about 80% uncertainty at medium frequency, 
and roughly 0.11% uncertainty at high frequency [23,24]. 

~���� ∈ � 
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Fig. 3. A transfer function with multiplicative uncertainty constrains the 
highest potential error. 

The uncertainty weight transfer function (wI) establishes 
the maximum limit, as described in equations (19) and (20). 

  �y�-" �   (.a(�  ��U Q.Q�Q�U a.��Q*   �� U Q.a��� U a.��Q  (21)  

The strong controller transfer function must meet 
important conditions [82,83]: 

 |h| < k (l��no"k  ,            ∀r  (22) 

The uncertainty in these equations comes from the 
stiffness value. This can be expressed as follows: 

 

           �* �  �*�
∆�(�            �) �  �)�
 ∆�)�             Z( � Z(� 
  ∆Z(�             Z) �  Z)� 
  ∆Z)�            Z* �  Z*� 
 ∆Z*�            Z� �  Z�� 
 ∆Z�� ⎭⎪⎬
⎪⎫  )23(  

We can assess the stability of the proposed nonlinear 
system by considering real-life uncertainties. While the exact 
values of perturbations are unknown, we often have upper and 
lower limits. With this information, we can design a robust 
controller for the perturbed system. The control law function 
U represents the control voltage supplied to the valve vin(t). 

  ��� � & ∗  �   (24) 

 �����" � �  (25) 

In this context, K manages performance, while E 
represents the difference between the desired speed (R) and 
actual speed (C) of the actuator. 

 � � � 
 �  (26) 

You can adjust the control law U to ensure the hydraulic 
actuator speed matches the desired valve speed despite system 
uncertainties. 

V. THE CLOSED-LOOP SYSTEM THAT HAS  UNCERTAINTY 

Based on the block diagram shown in Figure 4, we can 
express the equations for y∆, z1, z2, and E in the following 
manner: 

 ?∆ � '. �y   (27) 

  �( � 
�� . L. '∆  
  ���  
 �� . L. ' (28) 

 �) � '. �<   (29) 

 � � 
 '∆. L 
  ��  
  '. L  (30) 

Equations (27–30) are shown in a matrix format, as seen 
in Equation (23). 

 �?∆�� � � [�� × �'∆r' �  (31) 

 
Fig. 4.  Schematic representation of the closed-loop system 

Equation (32) describes the outside input (ω) and the 
results (z). 

 r � [��                � �  ��(�)�          (32) 

Equation (33) shows the P matrix. Equation (26) lists its 
parts: P11, P12, P21, and P22.  

� � ��(( �()�)( �))�  (33) 

�(( � I 0 0
 L�� ��0 0 J,       �() �  I �y
 L���< J,     �)( � [
 L 1�,  �)) � [
 L�    (34) 

In the system matrix (N), shown in Figure 5, the fractional 
transform can be expressed as follows. [25]: 

 ����, &" �  �(). &�� 
  �))&"�(. �)( 
 �(( � �  (35) 

���∆, ���&, �"� �  �)(.∆. �� 
 �((.∆"�(. �() 
 �)) (36) 
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Fig. 5. System nominal block diagram with uncertainty 

You can divide an N matrix into four parts: N11, N12, N21, 
and N22. This division is based on performance and stability 
criteria. [26]: 

Nominal Stability (N.S.): The system remains stable 
despite uncertainties. 

Nominal Performance (N.P.): Despite the presence of 
uncertainties, the system remains stable and fulfills 
requirements. 

 N.P. ⇔ ‖�))‖¡ <  1   (37) 

Robust Stability (R.S.): The system is stable, as shown in 
Equation (38). 

