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Electro hydraulic actuators are more used especially in industries that demand 
high levels of accuracy. A common problem with this type of actuator is 
consistency in fluid flow control. PID controllers can accelerate the 
achievement of defined output values, eliminate offsets, and reduce maximum 
overshoots but result in considerable errors. Therefore, it is necessary to 
design controllers that can reduce errors significantly. In this research, a 
Fractional Order PID controller is developed to reduce maximum overshoots 
and steady state. Unlike conventional PID controllers that have three Kp, Ki, Kd 

parameters, in the Fractional Order PID controller, there are extra two 
parameters of the λ and μ. The Kp, Ki, Kd  parameters were selected using the 

Ziegler Nichols method with a 1st order approach with a delay time. Meanwhile, 
the λ and μ parameters were selected the best value to make the system 
response better. The results of the design of the Fractional Order PID controller 
were evaluated using matlab simulation. The simulation results showed that 
the Fractional Order PID controller was able to reduce the steady state error 
response by 0.5 %, and the maximum overshoots by 17.4 %. From this result, 
it can be noted that the Fractional Order PID controller is better than 
conventional PID. 

 
1. Introduction 

Electro hydraulic actuators have been widely used in a variety of applications such as position control, valve 
actuation, robotic arm joint drives and damper systems. These applications can be found in industrial machines, robots 
and transportation equipment. These actuators consist of a cylindrical arrangement controlled by servo valve and are 
designed to generate static forces of up to 7000 N with dynamic forces of up to ± 1500 N [1][2]. This type of actuator is 
used especially for machines that require a high level of accuracy and consistency to produce maximum quality products 
[3]. The problem often arising in Electro Hydraulic Actuators (EHA) is the consistency of fluid motion in the hydraulic 
system. Fluid motion is greatly influential in the hydraulic work process in which the fluid flow must be under control to 
work properly. In addition to fluid regulation, non-linear hydraulic movements may also affect their work and function. 
These non-linear characteristics arise as a result of fluid flow, leakage, saturation, friction, and external disturbances 
[4].  

To deal with the problems arising in electro hydraulic actuators, this tool was designed by utilizing the latest 
material and structure technology. Moreover, improvement in actuator performance was also carried out by applying 
appropriate control methods such as PID controller. This type of controller is applied by adjusting (tuning) three 
parameters, namely 𝐾𝑝, 𝐾𝑖 , and 𝐾𝑑. However, the conventional PID controller still leaves problems, especially regarding 

the output error in steady state [5]. Conventional PID controller can accelerate the system output to reach the set point, 
eliminate offsets, produce large initial changes and reduce maximum overshoots, but in use, it still results in sizable 
errors. Electro hydraulic actuators are very important tools for industrial processes, but electro hydraulic actuators have 
problem because must provides linear movement, fast response, and accurate position with heavy loads. To address 
these problems, it is necessary to design a PID controller that has a higher degree of control, known as the Fractional 

Order PID (FOPID) controller denoted by PIλDµ [6]. The design of the feedback control system using Fractional Order 
PID controllers has been adopted in this study because it is simple and robust when applied within specified operating 
range. In contrast to conventional PID controller, Fractional Order PID controller utilizes fraction calculus. Fractional 
Order PID controller has five parameters, namely Kp, Ki, Kd, λ, and µ. Greater number of parameters presents 

challenges to selecting parameter values [7]. 
In the last decade, the development of PID controller has led to that of Fractional Order PID controller. From 

several research results, the performance of Fractional Order PID controller revealed better results compared to those 
of conventional PID such as hybrid systems and hydro turbine systems [8]. From several research results, there are 
methods for selecting the parameters for Fractional Order PID controller. Ziegler Nichols method in designing Fractional 
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Order PID controller was used by several researchers like in the case of servo motor controller [9][10]. In this research, 
the application of fractional order PID controller was carried out on electro hydraulic actuator system. PID controller 
parameters were selected using the Ziegler Nichols method and manual for fractional order. The non-linear 
characteristics of this system were approximated by a linear model at a certain value. The linear actuator model could 
not be directly designed by the controller because of its high order [4]. Order reduction using the order system 1st 
approach with a time delay was executed first. Fractional order PID controller was designed for this lower order model. 
The design results were tested in a simulation. 
 
