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Abstract—Nowadays, pneumatic actuator are widely used in 

factory floor automation and robot application due to large power 

output, easy handling and clean operation. The modeling and 

controller design of pneumatic actuator is very important because 

of its characteristics such as high dynamic hysteresis nonlinearity 

and high friction. This project shows the process of modeling and 

controller design of pneumatic actuator system. The System 

Identification approach was used to obtain the model structure. 

Autoregressive Exogenous (ARX) model was used. In this project 

there are three types of controllers were implemented which are 

the PID controller with Ziegler-Nichols, Fuzzy Controller and 

controller with Pole-Placement method. The system response of 

the pneumatic actuator was improved by applying the controllers. 

The result shows the output performance of the controllers.   

Keywords—System Identification; Autoregressive Exogenous; 

PID; Fuzzy; Pole-placement  

I.  INTRODUCTION 

Pneumatic actuator is a tool that converts energy usually 

compressed air to mechanical motion. It is widely use as 

actuation system in automation equipment and there are no 

temperature limitation of the subjected gases [2], [5]. There are 

two types of pneumatic actuators very commonly used, which 

are the linear actuator and rotary actuator [1]. Nowadays, there 

are high demands towards pneumatic actuator due to its large 

output power, low cost, low weight and inherent compliant 

behavior of its actuator [2], [3]. For example, they are used in 

locomotion research and some applications like force-controlled 

humanoid robot and rough terrain quadruped robot [4]. As we 

compare the differences between the pneumatic actuator with 

the electromechanical actuator, the pneumatic actuator has the 

ability to control the stiffness of the joint, lighter in weight and 

comes with a higher power rate ratio [3], [5]. Despite all this, 

there are few cons of using pneumatic actuator which are 

difficult in getting exact position, lacking in flexibility, high 

friction force and tough to control due to its nonlinearities of the 

system [6].  

From the source of data collection on the input and output 

data, the model for the system will be estimated [7]. This project 

uses System identification (SI) approaches in order to achieve 

the mathematical model. System Identification involves 

building a mathematical model of a dynamic system based on 

the set of the measured stimulus and response data samples. In a 

model-based control design process System Identification is the 

initial step in the process of identifying a suitable model for a 

plant. By using the raw data from the real-world system, it can 

later on be format and process throughout few stages and finally 

provides an option to select the mathematical algorithm which 

helps in identifying the suitable mathematical model of the 

system. The resulting mathematical model can be further used 

to analyse the dynamic characteristics and simulate the time 

response of the system. Besides, it also helps to design a model-

based controller. The System Identification Toolkit was used to 

estimate the linear and non-linear models in the System 

Identification LabVIEW provide Advanced Signal Processing 

Toolkit and Control Design and Simulation Module which 

includes the System Identification Toolkit. The Autoregressive 

Exogenous (ARX) model structure is used in this project. ARX 

model have its own advantages that can be used in 

approximation and simplicity of control design.  
When different types of loads are applied to the pneumatic 

actuator, its dynamic performance such as the percentage of 
overshoot (%OS), steady-state error (ess), settling time (Ts) and 
rise time (Tr) eventually becomes inconsistent. As a result, waste 
of energy occurs due to large use air consumption. This problem 
occurs because of the nonlinear properties of the pneumatic 
actuator. Furthermore, the proportional valve which is 
complicated leads the system to have difficulties in controlling 
it. Moreover, high friction force of the pneumatic actuators 
causes chatter in its performance. This leads the system to have 
a rough time to control and becomes inaccurate in position. The 
presence of these high friction forces will further on cause longer 
dead time zone for the system.  

In order to overcome all these problems, the modelling and 
controlling of the system must be optimized to improve the 
dynamic behavior of the system. Through this, the controller can 
be designed to reduce the friction forces, usage of air 
consumption and producing an actuator that will be useful for 
high-performance control system. This study mainly focuses on 
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improving the performance of position control of the pneumatic 
actuator system. 