 R.S. ⇔ ‖�((‖¡ <  1     (38) 

Robust performance: The system meets performance 
goals for all plants affected by uncertainty while ensuring 
stability, as shown in equation (39): 

 �� ⇔   ¢��, ∆£"  <  1   (39)   

VI.  PID CONTROLLER DESIGN 

The PID controller enhances the performance and stability 
of closed-loop systems. Particle Swarm Optimization (PSO) 
is a technique used to find optimal values for the PID 
parameters Kp, Ki, and Kd. The Routh-Hurwitz criterion 
checks for system stability; if it shows instability, the current 
PSO solution is discarded. The main steps in designing a PSO-
based PID controller include: 

To establish our cost function, we need to define several 
key parameters: upper bound (ub = 100), lower bound (lb = 
0), initial velocity (v), population size (N = 40), initial position 
(x), maximum inertia weight (wmax = 0.2), inertia weight (w), 
minimum inertia weight (wmin = 0.7), and the number of 
iterations (Tmax = 100). 

1. Set initial positions and velocities for the particles. 

2. Repeat until stability criteria are met. 

3. Use a cost function to calculate the cost for each particle. 

4. Revise the best-known cost of each particle (Pbest) if 
required. 

5. Identify the best overall cost (Gbest) and update it if 
needed. 

6. Calculate each particle's velocity. 

¤�=¤�������l 
¥((�3u�w,�−��(τ−1)). �(+¥)��L3u�w,�������������)  (40) 

        l � l2¦ +  (l§OP�l§N¨©§N¨ ). τ  (41) 

7. Compute the new locations of the particles by: 

 ��(τ) =¤�  ��" 
  ���� 
 1"    (42) 

8. Stop when you reach the maximum number of 
iterations or achieve the minimum error limit. If neither 
condition is met, go back to step 2 [28,29].  

VI.I. THE DESIGN OF THE CONVENTIONAL PID CONTROLLER 

 The classic PID controller was developed under typical 
plant conditions. Its objective is to reduce the Integral Time of 
Absolute Error (ITAE), which will serve as the cost function. 

 �ITAE" � ® �wa ∗ |¯��"|°�  (�	) 

This study employed Particle Swarm Optimization (PSO) 
to determine values for the PID controller settings that are 
close to optimal: Kp=1.5112, Ki=1.0106, and Kd=1.3332. 
Consequently, the PID controller will be represented as [29]: 

 &�-" � 1.5112 
 (.a(aW ±  
  1.3332d  (��) 

VI.II. ROBUST PID CONTROLLER DESIGN 

The Robust PID controller was designed based on the 
main characteristics of the plant while considering any 
uncertainty. In addition, the cost function calculates the cost 
for each particle in the swarm [29]: 

 The cost function =²|³�d| 
 |³yh|²¡< 1 (�
) 

where |³�d|<1 ,   |³yh|<1,   

This study employed Particle Swarm Optimization (PSO) 
to determine nearly optimal values for the parameters of the 
PID controller. The outcomes are: Kd = 3. 1, Ki = 1.8335, and 
Kp = 0.98. Consequently, these values will define the Robust 
PID controller. 

  &�-"= 3.1d 
 (.S**Q ±  
 0.98 .  (4�) 

The weight of the performance is indicated in Equation 
(47). 

 �t � µ¶Uo·±U¦o· � 0.1 ±Ua.*±Ua.*×(a¸X (4�) 

The low-frequency error is 0.0001 and the high-frequency 
error (M) is 1, with a bandwidth frequency (r3) of 0.3. A gain 
of 0.1 ensures manageable steady-state error, while the input 
(wu) is set to its maximum value and the control effort weight 
(wu) is 1. 
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VII. MU-CONTROLLER DESIGN 

The Mu controller uses the μ-value to measure how 
effectively a control system can manage uncertainties. It 
indicates the system's sensitivity to changes in specific 
conditions, requiring you to define the types of uncertainties 
involved, such as varying coefficients or external influences. 
When designing the control system, aim to keep the μ-value 
below a set limit for all defined uncertainties to ensure stability 
and performance. The LFT represents the system needing 
control [30,31]: 

 [������&, �", ∆",  �Z�o ¹º [∆�sr"� ≤ 1� (4
) 

The objective is to identify a controller K that guarantees 
the stability of the system while maintaining the highest value  �Z�o  ¹º [∆�sr"� ≤ 1. 

We can evaluate any controller K's performance using a 
robust performance test on the linear fractional transformation 
N, particularly focusing on the uncertain area represented by 
(∆P). The system with controller K performs well when the 
following condition is met. 

