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Abstract—Hydraulic actuator system is known as a dynamic 

system that possess non-linearities properties that can affect the 

performance of the system in term of position tracking control. 

Despite of its wide applications, the challenges on handling this 

system lies on its control capability. The purpose of this study is to 

model and design a controller to improve the position tracking 

control of the hydraulic actuator system. This paper applies 

empirical approach where MATLAB, via its System Identification 

Toolbox act as the simulation platform in performing the modeling 

process. Out of all the models available, Auto-Regressive with 

Exogenous input (ARX) model is chosen to construct the 

mathematical model of the system. ARX331 model with 55 ms 

sampling time is chosen to model the system. To mitigate the 

control position issues, control strategy is deployed by designing 

three controllers; PID, Fuzzy Logic and Pole Placement. Then, the 

designing and analyzing of these controllers were done in 

Simulink, MATLAB. The results revealed that Pole Placement 

Method’s performance exceed the other two controllers by having 

stable and promising output performance response.  

Keywords—System Identification and Estimation; Controller 

Design; ARX; PID Controller; Fuzzy Logic Controller; Pole 

Placement Method 

I.  INTRODUCTION 

Hydraulic actuator system is widely used due to its various 

capabilities. The capabilities offered are the high power 

produced compared to its size, linear movement, quick and 

smooth response, accuracy with good position control, and its 

rugged design [3]. It is preferred to be used widely in many 

applications such as manufacturing in industrial process, paper 

machines, aluminium mill equipment, and automotive [4]. The 

manufacturing area applies the hydraulic actuator in processes 

that involved pressing and stamping which obviously need high 

power and force [6]. Besides that, the automotive production 

lines need smooth and fast response when using robotics arm to 

operate. All these applications required a suitable controller.  

Hydraulic actuator system possesses a non-linear behavior, 

which causing unfavorable state in obtaining the accurate model 

of the system. These nonlinearities and uncertainties obviously 

give significant effects to the performance of the hydraulic 

actuator system.  Moreover, the controller designing process 

becomes complicated due to the such existence of time-varying 

dynamics in the system [3]. Hence, it is crucial to capture the 

behavior of the system correctly in order to select the proper type 

of controller for this project so that system’s model produce the 

output trajectory the same as the setpoint [6] [12]. This is 

essential since the hydraulic actuator system is considered 

reliable if the accuracy of the position tracking still can be 

compensated and able to meet the industry demands. Therefore, 

numbers of researches conducted, and control strategy 

established in improving this hydraulic actuator system [4].  

II. LITERATURE REVIEW

A. Modeling of Hydraulic Actuator System 

System modeling is a crucial step in system analysis. Model 
of dynamic system can be achieved with two techniques which 
are analytical approach via mathematical derivation and 
empirical approach via system identification. In-depth 
theoretical knowledge needed when adapting analytical 
approach for modeling, while no prior knowledge needed when 
applying empirical approach [5].  

Hydraulic actuator system is a highly non-linear system with 
variable parameters. The nonlinear parameters in the actuator 
introduced challenges in designing a perfect controller for 
improving the system [3]. Conflicts in identifying an accurate 
model of nonlinear dynamics will only make the designing 
controller process more sophisticated [7]. A decent model that 
include uncertainty such as friction, will drive the designing 
process into producing superior system. 

System identification has general procedures that need to be 
followed [1]. Data capturing is carried out by conducting 
experimental works by injecting stimulus signal into the test bed 
in order to obtain real output response data. It is found in [5] that 
good stimulus signal will ensure a more accurate model. 
Disregarding linearization would result in difficulties to 
accomplish linear model estimation.  

For linear ARX model structure, it is chosen over non-linear 

because it is can represent model precisely with simpler 

structure and less parameter. The method used to estimate 

model by default in System Identification is Recursive Least 
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Square Method [1]. By estimation, each model selected will 

have each value and criterion resulted in terms of Best Fits 

percentage, Mean Squared Error (MSE) and Akaike’s Final 

Prediction Error (FPE). Based on [6], model can be accepted 

when it passed the validation by comparing the measured output 

and estimated output. Exceptionally, model can be accepted if 

the fit percentage higher than 90%. Besides that, a model also 

should have good autocorrelation and cross correlation analysis 

for more stability of model [5]. 

B. Controller Design 

The ideal controller would be robust against disruption and 
guide to improved performance [4]. There are numbers of 
control system such as classical control, modern control and 
intelligent control systems applied in industry [16]. The effort of 
developing control scheme of the hydraulic actuator system has 
begun since this system has caught the attention of researches 
due to its significant potential and robustness in controlling the 
position, force or pressure outputs when implemented with 
suitable controller [6].  