II. LITERATURE REVIEW

A. Theory of Pneumatic Actuator System 

The demand for pneumatic actuator in the robotic industries 
is quite high due to its low cost, clean operation and low weight. 
Anyhow, pneumatic actuator also comes in its own 
disadvantage. For example, if we compare in term of speed, 
pneumatic actuator are slower compare to electrical motor [12]. 
Double-acting cylinder is a device that has two working ports or 
in other word it can be called as chamber [12]. This chamber 
consists of pressure. According to (Elena Penomareva et al., 
2006), the combination of Boyle’s Law, Charles’s Law and 
Lusaac’s Law will for a gas law given as in Equation 2.1. 

𝑃1𝑉1

𝑇1

=  
𝑃2𝑉2

𝑇2

 (2.1) 

The ideal gas law is the most important gas Law which can 
be seen in Equation 2.2 [1]. 

𝑃𝑉 = 𝑛𝑅𝑇  (2.2) 

B. System identification of Pneumatic Actuator 

In this project System Identification approaches is used to 
get model structure for the system. The main reason to use 
System Identification approach is a approximation or exact 
model of dynamic system based on the input and output data that 
has been observed [13]. In order to obtain the model structure 
for the system by using System Identification, there are certain 
procedures that need to be followed as shown in Fig 1. 

Equation 2.4 shows the mathematical model structure of 
ARX. 

𝐴(𝑧)𝑦(𝑘) =  𝐵(𝑧)𝑢(𝑘 −  𝑛) +  𝑒(𝑘)  (2.4) 

where u(k) is the system inputs 

y(k) is the system outputs 

n is the system delay 

e(k) is the system disturbance 

𝐴(𝑧) and 𝐵(𝑧) are polynomial with respect to the backward 
shift operator 𝑧−1 as shown in Equation 2.5 and Equation 2.6.

𝐴(𝑧) = 1 + 𝑎1𝑧−1 + ⋯ + 𝑎𝑘𝑎
𝑧−𝑘𝑎 (2.5) 

𝐵(𝑧) = 𝑏0 + 𝑏1𝑧−1 + ⋯
+ 𝑏𝑘

𝑏−1 𝑧−(𝑘𝑏−1)

(2.6) 

In LabVIEW, System Identification Toolkit has two 
categories of parametric models which are the polynomial and 
state-space model. In cases where the model order is high, ARX 
model is more preferable. ARX model uses the least squares 
method as its identification method. These are very important in 
the third step which is the estimation of model parameters. This 
step determines the order of the system. Model estimation are 
done by observing the Final Prediction Error Criterion (FPE), 
Akaike’s Information Criterion (AIC), Minimum Description 

Length Criterion (MDL) and User-defined model dimension. 
FPE is a criterion that estimates the prediction error when the 
model is used to predict new outputs. 

III. PROJECT METHODOLOGY

There are four crucial steps that is very important to be 
followed. These 4 steps make sure that all the objectives of this 
project to be achieved. Fig 1 shows the process of modelling of 
the system. The steps or procedures of this project are collecting 
input and output data by using National Instrument Data 
Acquisition (DAQ) under experimental protocol, choosing 
model structure for the system, estimation of model parameters 
and validation of the identified model. 

Fig. 1: Process of modelling of the system 

The collection of input and output data were collected from 
the pneumatic actuator test bed. The main reason of using the 
National Instrument DAQ is to convert the analogue data from 
the system to digital. This is mainly because of the computer 
which is a digital system. The data was taken from the pneumatic 
plant by applying a sinusoidal input to it. Then, the output data 
was observed through experimental. System Identification 
Toolkit was used to get the suitable model structure for the 
system. The model structure that was used for this project is the 
Auto-regressive Exogenous Input (ARX) model. 

A. Hardware Implementation 

This section will discuss about the components and tools that 
have been used for this project. In this project, the hardware that 
was been used are the pneumatic actuator test bed and National 
Instrument Data Acquisition (DAQ). The specification and the 
functionality of the components in the hardware implementation 
are discussed. The components of the pneumatic actuator test 
bed are a double-acting pneumatic cylinder of linear actuator, 
5/3 proportional valve, a pair of pressure sensor, magnetic 
displacement sensor, air compressor and loads. PLC-FESTO 
dnc-40-500-p is used in this project as the double-acting 
cylinder. This cylinder is capable of withstanding pressure till to 
12 bars or 17psi. The main of using the double-acting cylinder 
is to achieve the objective of controlling the position of the 
piston in both direction which is opposite from using single-
acting cylinder whereby one side of the position can be 
controlled. Besides, single-acting cylinder has a spring return 
which may affect the experiment because there are chances 
whereas the time goes the spring constant may vary. The 5/3 
proportional valve is an electrical type valve which is used to 
control the cylinder. It consists of 5 ports and 3 states. 

