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ABSTRACT

Controlling a pneumatic positioning system especially in terms of its accuracy,
stability, and good transient response is very challenging due to the nonlinearities
issue. Therefore, a pole-placement controller based on second-order Auto-Regressive
with eXogenous input (ARX) model was proposed as a new control strategy to control
the pneumatic positioning system. Pole-placement controller is chosen since it has the
ability to guarantee stable closed-loop system performance. In this study, a
mathematical model of the pneumatic system, which is the second-order ARX was
determined using system identification technique. To evaluate the effectiveness of the
pole-placement controller, the positioning response performance of the pole-
placement controller was compared with the Proportional-Integral-Derivative (PID)
controller. The simulation result based on MATLAB Simulink for positioning control
of 100 mm distance shows that the control strategy using pole-placement effectively
provide the pneumatic positioning response with 0 % of overshoot, compared to PID
which produced >50 % of overshoot. Overall, the findings based on the transient
response performances confirmed that the proposed pole-placement control strategy
was proven accurate and stable to control the position of the pneumatic system used
in this study. Hence, indicates that the control strategy using pole-placement is very

effective and can be applied in industrial application.
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ABSTRAK

Sistem kawalan penentu kedudukan pneumatik terutamanya dari segi ketepatan,
kestabilan, dan tindak balas sementara yang baik sangat mencabar kerana masalah
tidak linear. Oleh itu, pengawal penempatan tiang berdasarkan model kedua Regresif
Automatik dengan eXogeneous (ARX) telah dicadang sebagai strategi kawalan baru
untuk mengawal sistem penentu kedudukan pneumatik. Pengawal penempatan tiang
dipilih kerana mempunyai kemampuan untuk menjamin prestasi sistem gelung
tertutup yang stabil. Dalam kajian ini, model matematik utk sistem pneumatik iaitu
ARX model kedua telah ditentukan menggunakan teknik pengenalan sistem. Bagi
menilai keberkesanan pengawal penempatan tiang, prestasi tindak balas penentu
kedudukan kawalan penempatan tiang dibandingkan dengan pengawal Derivatif
Kamiran Berkadar (PID). Hasil simulasi berdasarkan MATLAB Simulink untuk
kawalan = kedudukan = jarak 100 mm menunjukkan bahawa strategi kawalan
menggunakan penempatan tiang secara berkesan memberikan tindak balas
kedudukan pneumatic dengan 0 % tembakan lebihan, dibandingkan dengan PID yang
menghasilan >50 tembakan lebihan. Secara keseluruhannya, penemuan berdasarkan
prestasi tindak balas sementara menyatakan bahawa strategi kawalan penempatan
tiang yang dicadangkan terbukri tepat dan stabil bagi mengawal kedudukan sistem
pneumatik yang digunakan dalam kajian ini. Oleh itu, hasil menunjukakan bahawa
strategi kawalan menggunakan penempatan tiang sangat berkesan dan dapat

diterapkan dalam aplikasi industri.
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CHAPTER 1

INTRODUCTION

This chapter provide a brief overview of the study, including the main reason why
the study was proposed and the objectives of the study. The scope and limitation of
the study is also described in this chapter. The organization of the thesis is presented

at the end of this chapter.

1.1 Background Study

A system that convert compressed air and turning the compressed air into
mechanical energy that are used in wide range application are called pneumatic
actuator. Pneumatic actuator is also considered as an element of physics and
engineering that uses pressurized air or gases to move or operate. In automated

production and automation control systems, the pneumatic actuator systems are widely



used [1]. The pneumatic actuator system is not only utilized in industrial equipment,
but also support our everyday lives in medical equipment. Pneumatic actuator also has
a benefits over hydraulic which compromise environment contaminations as well as
manufacturing cost [1]. Pneumatic systems have become a more important aspect in
the robotics and automation industries due to the rapid development of actuators. In
any application, a pneumatic actuator proposes a better option than electrical and
hydraulic actuators due its low implementation costs [1]. Pneumatic actuator also
offers the advantages of a clean, and safe. Therefore, the pneumatic actuator has a lots
of benefits compared to hydraulics actuator, such as lightweight and simplified
structure, clean, compact, economical, easy to maintain and safe for high temperature

operation and explosiveness environment [2].