The Proportional-Integral-Derivative (PID) controller has 
been the most widely used controller in industry because of its 
effectiveness on system [9]. Moreover, the simplicity of its 
control parameters which are easily to be comprehended made it 
as a convenient choice [8]. PID controller consist of three tuning 
parameters which are 𝐾𝑃, 𝑇𝐼  and 𝑇𝐷. The design specification of
system such as overshoot, rise time, settling time and steady 
state error can be enhanced by tuning the 𝐾𝑃, 𝑇𝐼  and 𝑇𝐷 [2].
Ziegler-Nichols requires Critical Period and Critical Gain 
through its Tuning Rules according to Second Method. [2]. 
Another approach of PID tuning was made by [7] through 
Nelder-Mead Optimization Method.  

Unfortunately, PID control strategy seems not capable in 
producing satisfactory result [3]. Due to that, another adaptive 
tuning introduced to the PID controller. The self-adjusting factor 
associated with the adaptive tuning proven to boost the 
robustness, the static and dynamic properties of the system [4]. 
The study revealed that Fuzzy-PID outperformed satisfactorily 
others through the comparison of PID, Fuzzy and Fuzzy-PID 
controller.  

Besides that, another similar technique of comparing self-
tuning fuzzy PID presented in [2] shows that the adaptive effect 
can exceed another feedback controller which pole placement 
method is. This proposed controller possesses a computed 
controller feature where all the closed-loop poles can be placed 
at any location specifically inside the unit circle. A controller 
design like the previous controller also applied and illustrated in 
[8] as response to proving a model obtained from System 
Identification is controllable.  

Other than that, intelligent controller such as neural network 
also being studied in the development of control system. The 
implementation of Model Reference Neural Control (MNRC) by 
[10] highlighted again the adaptive control approach of control 
scheme. The reference model provided desired setpoint to neural 
network controller in order to produce a compensated command 
output. In addition, the idea of utilizing neural network with 
time-varying state restriction. This alternative implemented by 
[11] with the proof that system works less precisely if not limited 

to some boundaries. Thus, the Radial Basis Function Neural 
Network (RBFNN) designed, to improve the tracking capability. 

III. METHODOLOGY

A. Hydraulic Actuator Test Bed 

This test bed mainly consists of a double-acting type 
hydraulic cylinder equipped with motor pump and computer 
interface. The hydraulic cylinder brand is Novotechnik that 
comes with single rod and two ports for flow and return line for 
changing the direction produced into extend and retract as. The 
Fig. 1 below shows the hydraulic cylinder test bed. 

Fig. 1. The Hydraulic Cylinder Test Bed 

During data capturing process, a Personal Computer (PC) 
needs to be installed with MATLAB. The DAQ board used is 
the NI PCI-6221. This board act as an interface between 
software and hardware. While the connector block is NI SCB-
68, the 68-pin input-output. The test bed requires power supply 
with average of 20 V. The servo valve in this project is Bosch 
Rexroth 4WREE6 with 40 (liter/minute) flow rate at 70 bar. The 
input voltage is ±10 VDC and the current input range is 4 mA 
to 20 mA. The Bosch Rexroth pump used can regulate any fluid 
source of up to 2300 psi or 160 bar. 

B. Modeling of Hydraulic Actuator 

System Identification is a process of formulating 
mathematical model of system using measurement data. There 
are four main steps in system identification; data capture, model 
structure selection, model estimation, and model validation.  

A good stimulus signal in voltage is needed to be injected 
into the system in order to have better and more accurate model. 
A multisine wave signal with different frequency is preferable 
since the dynamic characteristic of the system need to be 
captured. The stimulus signal is given in following formula as 
equation (1). 