1

• Input and output data acquisition 
under experimental protocol

2
•Choice of model (either linear or 

non-linear system)

3
• Estimation of model parameters

4
•Validation of identified model
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To get the input and output data, the DAQ Terminal Board 

of National Instrument is used for this project. The model that 

has been used is the SCB-68 ASSY182470 model. DAQ system 

consists of sensors, hardware and computer with programmable 

software. Furthermore, DAQ was used for the interface 

between the hardware and the computer. Table 1 shows the 

Input and Output Signal used in DAQ Terminal Board. 

Table 1: Input and Output Signals of DAQ Terminal Board 

Signal Ground 

Displacement (AI-0) 68 67 

Pressure (AI-1) 33 32 

Pressure (AI-2) 65 64 

Accelerometer (AI-3) 30 29 

Valve (A0-0) 22 5 

B. Software Implementation 

 In this project, the software that has been used is LabVIEW 
and MATLAB. LabVIEW is a powerful tool that able to analyse 
data. It comes will a lot of toolkits and module that can be used 
for data analysis. In this project, we use the LabVIEW Front 
Panel, Block Diagram, System Identification Toolkit and 
Control Design and Simulation Module. MATLAB was used for 
data collection using the Data Acquisition since it was being 
installed at the test bed. 

C. Controller Design 

• PID Controller

 PID controller was used and tuned using the Ziegler Nichols 
method. Three types of controller were compared which are the 
P, PI and PID controller. In order to use the Ziegler Nichols 
method, two important parameters need to be obtained. From the 
calculation, Ku=11.257 and Pu = 0.002. From this the value of 
the parameters of P, PI and PID controller can be obtained as 
shown in Table 2. 

Table 2: Parameters of P, PI and PID controller 

• Fuzzy Controller

Fig 2: Process of a Fuzzy Controller 

 To improve the system fuzzy controller is implemented by 
following the rule shown above. Fuzzy controller was designed 
with 27 rules with two inputs (Error and dError) and one output 
(Output).  

Fig 3: Membership Function of Error 

Fig 4: Membership Function of dError 

Fig 5: Membership Function of Output 

Controller Parameters 

𝐾𝑃 𝐾𝐼 𝐾𝐷

P 5.6285 - - 

PI 5.1168 0.00167 - 

PID 6.6217 0.001 0.00025 
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Fig 6: Rules of Fuzzy Logic Controller 

 

Fig 7: Abbreviation of the Membership Functions 

• Controller using Pole-Placement method

The method shows that the poles of the controllable closed-

loop system placed at any desired location. It only requires the 

transfer function [B/A] and the desired position where (-1< T < 

1). 

Fig 8: Block Diagram of Pole-Placement Method 

The value of 𝐾𝑓, 𝐹and 𝐺 are obtained from calculation for 4

different value of T (-0.2, -0.4, -0.5 and -0.6). 

IV. RESULT AND ANALYSIS

A. ARX Model Structure 

 In finding the model structure, the experiment was 
conducted by using the sample that was obtained from the 
Simulink Block Diagram. The differences between the Input and 
Output were observed. The stimulus signal (Input) and response 
signal (Output) were connected to the System Identification VIs. 
The range for the order is set and the estimated optimal is 
predicted via the SI Estimate Orders of System Model VI. This 
VI calculates the optimal order value by looking upon the 
prediction error percentage for type of criterion that was chosen. 
Fig 9 shows the graph for the prediction error and the optimal 
order that was obtained from the VI. For any type of criterion 
that was chosen, it will be validated by observing the pole-zero 
plots. The system is said to be stable if all the poles are inside of 
the unity circle. Fig 10 shows the pole-zero plot of the estimated 
order. After obtaining the estimated order for the system, a new 
transfer function is constructed and a new model is simulated. 