In 1992, Strickland et al. [3] created an intelligent actuator system by incorporating
a motor, amplifier, sensor, microcontroller, and communications media into one single
unit as a new approach to servo system design. Few years later, D. Saravankumar ef
al. (2017) developed some compact pneumatic servo systems, which capable of
regulating position and speed. The development of the new compact pneumatic
cylinder fitted with multiple micro pneumatic control valves and micro sensor in a

single system has proved the use of computer technology in the pneumatic actuator[4].

The pneumatic actuator was reported applied in food packaging for production line
system [5]. The pneumatic actuator was also developed for robot construction, which
used to attach the ceramic tile. Pneumatic actuators are also applied in manufacturing.
An applications of pneumatic actuators in manufacturing are such jack hammers,

power drills, and blow molding [6]. In 2008, the Intelligent Pneumatic Actuator as an



Intelligent Chair Tool was used to explore distributed physical human interface
computer interaction. [7]. Two years later, pneumatic actuators were introduced as a
clinical robotic assistant Pneumatic actuator was used to improve detection and
treatment of Magnetic Resonance Imaging (MRI) guided prostate biopsy and

brachytherapy for precise needle positioning control [8].

There are many approach was reported to manage the pneumatic actuator
positioning system such as Proportional-Integral-Derivative (PID), pole-placement,
Model Predictive Controller (MPC), and fuzzy logic. [9]. Following a review of the
earlier compositions on pneumatic positioning system, it was established that using a
pole-placement controller as a control strategy for pneumatic positioning systems is

appropriate.

Pole-placement control is designed based on poles location [10]. Users or the
designers are free to assign the location of poles, as long as the location of poles must
be inside the unit circle (-1 to +1). This are the main reason why a pole-placement
controller can guarantee a stable closed-loop performance of the system [11]. The
pole-placement controller is also more stable than PID controller in terms of transient
response performance (to control the pneumatic positioning system) [12]. Most of the
pole-placement method utilized self-turning control; therefore, make it capable to
adapt with any payload and time varying parameters [12]. In another study [13], to
counteract the external force, including gravity force in the pneumatic system, a self-
turning of balance pressure control was conducted using the pole-placement
controller. The study proved that the pole-placement controller was able to adapt

changeable plant parameters, including balancing term. In addition, the parameter



vectors of the pole-placement controller algorithm were calculated by identification
equation; therefore, make it suitable for Single-Input Single-Output (SISO) and

complex system, such as Multi-Input Multi-Output (MIMO) [14].

Given the background and consideration of this study, a pole-placement controller
was proposed as the main controller in order to improve the positioning control

performance of pneumatic system used in this study.

1.2 Problem Statement

Accurate positioning control is very important in most operations in the industries.
Inaccurate positioning control may affect the operations in the industries and at the
same time may cause the industries to suffer losses. For pneumatic positioning control
system, controlling the pneumatic actuator system mostly with regard to the precision
of the cylinder rod position is very difficult due to the complexity of the system itself
and issues of parameter uncertainties and non-linearities within the system [15].
Controlling the pneumatic actuator positioning system also becomes tougher with the
requirement to simultaneously consider the precision of system and other factors, like

the interval and stability of the system [16].

1.3 Objectives

The specific objectives of this study are as follows:

1. To design an experimental setup for the modelling and data validation of
the pneumatic actuator system.
ii.  To propose the pole-placement controller based on ARX model as a control

strategy for pneumatic positioning system.



iii. To evaluate the performance of pneumatic positioning control system

using the proposed controller in terms of transient response.

1.4 Scope and Limitation

The scope and limitation of this study are presented as follow:

1. The mathematical model of pneumatic actuator system was set on using
system identification technique. A linear Auto-Regressive with eXogenous
input (ARX) model structure was considered to represent the dynamic
characteristics of pneumatic actuator system used in this study.

ii.  The pole-placement controller was engaged as the main control strategy to
control the pneumatic positioning system.

iii.  The pressurized supply air was kept at constant (0.6 MPa) throughout the
experiments.

iv.  The positioning control of pneumatic system was restricted to a maximum
distance of 200 mm due to the limitation of the cylinder stroke itself.

v.  The performance of the proposed pole-placement control was analyzed and

compared with the PID controller.