𝑉𝑖𝑛(𝑘) =  𝑐𝑜𝑠0.5𝑡𝑠𝑘 + 𝑐𝑜𝑠2𝑡𝑠𝑘 + 𝑐𝑜𝑠5𝑡𝑠𝑘  (1) 

𝑡𝑠 : sampling time (s)

There will be three models with different sampling time in 

this project; Model 1 with sampling time of 45 ms, Model 2 

with sampling time of 50 ms, and Model 3 with sampling time 

of 55 ms. After obtaining the discrete-time displacement output 

data, the data need to go through preprocessing of data range 

where the samples will be divided into two parts. Example as 

depicted in Fig. 2, 1000 samples will be preprocessed; sample 

1 till sample 500 for estimation and sample 501 till sample 1000 

for validation.  
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Fig. 2. Voltage Input and Displacement Output 

 ARX is chosen as the model structure. After the model 
structure obtained, model estimation of the hydraulic actuator is 
done by Recursive Least Method. Validation is done to validate 
the estimated model output by comparing the real output 
captured and the estimated output. During validation, criteria 
such as percentage of best fits, Mean Squared Error, and Final 
Prediction Error will be considered. The model can be accepted 
when it reaches above 90% of best fit percentage. To finalize the 
model, residual analysis involving auto correlation and cross 
correlation, and pole zero plot are observed to check stability of 
the model. 

C. Controller Design 

From the transfer function obtained in the modeling part, the 
controllers are designed to illustrate the significance of these 
controllers in improving the tracking performance. The control 
strategy covered three controllers; Proportional Integral 
Derivative (PID), Fuzzy Logic Controller (FLC) and Pole 
Placement Method (PPM).  

For PID controller as shown in Fig. 3, the three parameters 
gain are tuned using Ziegler-Nichols Method. The tuning took 
time since it involved tuning of gain in finding the critical gain, 
𝐾𝑢 and 𝑃𝑢.

Fig. 3. PID Controller Block Diagram 

 While for FLC, there are four main principal components in 
the controller block as depicted in Fig. 4. which are fuzzifier, 
knowledge base, inference engine and defuzzifier. In this paper, 
Mamdani type fuzzy logic applied. When compared with PID 
and PPM, FLC possess distinct properties which is multi input 
and single output (MISO) system that differs from the other two 
methods. 

Fig. 4. Fuzzy Logic Component 

 Fuzzification converts the input signal into fuzzy sets that are 
represented in form of membership function. The membership 
functions consist of linguistic variable levels that indicate the 
quantization level. The knowledge base will store the data base 
and rule base that are derived from the assigned membership 
functions. While rule base act as fuzzy control rules. It is 
constructed with the aid experience in control engineering 
knowledge and the characteristic of the hydraulic actuator. As 
for inference engine, it is referring to the rule base in producing 
appropriate rules for decision making. The max-min 
composition is used in this fuzzy logic control scheme. Lastly, 
defuzzifier produced control action in actuating the model. 
Defuzzification is commonly a process to convert the fuzzy 
variables defined into non-fuzzy (crisp) value. In this case, the 
centroid or center of gravity method is chosen as the 

defuzzification procedure. 

Hence, the designing of FLC would involve in try and 
error approach since relying on the vast experience in control 
engineering knowledge and learning the characteristic of the 
hydraulic actuator still insufficient. There were four “IF and 
THEN” fuzzy rules set; 9 rule sets, 25 rule sets, 27 rule set, and 
49 rule sets each with unique configuration and different number 
of partitions in e(t) and de(t). For FLC inference, error signal and 
rate of change of error signal are the two compulsory input 
signals. de(t), and controller output denoted as u(t) are shown in 
Fig. 5. The input signals are as follow:  

e(t) = (desired setpoint – actual setpoint)   (2) 

de(t) = (present error – previous error)   (3) 

Fig. 5. Fuzzy Logic Controller Block Diagram 

 The fuzzy rules are related closely according to the 
controller’s purpose and properties of the input and output 
signal. Thus, the membership functions are also constructed 
based on the fuzzy rules consisted from the output-input signals 
itself. Based on the membership functions of inputs fuzzy sets in 
Fig. 6, Fig.7 and output fuzzy sets in Fig. 8, the fuzzy rules or 
rule base look-up table were set up. 
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Fig. 6. Input Membership Function of e(t). 

Fig. 7. Input Membership Function of de(t) 

Fig. 8. Output Membership Function of u(t) 

 All these variables in these membership functions are 
implied as linguistic variables which brought nine meaning. 
These linguistics variables used were Very Very Negative 
(VVN), Very Very Negative (VN), Negative (N), Less Negative 
(LN), Zero (Z), Less Positive (LP), Positive (P), Very Positive 
(VP), and Very Very Positive (VVP). Since there were nine 
linguistic variables for “e” and three linguistic variables for 
“de”, hence 27 fuzzy rule sets. Each linguistic variable is 
denoted in triangular membership function and defined in 
interval of [-1,1]. 