2. Research Method 
2.1 Electro Hydraulic Actuator Model 

The electro hydraulic actuator system is a piston drive system in which the power is obtained from compressing 
the fluid flow. Flow pressure is regulated through a valve controlled by the servo system. The working principle of the 
electro hydraulic actuator system is shown in Figure 1 [11][12]. 

 

 
Figure 1. Electro Hydraulic Actuator Model 

 
In Figure 1, there is a pipe in which the fluid flow will enter (𝑥𝑖𝑛) and exit (𝑥𝑜𝑢𝑡) as a result of the voltage of valve 

servo 𝑣𝑖𝑛 and the displacement of valve 𝑥𝑣. Parameter 𝐴𝑝, 𝑀, 𝐶 being the piston surface area, load mass, and viscocity 

immersion coefficient. Meanwhile, 𝑥𝑝 refers to the displacement of piston position and 𝑃  refers to the piston hydraulic 

pressure. In an electro hydraulic actuator system, the change in the fluid flow rate input around the nominal value is 
directly proportional to the change in hydraulic pressure [13]. In this research, fluid flow must moving the valve servo 
which can pressure displacement to be stable so that it can be applied in tests such as machine structure testing. When 
the fluid flow is not controlled, it will result in pressure which will damage the testing of the machine structure [14]. The 
input signal is the voltage on the servo valve while as the output is the static force. It can be seen in the figure that the 
system consists of three mathematical models, namely the hydraulic actuator model Gakt, valve servo model Gsk and 

static force model GP. The transfer function of each part is as Figure 2, Equation 1, Equation 2, and Equation 3 [15]. 
 

 
Figure 2. Block Diagram of the Electro Hydraulic Actuator Subsystem 

 

Gsk =
Kv

(
s
ωnv

)
2

+ (
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Gp =  Ms
2 + C s + KL (3) 
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From the previous three equations, the controller for the EHA system model was designed as Equation 4. 
 

Gc = 
[
KQ Kv
AP

]  [Ms2 + C s + KL ]

 [
s2

ωh
2 +

2 δh
ωh

 s + 1] [s + P] [(
s
ωnv

)
2

+ (
2 ζ
ωnv

) s + 1] 
 (4) 

 
The equation of Hydro-Mechanical frequency as Equation 5. 
 

ωh = √
4 βe AP

2

M Vt
 (5) 

 
The damping ratio of electro hydraulic actuator as Equation 6. 
 

δh =
Kct
AP
 √
βe M

Vt
+ 

C

4 AP
 √

Vt
βe M

 (6) 

 
2.2 PID and Fractional Order PID Controller 
2.2.1 PID Controller 

Conventional PID controller consists of three paramaters, namely Kp, Ki, and Kd. PID Controller is shown in the 

following Equation 7 and Figure 3 [13]. 
 

𝐶𝑃𝐼𝐷(𝑠) =
𝑈(𝑠)

𝐸(𝑠)
= [𝐾𝑝 +

𝐾𝑖
𝑠
+ 𝑠𝐾𝑑] (7) 

 

 
Figure 3. PID Diagram Block 

 
There are many methods of selecting parameters, one of which is that of Ziegler Nichlos for the 1th order system 

with time delay. The selection of PID parameters can be carried out, referring to Table 1 and Equation 8 [16][17]. 
 

𝐺(𝑠) =
Ke−sL

Ts + 1 
 (8) 

 
Table 1. Ziegler Nichols Parameter Model 

PID Type 𝐾𝑝 𝑇𝑖 𝑇𝑑 

P 
𝑇

𝐿
 ∞ 0 

PI 0,9
𝑇

𝐿
 

𝐿

0,3
 0 

PID 1,2
𝑇

𝐿
 2𝐿 0,5 𝐿 

 
The reaction curve method is based on the results of the reaction curve in an open loop system. The system with 

open loop is given a step function signal. The S-shaped curve has two constants, L and T, which increase after an 
interval of L. In the results of the reaction curve, a line is drawn that will touch the curve line. This tangent is used to cut 
the abscissa and the maximum line. PID controller can be used on multiple machine and easy to apply in a machine. 
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However, PID using ZN method still has disadvantages and errors so it is necessary to be given parameters in integral 
gain and derivative gain [18]. 