1.5 Thesis Outline

Overall, this thesis consists of five chapters which were organized as follows:

Chapter 1 is an introduction chapter which provides a background regarding

pneumatic actuator system; including its advantages over other types of actuators, its



applications, and controllers used to control its positioning system. In this chapter, the

addressed issues, objectives, and scope of work were presented.

Chapter 2 reviews the literature related to pneumatic positioning systems. This
chapter first summarizes the pneumatic actuator system and pneumatic positioning
system used in this study. Following that, this chapter examines recent trends in
control strategies provided in previous research and presents recommended strategies

for improving actuator control in pneumatic positioning systems.

Chapter 3 describes the methodology and process flow during the implementation
of this study. The detail information about the components and operations of the
pneumatic actuator system used in this study were provided at the beginning of this
chapter. In the following, the experimental setup for modelling process and the data
validation process of the system using system identification technique, followed by
the preliminary procedure in the design of the proposed control strategy, are described

in details.

Chapter 4 introduces the results of modelling and controlling of the pneumatic
positioning system. This chapter demonstrates the ability of the proposed strategy to
control the position of the pneumatic system. The ability of the proposed control
strategy to control the pneumatic positioning system was compared with the PID

control technology, and the simulation results are given at the end of this chapter.

Chapter 5 summarizes the overview of study. The results of this survey and the

recommendations for future research were also covered in this chapter.



CHAPTER 2

LITERATURE REVIEW

This chapter summarizes previous research on pneumatic actuators, including
modelling and control of pneumatic positioning systems. This chapter first describes
the industrial applications, advantages and limitations of pneumatic actuator systems.
This chapter also introduces the pneumatic actuator system used in this study and the
methods used to model it. The Subsequently, this chapter reviews several control
methods used to control the position of the pneumatic system. The reasons for the
selection of pole-placement controller to control the pneumatic positioning system

were also explained in this chapter.



2.1 Overview of Pneumatic Actuator System

A machine component that control or drive a mechanism or device are called
pneumatic actuator. The most common actuator systems in industry are pneumatic
actuators, hydraulic actuators, and electric actuators. [17]. However, this study only

focused on the employment of pneumatic actuator system.

Due to its dominance, for instance high reliability, simpler and lighter structure,
clean and efficient (because it is easily accessible with low power) and low
maintenance, the pneumatic actuator system is considered to be the most efficient
system and most commonly used drive in industries. In addition, the pneumatic
actuator system can also react at high speeds, which is why it is the first choice for
various applications requiring such functions. This actuator is also suitable to be used
in a challenging and unpredictable environment, such as in nuclear environment due

to its strong ability to with stand high-temperature and explosive environments [17].

The pneumatic actuator system was also reported applied in applications that
involves movement between two hard stops and various others industrial applications
such as industrial robotics, automotive, manufacturing system, and monitoring
application system [18]. The widespread used and advantages offered by pneumatic
actuator system especially in various industrial applications has make Research and
Development (R&D) activities on pneumatic actuator system increased considerably
[19]. Nevertheless, in order to achieve excellent positioning control performance,
pneumatic actuator system has a several limitations to consider. This are also the main
reason why the industrial use of pneumatic actuator systems is limited to specific

application only. Saravanakumar et al. (2017) [4] also highlighted similar issues; the



demand for pneumatically designed system with high speeds and accurate positioning
control system is high. However, some recent studies have also mentioned these issues
as important factors affecting the accuracy and precesion of pneumatic positioning
systems. A significant number of studies have been carried out to enhance the accuracy

of the pneumatic positioning system [20].

2.1.1 Modern Pneumatic Actuator System

Apart from R&D activities, enhancement in computer technology also contributed
to the development of more compact, sophisticated, modern, and intelligent pneumatic
actuator system. Basically, a modern pneumatic actuator system essentially combines

a pneumatic actuator, a microprocessor, a valve, and various sensors into a osystem.