TABLE I.  FLC WITH 27 FUZZY RULE SETS 

 Lastly, the PPM as depicted in Fig. 9 is designed as one of 
the feedback controllers in this paper. This approach involved 
the operation of matrix since the parameters other that the 
model’s value needs to be obtained for this control system 
strategy. The application of Diophantine Equation and Sylvester 
Matrix plays a huge role in determining these unknown 
parameters. The significant of this method lies at its ability to 
place all the closed-loop poles at any intended location along the 
real axis. 

Fig. 9. Pole Placement Method Block Diagram 

 This controller however is considered simple to apply since 
the only required parameters are the system model coefficients, 
(B) and (A), and the desired pole location value, (T). The location 
of this one pole ranged from -1 to 1, which absolutely inside the 
unit circle and represented as T=-p. For p, the value can be 
selected from 0 to 1. Due to these desired poles, all other poles 
considered to cancel each other.  The effects of the determined 
pole location can be demonstrated with the speed of the 
response. Large p will yield fast response and small p will yield 
slow response. Overall, the value of forward gain, Kf and 
coefficient of the F and G were influenced by the value of A, B 
and T. The value of the Kf, F and G parameters when subjected 
to A, B and T=-0.25 are in equation (4) to (7) as below: 

T(𝑧−1) = 1 – 0.25𝑧−1  (4) 

𝐾𝑓 = 4.2306  (5) 

F(𝑧−1) = 1 – 0.1429𝑧−1 - 0.0079𝑧−2  (6) 

G(𝑧−1) = 6.3187 – 1.9935𝑧−1  – 0.0966𝑧−2  (7) 

IV. RESULT AND DISCUSSION.

A. Model of Hydraulic Actuator System 

The data capturing that could describe the system’s behavior 
had been carried out. For an instance, there are three stimulus 
input with three different sampling time injected into the test 
bed. Note that these outputs were in time-discrete and will 
produce the system’s model in z-domain instead of s-domain. 
Model with lower order and less parameter will make the 
operation’s calculation and controller design effortlessly. Due to 
its simplicity, ARX has been chosen. The orders of ARX 
indicate the degree of model to be produced. For model 
validation, the results will be narrowed down by comparing 
between ARX331 and ARX441 with different sampling time. 
The result for the models is as shown in Table II. All the models 
achieved above 90% of best fits. The models also displayed such 
pattern where the higher the model’s order, the smaller the Final 
Prediction Error (FPE) and Mean Squared Error (MSE). 

TABLE II. SUMMARY FOR ARX331 AND ARX441  
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The two models order will need to undergo residual analysis 
which are autocorrelation of residual and cross correlation 
analysis. Residuals display the remaining of the validation data 
not explained by the model. An acceptable model should have a 
good autocorrelation and cross correlation analysis. There is 
significant relationship between the poles and zeroes of the 
model with the sampling time of the model of the same order. It 
is found that, from lower to higher the sampling time, the zeros 
move closer from outside unit circle into the unit circle. Thus, 
changing the model from non-minimum phase model into a 
minimum phase model. Furthermore, when ARX331 is 
compared with different sampling time, the model with 50 ms 
sampling time possess the highest Best Fits among the other two 
sampling time. 

However, the best model to manifest stability is the one 
having poles and zeros within the unit circle. Thus, the minimum 
phase model, ARX331 with 55 ms sampling time is chosen as 
the model for this project since all its zeros and poles lies inside 
unit circle. The transfer function for this time discrete 
polynomial model generated by the System Identification 
Toolbox is in equation (8) and (9). 

A(𝑧−1) = 1 – 0.9432𝑧−1 - 0.2571𝑧−2 + 0.1917𝑧−3  (8) 

B(𝑧−1) = 0.1309 + 0.06211𝑧−1  – 0.01573𝑧−2  (9) 

 Therefore, the transfer function that can represent the 

hydraulic actuator system is shown in equation (10). This will 

be applied afterwards in controller design part. 

T(z) = 
𝐵(𝑧) 

𝐴(𝑧)
 = 

0.1309𝑧2+0.06211𝑧−0.01573

𝑧3−0.9432𝑧2−0.02571𝑧+0.1917
    (10) 

B. Controller Design 

The response of the hydraulic actuator system relies on the 
controller type used. The criteria in determining these controllers 
must suits to the design specifications of the hydraulic actuator. 
Prior to concluding which controller’s performance is the most 
reliable, analysis must be made. Every test response of the 
system was performed using step input signal of 1 V.  