 
2.2.2 Fractional Order PID Controller 

Fractional Order PID controller is the development of Integral and Derivative Controller with integer order into 

that of fractional. It is possible with a mathematical support of fractional calculus. This type of PID is denoted by PIλDµ 
n which λ and µ is a fraction that has a value range of 0 to 1. Furthermore, the PIλDµ notation means that the PID Integral 
component is of λ order while the Derivative one is of μ order. With these two extra parameters, the Fractional Order 

PID controller has a greater number of parameters than that of conventional, that is Kp,  Ki, Kd, λ,  and μ [7].  

Mathematically, the differential-integral operator is denoted as 𝐷𝛼𝑎
𝑡 , in which Equation 9 [8]. 

 

𝐷𝛼𝑎
𝑡   

{
 
 

 
 
𝑑𝛼

𝑑𝑡𝛼
              , 𝑅𝑒 𝛼 > 0 

1                   , 𝑅𝑒 𝛼 = 0

∫(𝑑𝜏)−𝛼
𝑡

𝑎

   , 𝑅𝑒 𝛼 < 0

 (9) 

 
with 𝛼 ∈ ℂ being fractional order and 𝑎, 𝑡 being operational border. There are several definitions of fractional order 

integral differential, one of which is that of Caputo as Equation 10 [5][10]. 
 

𝐷𝛼𝑎
𝑡  𝑓(𝑡) =

1

Г(𝑚 − 𝛼)
 ∫

𝑓(𝑚)(𝜏)

(𝑡 − 𝜏)𝛼−𝑚+1

𝑡

0

             , 𝑚 − 1 < 𝛼 < 𝑚 (10) 

 
with Г(𝑚 − 𝛼) : Gamma function, 𝑚 and 𝛼 real number. Laplace Transformation from the Equation 10 to Equation 11. 
 

ℒ { 𝐷0
 
𝑡
𝛼  𝑓(𝑡)} = 𝑠𝛼𝐹(𝑠) (11) 

 
with the transfer function of Fractional Order PID controller as Equation 12 [2][10]. 
 

𝐶𝐹𝑂𝑃𝐼𝐷(𝑠) =
𝑈(𝑠)

𝐸(𝑠)
= [𝐾𝑝 +

𝐾𝑖
𝑠𝜆
+ 𝑠𝜇𝐾𝑑] (12) 

 
The structure of Fractional Order PID is shown in the following Figure 4. 
 

 
Figure 4. Diagram Block of the Fractional Order PID 

 
The characteristics of parameter λ and µ in the Fractional Order PID controller are shown in Figure 5 [8]. 

Parameter λ and µ were selected in the range between 0 < λ <  1 and 0 < µ <  1. Fractional Order PID controller 
showed minimum error in steady state errors, eliminating steady state errors and robustness to high frequency 
disturbance as well as variations in output gain. It also reduces the sensitivity to parameter changes so that it can 
compare with conventional controllers [19][20]. The design of the feedback control system using Fractional Order PID 
controllers has been adopted in this study because it is simple and robust when applied within specified operating range. 
In contrast to conventional PID controller, Fractional Order PID controller utilizes fraction calculus. Fractional Order PID 
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controller has five parameters, namely Kp, Ki , Kd, λ, and µ. Greater number of parameters presents challenges to 

selecting parameter values. 
The characteristics of parameter λ and µ in the Fractional Order PID (FOPID) controller are shown in the following 

Figure 5 [8][16]. 
 

 
Figure 5. Characteristics of Fractional Order PID Controller 

 
Based on the characteristics, parameter λ and µ in the Fractional Order PID controller were implemented to the 

controller with the value between 0 < λ <  1 and 0 < µ <  1. Fractional Order PID controller presents minimum error in 
steady state errors, and robustness to high frequency disturbance as well as variations in output gain. It also reduces 
the sensitivity to parameter changes so that it can compare with conventional controllers.  