Fig 11 show the simulated model that was design via the SI 
Model Simulation VI. Once it has been estimated order has been 
simulated, it has to be further validated. For a good the system 
both of the Autocorrelation of Prediction error and the Cross-
Correlation of Prediction Error and Input should be inside the 
confidence region as shown in Fig 12 

    Fig 9: Prediction error and optimal order of the system

Fig 10: Pole-zero plot of the optimal order

Fig 11: Model simulation of the system

Fig 12: Autocorrelation of Prediction error and the Cross-Correlation of 

Prediction Error and Input 

  E 
dE 

NL NB N NS Z PS P PB PL 

N NL NL NB N NS Z PS P PB 

Z NL NB N NS Z PS P PB PL 

P NB N NS Z PS P PB PL PL 

NL = Negative Large 

NB = Negative Big 

N = Negative 

NS = Negative Small 
Z = Zero 

PS = Positive Small 
P = Positive 

PB = Positive Big 

PL = Positive Large 
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The Equation of the discrete transfer function model 

obtained can be seen as below; 

B. Controllers 

All three P, PI and PID controllers were compared and 
observed. A step function was set as input and the response was 
analyzed. Fig 13 to Fig 15 shows the output response. For fuzzy 
logic controller and controller with pole-placement method, the 
same step function was set as input. Fig 16 shows the output 
response of fuzzy logic controller and Fig 17 to Fig 20 show the 
output response for pole-placement method for four different 
values of T which are -0.2, -0.4, -0.5 and -0.6. 

Fig 13: Output Response for P Controller. 

Fig 14: Output Response for PI Controller 

Fig 15: Output Response for PID Controller 

Fig 16: Output Response for Fuzzy Logic Controller 

Fig 17: Output Response for Pole-Placement (T= -0.2) 

Fig 18: Output Response for Pole-Placement (T= -0.4) 

Fig 19: Output Response for Pole-Placement (T= -0.5) 

Fig 20: Output Response for Pole-Placement (T= -0.6) 

C. Controller Analysis 

The output response for all the controllers was observed and 

the characteristics of the output response such as the percentage 

of overshoot, settling time and the steady-state error were 

calculated manually. The characteristics of the output response 

can be seen in Table 3.  

Table 3 

Controllers 

Characteristics 

Overshoot 

(%OS) 

Settling time 

(Ts) 

Steady-

state 

error ess 

P 5.99 1.08 0.0037 

H(z) = 
𝐵(𝑧)

𝐴(𝑧)
 = 

0.170018𝑧2−  0.194113𝑧 +0.119586

𝑧3−1.56163 𝑧2+1.00305𝑧 −0.439407
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Controllers 

Characteristics 

Overshoot 

(%OS) 

Settling time 

(Ts) 

Steady-

state 

error ess 

PI 5.03 1.08 0.0041 

PID 28.31 1.13 0.0032 

Fuzzy-Logic 1.85 3.2 0.0025 

Pole-

placement 

T = -0.2 42.4 1.04 0 

T = -0.4 6.8 1.05 0 

T = -0.5 0 1.06 0 

T = -0.6 0 1.08 0 

    From the result shown in Table 3, we can see that the pole-

placement method for T = -0.5 gives the best response with zero 

overshoot and steady-state. It also only give about 1.06 seconds 

for its settling time. 

V. CONCLUSION 

     By using LabVIEW and the System Identification Toolkit, 

the linear model of the pneumatic system can be estimated and 

analyzed. With the help of the toolkit, the mathematical model 

that able to describe the system dynamics can be obtained by 

using the SI Estimate Orders of System Model VI, SI 

Estimate ARX Model VI & SI Model Simulation VI. The 

model was validated via SI Model Residual Analysis VI. By 

using the Control and Simulation Module, all the controllers 

can be implemented. As we see in the result and analysis, it can 

be said all the controllers definitely give a better performance 

and the project was a success as the objectives were achieved. 

The best output response would be for the pole-placement 

method when T = -0.5. For the future work, it would be better 

to examine other models such as the Auto-Regressive Moving 

Average Model (ARMAX), Non-linear ARX (NARX), Box-

Jenkins (BJ) and Output Error (OE) can be applied to model the 

system.  
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