In 2005, Suzumori et al. introduced the first compact servo-pneumatic system with
high performance positioning control, known as small-type intelligent actuator system
[21]. In the study, Suzumori et al. for both speed and positioning control, a servo-
pneumatic mechanism was designed. The servo-pneumatic system was equipped with
several micro sensors such as acceleration sensor, force sensor, position sensor, and
speed sensor. Microprocessor and microvalves in one system to achieve the suggested
design. Suzumori et al. further demonstrated the potential of the developed small-type
intelligent actuator system to appreciate a compact servo-pneumatic system with
encouraging exploratory results. Reportedly in the study, Suzumori et al. added that
with positioning precision between 0.3 mm and 1.0 mm and without overshoot, it had
been easier to regulate the connecting rod position at any desired position between

both ends of the rod stroke.
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Four year later, a new compact pneumatic actuator system was developed by
Faudzi et al. [22]. The pneumatic actuator system utilized in this study was of this
type. The pneumatic actuator system developed by Faudzi et al. is an upgraded version
of previous pneumatic actuator system by Suzumori et al. Table 2.1 shows the
comparison of specifications between previous pneumatic actuator system by
Suzumori et al. and pneumatic actuator system used in this study, which developed by

Faudzi et al.

Table 2.1: Comparison of specifications between pneumatic actuator system
by Suzumori et al. and Faudzi et al.

Pneumatic actuator Pneumatic actuator system by
Items i .
system by Suzumori et al. Faudzi et al.
Encoder, tape stripe code on a
Components Stripe rod and Encoder guide rod, pressure sensor, valves,
and PSoC board
Length 133 mm 388 mm
Actuator YA 40 fhm
diameter
Rod diameter 3 mm 16 mm
Rod stroke length 40 mm 200 mm
Laser stripe pitch 0.338 mm 0.01 mm
Maximum force 85N 120 N
at 0.6 MPa '

Referring to Table 2.1, it is evident that the components and size of the pneumatic
positioning system used in this study are different from the previously developed
pneumatic actuator system by Suzumori ef al. In contrast to the previous version by

Suzumori et al., the pneumatic system in this study contains a larger cylinder and more
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Chamber 2! Chamber 1
! | ——» Extend

|
|
: /\l Stroke <+—— Retract

Double-acting cylinder

——— e e e e

Figure 2.2: Basic cylinder operation of commercial pneumatic system

Referring to Figure 2.1 Figure 2.2, both pneumatic systems used double-acting type
cylinder to operate. The use of double-acting cylinder in the pneumatic system allows
stroke to move in two directions (extend and retract), as opposed to single-acting
cylinder that allows stroke to move in one direction (usually for extension) only. As
shown in Figure 2.1 and Figure 2.2, both systems used two valves to operate.
However, the position of the valves for both systems were not same. In the pneumatic
positioning system, the two valves are only used to control one chamber (chamber 2),
while the other chamber (chamber 1) is fixed in air at constant pressure (in this case
0.6 MPa). Meanwhile, in the commercial pneumatic system, each valve is use to
control single chamber (Valve 1 to control Chamber 1 and Valve 2 to control Chamber
2). In conclusion, only a chamber controls the pneumatic positioning system used in
the study, whereas there are two chambers for other commercial pneumatic actuators.
This makes the control of the pneumatic positioning system much easier since only

one chamber needs to be considered during operation.
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2.2 System Modelling for Pneumatic Actuator System
Fundamentally, the modelling of the pneumatic actuator system substantially used
two techniques. First method is a theoretical approach and the second method is an

experimental approach.

2.2.1 Modelling of Pneumatic Actuator System using Theoretical Approach
This section summarizes previous works that uses a theoretical method (or first-
principles approach) to model the pneumatic actuator system. The basic theory of the
dynamics of the pneumatic actuator system was first introduced by Carducci et al.
(2006) [23]. By tuning a number of geometric and functional characteristics and
parameters using non-linear optimization techniques, a comprehensive mathematical
model of a pneumatic actuator controlled by two on/off two-way valves (using Pulse
Width Modulation approach) was validated. The experimental data were collected by
driving the on/off valves with five different duty cycles over a 20 ms interval and
monitoring the actuator position with a potentiometer. In order to measure valve
coefficients in all operating conditions, a particular experimental apparatus was

designed.

The components of the pneumatic system were divided into five categories. Those
components were considered as subsystems of a larger pneumatic system, and
mathematical models for each component were developed, which could then be
coupled in a variety of ways to build a comprehensive pneumatic system model. To
accommodate the five types of components, a library was created. Users can choose
from a library of components to create a complete pneumatic system based on the

design requirements.
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2.2.2 Modelling of Pneumatic Actuator System using Experimental Approach

The detailed mathematical model of dual-action pneumatic actuators controlled
with proportional spool valves using experimental approach was developed by Hazim
et al. (2009) [23]. Effects of nonlinear flow through the valve, air compressibility in
cylinder stroke, leakage between chambers, end of stroke inactive volume, and time
delay and attenuation in the pneumatic lines were carefully considered. System
identification, numerical simulation, and model validation experiments were
conducted for two types of air cylinders and different connecting tubes length,
showing very good agreement. The mathematical model was then applied in
optimizing the high-performance nonlinear force controllers for teleoperation, haptic

interfaces, and robotics applications.