 
3. The Discussion of Design and Results  

The design of conventional PID controller and that of the closed loop fractional order PID is presented in the 
diagram block in Figure 6. R(s) refers to the input voltage and Y(s) refers to the output load force. The actuator system 
fluid flow is controlled by C(s) in the form of a conventional PID controller or that of Fractional Order PID (FOPID). The 
transfer function of the electro hydraulic actuator model in the controller design is shown in Equation 4. However, since 
the order of the equation was 5th order while the control design used the Ziegler Nichlos method for the 1st order system 
with a time delay, the actuator model order was reduced to 1st order [20]. 

 

 
Figure 6. Diagram Block of Close Loop Controller System 

 
To design conventional PID controller and that of FOPID, the electro hydraulic actuator system employed 

parameter values, referring to Table 2 [1].  
 

Table 2. The Value of EHA Parameter 

Symbol Definition Value 
M Load mass 0,893 kg 
𝑉𝑡 Piston chamber volume 2,364 𝑥 10−6 𝑚3 
Ap Piston area 2,364 𝑥 10−4 𝑚2 
C Coefficient of viscous 10 𝑁𝑠/𝑚 

ωnv Natural frequency 1500
𝑟𝑎𝑑

𝑠
 

Ζ Damping ratio 0,7 

𝛽𝑒 Effectiveness of modulus 1,75 𝑥 109
𝑁

𝑚2
 

𝐾𝑄 Flow coefficient 3,33 𝑥 10−3
𝑚2

𝑠 
 

𝐾𝐿 Coefficient static actuator 4,83 𝑥 108  
𝑁

𝑚
 

𝐾𝑐𝑡 Coefficient of flow pressure 1,6585 𝑥 10−11 
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The previous parameters are substituted with Equation 4, thus obtaining the following electro hydraulic actuator 
system model as Equation 13. 

 

𝐺𝑐(𝑠) =
5,245 𝑥 1015 𝑠2  + 5,873 𝑥 1016𝑠 + 2,837 𝑥 1024

𝑠5 + 1,946 𝑥 105 𝑠4 + 7,633 𝑥 109 𝑠3 + 4,217 𝑥 1013 𝑠2 + 7,204 𝑥 1016 𝑠 +  5,976 𝑥 1019
 (13) 

 
As seen in Equation 8, the system order is 5th order, which means that it has a high order thus making it possible 

to undergo difficulties in designing the reference model design. To be able to use Ziegler Nichols method with order 
model one and a time delay, the model order was reduced with First Order Plus Deadtime (FOPDT) model and the 
following model as Equation 14. 
 

𝐺𝑐𝑟𝑒𝑑(𝑠) =
4.74 𝑥 104 

8.4272 𝑥 10−4 𝑠 + 1
𝑒−3.9206 𝑥10

−4𝑠 (14) 

 
The transfer function of the reduction model is determined by the criteria of design parameters, among others, 

the settling time specified in the reference model as much as ≤ 20 seconds, the percentage of maximum overshoots as 
much as ≤ 50% out of the response output [3].  

 
3.1 PID Controller 

Designing the controller design in the electro hydraulic actuator system with closed loop Fractional Order PID 
and PID controller with the right controller strategy, may increase bandwidth, overcome problems in oscillations, become 
resistant to disturbances and reduce the maximum overshoots. In the present research, the 5th order system was 
approached with the 1st order system. In making this approach, a step response curve was created as Figure 7. 

 

 
Figure 7. Electro Hydraulic Actuator Step Response Approach 

 
The approach of 1st order with time delay from the step response of the 5th order system refers to Equation 4. 

Therefore, the constant amplifier value (Kc) is obtained through the root locus or the gain margin value of the system 
plot bode above. This research employed the Ziegler Nichols first tuning method, obtaining the value T as much as 

3,3092 𝑥 10−8 and L as much as  4,3827 x 10−4. Based on the algorithm, the values for the PID controller parameters 

using Ziegler Nichols tuning method are obtained as follows: 𝐾𝑝  =  9.06 𝑥 10
−5, 𝐾𝑖   =  0.11 , and 𝐾𝑑  =  1.98 𝑥 10−8. 

Hence, the following transfer function of PID controller as Equation 15. 
 

CPID(s) = (9,06x 10
−5) +

0,11

s
+ s(1,98x 10−8) (15) 

 
Based on the closed loop diagram block of Ziegler Nichols PID controller in Figure 6, the following as Equation 

16. 
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Y(s)

R(s)
=

CPID(s) .  Gc(s) 

1 + CPID(s) .  Gc(s)
 (16) 

 
The following is a close loop transfer function with PID controller as Equation 17. 
 