 PID controller in this case applies for comparison purpose 
and benchmark only, since it is a well-known and preferable 
controller. The PID controller is tuned using Ziegler-Nichols 
Tuning Rule Second Method. From the tuning procedure stated 
in the rule, the Critical Gain, 𝐾𝑐𝑟  is 12 while Critical Period, 𝑃𝑐𝑟

is 0.165. The gain parameters are as tabulated in Table III.  

TABLE III. PID GAIN PARAMETERS 

 The discrete PID then tuned with values derived using the 
rules as stated in Table III. As predicted, the conventional PID 
in Fig. 10 produced improved transient response and reduced 

steady state error. However, the large overshoot still could not 
significantly consider this controller to be acceptable.  

Fig. 10. Output Response of PID Controller 

 To recap, the objective of the FLC is to establish the right 
fuzzy rule sets that can improve the tracking performance of the 
hydraulic actuator system. For this sole reason, four FLC with 
different fuzzy rule sets were tested extensivly.  

 According to the simulation conducted, surprisingly the 
de(t)’s fuzzy partitions in membership functions had an 
outstanding effect on the steady state response. As observed in 
Fig. 11, the FLC possessing more than three partitions in de(t), 
would have chattering output. Chattering in this condition is 
defined as oscillating steady state output response. Nevertheless, 
this worrying oscillating state could impose harm to the 
hydraulic cylinder since vibrations could shorten the life cycle 
of the components.  

Fig. 11. Output Responses of Fuzzy Logic Controller 

 When the four FLCs compared, FLC with 25 fuzzy rule sets 
outperformed others by yielding output trajectory with the least 
steady state error along with shorter settling time and rise time. 
The FLC that possess 9 rule set had the same de(t) membership 
function as 27 rule sets, but with lesser partitions in e(t). This 
conclude that more partitions in e(t) will produce more accurate 
crisp value control signal. 

 For a particular case, when the error, e(t) is Very Very 
Positive (VVP), it is indicating that the piston’s position is 
located far away from the setpoint. Along with the change of 
error, de(t) on that moment is Negative (N), the piston is 
approaching the setpoint. The resulting control action on that 
time would be Very Positive (VP) since the piston needs to 
regain more force in order to reach the desired setpoint. 
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Fig. 12. Output Responses of Pole Placement Method 

 The third controller designed is PPM. An extensive 
simulation was done by computing T = -0.1, T = -0.25 and T = 
-0.4. the distorted-look-alike output response is due to the fact 
this system is in time discrete. From the observation made in Fig. 
12, the most suitable value of T to be computed in controller’s 
selection is T = -0.25. This is because by comparing to the other 
two T’s values, T = -0.25 possessed the faster rise time and 
settling compared to T = -0.4. Despite both T = -0.1 and T = -
0.25 almost showing the same settling time, T = -0.1 
unfortunately experienced overshoot. This deficiency supports 
the agreement of T = -0.25 being the most suitable value. 

 To demonstrate which controller is efficient to be 
implemented for the hydraulic actuator system, a comprehensive 
comparison is made between the tuned gain of PID and 
optimized fuzzy rule sets and parameters of FLC 27 fuzzy rules 
set and PPM T = -0.25. Fig. 13 shows the combination of these 
controllers. 

Fig. 13. Combination of PPM, FLC and PID Output Response 

 In evaluating which controller works effectively in the 
highest performance level, few time response specifications 
need to be considered. The summarized results and 
specifications tabulated in Table IV.  

TABLE IV.  SUMMARY OF CONTROLLER’S SPECIFICATIONS 

Controllers Settling 

Time (s) 

Rise 

Time (s) 

Overshoot 

(%) 

Steady 

State 

Error 

(V) 

PID 1.90 0.055 38.0 0.001 

FLC 4.25 1.1 0 0.02 

PPM 1.90 0.110 0 0.0001 

 Surprisingly, the 55 ms dead time appeared in every 
controller is due to the processing time delay of the discrete data. 
Therefore, it can be presumed that PID when tuned using 
Ziegler-Nichols gave diminish output response as the overshoot 
is too large. On the other hand, PPM was indeed a robust 
controller since it seems feasible in attaining promising output 
with the least steady state error, despite being slower than PID 
in term of rise time. 

V. CONCLUSION 

In conclusion, the linearized mathematical model acquired 

via System Identification could represent the hydraulic actuator 

system behavior absolutely. It is also discovered that the model 

is controllable when implemented with Pole Placement Method. 

The controllers successfully designed and optimized efficiently 

for comprehensive comparison. The results from the analysis 

conclude that Pole Placement Method is the most suitable 

controller to be implemented in the hydraulic actuator system.  
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