2.3 Control Strategies for Pneumatic Positioning System

Aside from Research and Development (R&D) action, the pneumatic actuator
system is also used in industrial applications such as hammers, drills, squeezes, and
packaging. Due of its fast response and precise positioning capabilities, pneumatic
actuator systems are in high demand, especially in motion control application and
further research to develop control strategies of pneumatic actuator systems is being
stimulate by [4] Saravankumar et al., 2017). The pneumatic actuator systems have a
variety of control strategies from the most basic controllers such as Proportional-
Integral-Derivative (PID) control to advanced intelligent controllers such as fuzzy
logic control and Artificial Neural Network (ANN) control. However, regardless of
the strategy applied, the stability of the closed-loop system must first be ensured. It is
also important that the strategy developed is applicable in a practical setting in real

time for various applications of pneumatic actuator systems [24].
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Various control strategies were also reported to control the positioning system of
the pneumatic actuator used in this study. Sub-section 2.3.1 and Sub-section 2.3.2
reviews the control strategies using PID and pole-placement to control the pneumatic

positioning system.

2.3.1 Controlling the Pneumatic Positioning System based on Proportional-
Integral-Derivative (PID) Control

The positioning system of the pneumatic actuator used in this study was reported
first controlled using Proportional-Integral-Derivative (PID) control [7]] (Faudzi et
al., 2009). The cylinder stroke of pneumatic positioning system, the position is
controlled by the PID. In the study, the PID controller was designed as a unified
control system within a Programmable System on Chip (PSoC) to control position and
pressure (to drive the valve). The two inputs (from the encoder and pressure sensor
readings) are loop feedback and are used as input to the PSoC, while the input to the
valve are from the processed output. Since all required parameters are selected directly
from the computer through the local control algorithm in PSoC, it is easier to control
positioning and pressure through a unified control system. In 2013, Osman et al.
presented the simulation and experimental results of pneumatic positioning system
using PID controller with respect to three dissimilar technique of PID control tuning

parameters [25].

2.3.2 Controlling the Pneumatic Positioning System based on Pole-Placement
Control
The employment of pole-placement controller to control regulate the position of

the pneumatic actuator system used in this study was first reported done by Faudzi et
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al. in 2015 [26].In the study, Faudzi et al. used three different pole locations (-0.25, -
0.50, and -0.75) in designing the pole-placement controller. In order to evaluate the
performance of the pole-placement controller, PID controller based on Ziegler-
Nichols (ZN) tuning was used for comparison. The simulation results in the study
shows that the longer the period required for the cylinder stroke to stick out to the
target position, the farther the pole was from the origin (refer pole located at 0.01,
0.10, 0.50, 0.90), and vice versa. Although the pneumatic positioning system using
pole-placement with the pole located at 0.90 improved the response time of the
cylinder stroke, however, there was a minor overshoot appeared at the beginning of
the simulation. This was consistent with study by Asif et al. [27] which concludes that
overshoot always appeared when the system was controlled by pole-placement. The
study farther evidences the potentiality of the pole-placement with the pole located at
-0.50 in supplying higher response time compared to the PID controller. Moreover,
with the pole-placement feedback control, the output of the closed-loop control system

appeared to be more stable than the PID controller.

24 Summary

The modelling and controlling method for the pneumatic actuator system used in
this study was reviewed in this chapter. Based on the reviews, an experimental
approach (or system identification technique) was considered as a suitable approach
to model the pneumatic system used in this study. Since the pneumatic system used in
this study is considered complex and most of the information regarding its components
are not available; thus, the use of theoretical approach is not suitable for this study.
Hence, this study opted to employ the system identification technique as an approach

to model the pneumatic system. For the controlling part, this study opted to develop
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the pole-placement controller as the main controller to control the positioning system.
Based on the previous studies, pole-placement controller is capable to control
pneumatic positioning system, provides good transient response performance, and

guarantee stable closed-loop system.