𝐺𝑃𝐼𝐷(𝑠) =
𝑃1 𝑠

4 + 𝑃2𝑠
3 + 𝑃3𝑠

2 + 𝑃4𝑠 + 𝑃5
𝑠6 + 𝑃6𝑠

5 + 𝑃7𝑠
4 + 𝑃8𝑠

3 + 𝑃9𝑠
2 + 𝑃10𝑠 + 𝑃11

 (17) 

 

In which, 𝑃1 has a value of 1,0434 𝑥 108, 𝑃2 of 4,7625 𝑥 1011, 𝑃3 of 5,6989 𝑥 1016, 𝑃4 of 2,5699 𝑥 1020, 𝑃5 of 

 2,9318 𝑥 1023, 𝑃6 of  1,9454 𝑥 105, 𝑃7 of  7,7351 𝑥 109, 𝑃8 of  4,2639 𝑥 1013, 𝑃9 of  1,2901 𝑥 1017, 𝑃10 of 3,1674 𝑥 1020, 
and 𝑃11 of 2,9318 𝑥 1023. According to the results of the step response parameters of the conventional PID controller 
electro hydraulic actuator system with the Ziegler Nichols 1st order method, the value of settling time is 0,008 seconds, 

rise time is 4.2722 𝑥 10−4 seconds and maximum overshoots is 52,4039 %. 
 
3.2 Fractional Order PID Controller 

In the Fractional Order PID controller, there Fractional Order are two extra λ and µ. Each parameter λ and µ uses 

integral and derivative gains. In this reseach, several values of λ and µ were combined to obtain a better system 

response. The values of λ and µ were obtained in the range of 0 < λ <  1 and 0 < µ <  1. Simulation was conducted by 
combining the values of λ and µ, therefore, obtaining the step response as presented in Table 3 and Figure 8. 

Meanwhile, the values of 𝐾𝑝 .  𝐾𝑖 ,  𝐾𝑑 used refer to the results achieved in the conventional PID parameters. 

 
Table 3. The Result of 𝐹𝑂𝑃𝐼𝐷 Controller Response 

λ value µ value Maximum Overshoots (%) Settling Time (seconds) 

1 0,9 87 0,024 
0,9 1 100,53 0,00016 
0,9 0,9 30 0,005 
1 1,9 119 0,0098 

1,9 1 13 Oscillation 
1,9 1,9 Oscillation Oscillation 

 

 
Figure 8. The Graphic of Parameter FOPID Variation Response 

 

Thus, the combination of the best λ and µ values is obtained, that is the value of λ = 0,9 and μ = 0,9. The following 
is the FOPID controller transfer function as Equation 18. 
 

CFOPID(s) = (9,06x 10
−5) +

0,11

s0.9
+ s0.9(1,98x 10−8) (18) 
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Furthermore, the closed loop transfer function with the Fractional Order PID controller (FOPID) produced is as 
Equation 19. 
 

𝐺𝐹𝑂𝑃𝐼𝐷(𝑠) =
𝑄1𝑠

3,8 + 𝑄2𝑠
2,9 + 𝑄3𝑠

2,8 + 𝑄4𝑠
2 + 𝑄5𝑠

1,9 + 𝑄6𝑠
1,8 + 𝑄7𝑠 + 𝑄8𝑠

0,9 + 𝑄9
𝑠5,9 + 𝑄10 + 𝑄11 + 𝑄12 + 𝑄13 + 𝑄14 + 𝑄15 + 𝑄16 + 𝑄17 + 𝑄18 + 𝑄19 + 𝑄20

 (19) 

 
 

 

In which, 𝑄1 has a value of 1,0434 𝑥 108, 𝑄2 of 4,7509 𝑥 1011, 𝑄3 of 1,1686 𝑥 109, 𝑄4 of 5,4201 𝑥 1014, 𝑄5 of 