 ¢∆£ �����, &"�sr"� < 1  (4�) 

The goal of μ-synthesis is to minimize the structured 
singular value ¢∆¼  in the closed-loop transfer function by 
finding all stabilizing controllers K. 

 �½/  �Z�o  ¢∆£ �����, &"�sr"" (50) 

The μ-synthesis technique that utilizes D–K iterations 
consists of these steps: 

1. Obtain the model of the uncertainty plant, which 
includes the components of the P matrix: P11, P12, P21, and P22. 

2. set D = I (the identity matrix). 

3. Maintain D and perform the H-optimization to 
determine  

& � Z¥. ½/¾¿���&, �¼�¿¡  (51) 

with �¼ � �H 00 �� × � × �H�( 00 �� well-matched with the 

partition of � 

Adjust D and resolve the subsequent convex optimization 
task for D at every frequency across a specified range of 
frequencies. 

 H�sr" � Z¥. ½/¾¹º[H�À�&, �"H�(�sr"� (52) 

 
To create a stable, minimum-phase D(s), fit the curve 

D(jω), then repeat the process until you meet the desired 
accuracy or criteria in Equation (53), or until reaching the 
maximum allowed iterations. 

      -'Á  ½/¾¹º[H�À�&, �"H�(�sr"� (53) 

 

The D–K iteration method makes effective use of 
frequency-dependent weighting functions, particularly the 
control effort weight (wu) and the performance weight (wp). 
The performance weight indicates the system's capacity to 
fulfill performance objectives and adjusts the output 
sensitivity function accordingly [32,33], as demonstrated in 
Equation (54). 

 �t � �ÂUÃÄ�UÅÃÄ � 0.5 µX Ua.)Q±Ua.)Q×(a¸X  (
�) 

The parameter ωb is fixed at 0.25, while the high-
frequency error is M=4 and the low-frequency error is 
a=0.0001. We select a gain of 0.5 to maintain a minimal 
steady-state error, although increasing the gain may lead to a 
slower system response. The weighting control function (wu) 
constrains the controller gain and balances the competing 
objectives, typically set to one based on maximum value 
normalization, as illustrated in Figure 2. [34,35].  

The transfer function of the Mu-controller was estimated 
using the MATLAB function dksyn.m, as shown in Eq. (55).  &�-" �a.S(�S ÆÇ U ).aY(ÆÈU ).�W� ÆÉ U (.�Q ÆÊ U (.)aSÆ�U a.)aY(Ë U a.a(a)W  ÆÌU S.W(�  ÆÇU )).S* ÆÈ U *(.*)ÆÉ U (S.�ÆÊ U *.*QSÆ�U a.(Y�)Ë U �.�Y�Í�aW                   
  (

) 

The M-file commands are used for Mu-synthesis to find 
an effective controller with an optimal μ value of 0.9342. The 
command (dksyn.m) analyzes the system's closed-loop μ with 
a stable Μ-Controller, ensuring strong stability and 
performance. 

VIII. ANALYSIS OF THE RESULTS 

Figure 6-7 illustrates the performance of closed-loop 
systems with and without robust controllers. Starting at a 
target position of 8 mm, robust controllers enhance stability 
and aid the actuator in achieving the desired speed. In contrast, 
the CPID controller struggles with oscillations and 
overshooting, while the RPID and Mu controllers perform 
better and are more reliable. Table 1 summarizes the 
compression results for all robust controllers. 

 
Fig. 6. The position response (upward movement) of the hydraulic actuator 
over time for the closed-loop system, both without and with the 
implementation of all robust controllers in the presence. 
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Fig. 7. The position response (downward movement) of the hydraulic 
actuator over time for the closed-loop system, both without and with the 
implementation of all robust controllers in the given context. 