5,3208 𝑥 1012, 𝑄6 of 5,6442 𝑥 1016, 𝑄7 of 6,0702 𝑥 1015, 𝑄8 of 2,5699 𝑥 1020, 𝑄9 of 2,9318 𝑥 1023, 𝑄10 of 
(1,9454 𝑥 105)𝑠4,9, 𝑄11 of (7,6308 𝑥 109) 𝑠3,9, 𝑄12 of (1,0434 𝑥 108) 𝑠3,8, 𝑄13 of (4,2638 𝑥 1013) 𝑠2,9, 𝑄14 of 

(1,1686 𝑥 109)s2,8, 𝑄15 of (5,4201 𝑥 1014) 𝑠2, 𝑄16 of (7,2029 𝑥 1016) 𝑠1,9, 𝑄17 of (5,6442 𝑥 1016) 𝑠1,8, 𝑄18 of 
(6,0702 𝑥 1015) 𝑠, 𝑄19 of (3,1674 𝑥 1020) 𝑠0,9, 𝑄20 of 2,9318 𝑥 1023. Where, used 𝑓𝑜𝑡𝑓 for creates a new fractional order 
transfer function object. The important thing in an object "𝑠" is to look for acceptable and realized estimates to differential 

operators, 𝑠𝜆, and 𝑠µ. The special case of the FOPID controller when λ and µ, can make system results change because 
the integral and diferential orders are variational, FOPID controller has better adaptability and fexibility and bigger 
potential to obtain better control performance. According to the results of step response parameters of FOPID controller 
electro hydraulic actuator system, the value of settling time is 0,005 seconds, and maximum overshoots is 30 %. 

 

 
Figure 9. Stability of the FOPID Controller EHA System 

 

The stability parameters in the Fractional Order PID controller are K =  1;  q =  0,01;  err =  2,8156 x 10−22. The 
following Figure 10 represents the result of comparison between the PID controller electro hydraulic actuator system 
transfer function and that of Fractional Order PID controller (FOPID). 

 

 
Figure 10. Comparison of Step Response between PID and FOPID Controller System 
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Based on the simulation results, it can be noted that the electro hydraulic actuator system that was not provided 
with a controller results in an unstable system response. On the other, when given PID conventional controller or that 
of Fractional Order PID, it results in electro hydraulic actuator system response be stable as Figure 9. In PID 
conventional controller, the results of rise time is  4.2722 x 10−4 seconds, settling time is 0.008 seconds, overshoots is 

52.4039 %, and the value of ITAE is 4,059 𝑥 10−6. In Fractional Order PID controller, the results of rise time is 

4.9372 x 10−4 seconds, settling time is 0.005 seconds, overshoots is 30,1131 %, and the value of ITAE is 2,284 𝑥 10−8. 
This proves that the electro hydraulic actuator system utilized as a plant has a value that matches the 

characteristics of the electro hydraulic actuator system. The fractional order PID controller response system has a faster 
specified time than that of the PID controller and has a lower maximum overshoot. The steady state response 
characteristics of the 1st order system is measured based on the steady state error (ess); in the system without controller, 

it shows steady state error at the level of  2.1068 𝑥 105 %. In contrast, in the system with conventional PID controller 

and fractional order PID controller present steady state error at the level of 0.5 %, while the value of maximum overshoot 
is at the level of 17,4 %. 
 
4. Conclusion 

The electro hydraulic actuator system with PID controllers and PID has three parameters, namely 𝐾𝑝, 𝐾𝑖 , 𝐾𝑑 ; as 

for Fractional Order PID Controller, there are two extra fractional order λ and  µ. Parameter λ and  µ were selected to 
make the system response better. The results of simulation show that the Fractional Order PID controller has better 
maximum overshoots that those of conventional PID, as can be seen by a lower value of maximum overshoots. The 
results of simulation present that Fractional Order PID controller was able to reduce steady state error response as 
much as 0,5 %, maximum overshoots as much as 17,4 % and Fractional Order PID has a smaller ITAE value when 

compared to PID, which is 2.284 𝑥 10−8. From the results, it can be noted that Fractional Order PID controller presented 
better results than those of conventional. 
 
Notation 
Kp , Kv , KQ  : Piston valve, servo valve, flow valve coefficient. 

vin   : voltage (v). 

xp   : Piston valve displacement (m). 

ωh   : EHA Frequency (Rad/s). 
δh    : EHA damping ratio 
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