TABLE I. OUTCOMES OF THE POSITION TIME RESPONSE FOR 

HYDRAULIC ACTUATORS UTILIZING ROBUST CONTROLLERS 

Robust 
Controllers 

Closed loop 

CPID RPID Mu 

Rise time 1.64 sec 
0.9 
sec 

0.3513 sec 
19.21 sec 

Steady 
state value 

18 sec 8 sec 2 sec 26 sec 

Max.          
overshoot 

15.675 % 8.29 % 0 2.25 % 

Steady 
state error 

0.2 m/s 

0 m/s 

0 m/s 
 

0 m/s 
 

 

The control action voltage for a closed-loop system with 
strong controllers is shown in Figure 8, indicating similar 
voltage levels that stabilize at a final value. Table 2 presents 
the compression results for all the strong controllers. 

 

Fig. 8.  Response over time of the control action for closed-loop systems 
utilizing robust controllers 

 

 

 

TABLE II. OUTCOMES OF RESPONSE TIME FOR CONTROL ACTIONS 

USING ROBUST CONTROLLERS 

Robust 

Controller

s 

âãäÑ åãäÑ æç 

Steady 
state value 

2.472 sec 
1.45 sec 

8.565 sec 

Rise 
time 

1.686 sec 
0.816 sec 

 

8.901 sec 

Max. 
overshoot 

12.53 % 0.9377 % 12.53 % 

 

Figure 9 illustrates the response of the uncertain system 
over time under conditions of multiplicative uncertainty. The 
time response of the closed-loop system is comparable for 
each controller, even as the uncertainties fluctuate. To assess 
these uncertainties, we examined the errors in the nominal 
system's uncertain coefficients, which varied between ±10% 
and ±5% of their nominal values. Our analysis revealed that 
both the PID (CPID and RPID) controllers and the Mu-
controller exhibited similar response levels despite these 
uncertainties. Importantly, the answers showed considerable 
stability and exceptional performance, even when faced with 
substantial uncertainties. 

 

 

Fig. 9.  The reaction time of the disturbed hydraulic actuator speed for the 
closed-loop system utilizing all robust controllers. 

Figure 10 indicates that the CPID, RPID, and Mu 
controllers are stable, with all values of  ‖�((‖¡ below 1, 
peaking at 0.9049, 0.7653, and 0.7117 within the (10-3 - 103) 
range. In Figure 11, each controller achieves nominal 
performance, with maximum values of 0.8399, 0.8455, and 
0.8593. However, only the RPID and Mu controllers satisfy 
the robust performance condition, ¢∆£ , reaching maximums of 
about 0.9967 and 0.9342 in Figure 12. 
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Fig. 10. The criteria for ensuring robust stability. 

 

Fig. 11.  The criteria for the standard performance. 

 

Fig. 12.  The necessity for strong performance. 

CONCLOSSIONS 

We tested the electro-hydraulic servo valve system both 
independently and with robust controllers. The results indicate 
our model exhibits minimal tracking error and stability. Key 
points include: 

• The electro-hydraulic servo valve system is efficient 
and cost-effective for flow control, but closed-loop 
speed control shows large steady-state errors and 
struggles with disturbances. In contrast, systems 

with robust controllers perform better, using less 
power and improving efficiency. 

• With robust controllers, the closed-loop system 
responds faster, displaying small steady-state errors, 
effective disturbance handling, and fewer 
oscillations, particularly with CPID controllers, 
which also enhance stability. 

• Simulation results demonstrate that the Mu and 
RPID controllers meet stability and performance 
goals. The RPID and Mu controllers reduce 
overshoot, with the Mu controller avoiding 
oscillations by not having a pure integral term, while 
CPID controllers often cause overshoot and 
oscillations. 

NOMENCLATURE   

b Viscous damping coefficient, m/s 

A Ram area of the cylinder, m) 

V Total volume of the cylinder and the hoses between 
the cylinder and the servo valve, m* 

C Coefficient of the total internal leakage of the 
cylinder due to pressure, mQ/Ns 

k Effective bulk modulus of spring, N/m �� Discharge coefficient � Spool valve area gradient, m) 

m Mass of the load, kg 

Ps Supply pressure of the fluid, N/m) �� Gain of the servo-valve 

GREEK SYMBOLS é Effective bulk modulus of spring, N/m) ê Fluid density, kg/m* 
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