CHAPTER 3

METHODOLOGY

This chapter describes the methods and procedures used to carry out this study.
This chapter begins with a flowchart-based overview of the study. In particular, the
methodological process used in this study is described in detail. Following that, the
procedures for modelling the pneumatic actuator system using the system
identification technique were also presented in this chapter. Following that, at the end
of this chapter, the methodology for designing the pole-placement controller and the

Proportional-Integral-Derivative (PID) controller was described.
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3.1 Methodology Flowchart
Basically, this study consisted of four primary stages which is Literature Review,
System Modelling, Controller Design and Simulation Test, and Performance Analysis.

Figure 3.1 illustrates the methodology flow of this study.

@ STAGE 1:

Literature Review

Literature Review

—

Experimental design and
data collection

v

Model structure selection

v STAGE 2:
System Modelling

Model estimation

v

Model validation

‘ _— Model successfully met —~_
—~_allthe outlined criteria? _—

> Yes

Controller Design

+ STAGE 3:
Controller Design
and
* Simulation Test

No Simulation test and analysis

Control performance
satistied?

Comparison and evaluation

STAGE 4:
‘ Performance
Analysis

Performance analysis

End

Figure 3.1: Flowchart for methodology framework



20

The first stage of this study, as shown in Figure 3.1 is the literature review. The
main objective of this stage is to highlight the main issues related to the pneumatic

actuator positioning system.

In the second stage of this study, which is the system modelling stage, the empirical
method of system identification technique was used to determine the mathematical
model of the pneumatic actuator system. In other words, at this stage, the mathematical
model of the pneumatic actuator system was derived from the measured input and
output data obtained from the experimental work. Auto-Regressive with eXogenous
input (ARX) was chosen as the model structure to represent the actual pneumatic
actuator system used in this study. The identified model is then validated according to
the criteria outlined in the system identification procedure to confirm that it is accepted

as a model that represents the pneumatic actuator system under study.

Next, for the third stage of this study, the new control strategy was proposed for
pneumatic positioning system which is pole-placement controller. The proposed
controller was aiming to improve the transient response performance of the system,
provide accurate position control of the pneumatic system, and also stable. MATLAB
Simulink was used for designing and simulating the proposed controller in this study.
The performances of the proposed controller were then being accessed with the respect

to the transient response, accuracy, and stability of the closed-loop system.

In the final stage which is Stage 4 of this study, the performance of the proposed

pole-placement controller to control pneumatic actuator system was compared with
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the PID controller. Then, the performance of both controllers based on simulation tests

were analyzed in order to determine the necessary improvements.

3.2 Pneumatic Actuator System Components

The real pneumatic actuator system used in this study and its main components are
shown in Figure 3.2. The pneumatic actuator system used in this study was a double-
acting cylinder type (KOGANEI-HA: twin-port cylinders). It has two air inlets, one
exhaust outlet, 40 mm diameter, 200 mm stroke length, and it can provide a maximum
driving force of 120 N at 0.6 MPa. The detail specifications of this cylinder are listed

in Table 3.1.

microcontroller
board

Pressure sensor

Valves

Guide rod

Figure 3.2: Main components of the pneumatic actuator system used in this
study



Table 3.1: Specifications of KOGANEI-HA: twin-port cylinders

Item

Specification

Type of operation

Double-acting (extend and refract)

Media Air pressure
Operating pressure range 0.1 ~0.7 MPa
Size of Bore 40 mm
Length of stroke 200 mm
Diameter of Rod 16 mm
Maximum force (at 0.6 MPa) 120 N
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In this study, the pneumatic actuator system integrates five main components into

a single actuator. Each component serves a specific purpose in the pneumatic actuator

control system. These components are: (1) optical encoder, (2) guide rod with stripe

code, (3) pressure sensor, (4) valves, and (5) Programmable System on Chip (PSoC)

microcontroller board.

1) Optical encoder (KOGANEIL: ZMAI1R): This type of sensor was installed

at the top of the actuator, as illustrated in Figure 3.3. Its function was to

identify the position of the cylinder stroke by reading the laser stripes

secured to the actuator's guide rod. The reading indication was then

transferred to the PSoC control board to be processed farther. This sensor

has the potential to provide precision stroke readings with pitch as small as

0.01 mm. To accurately determine the position of the cylinder stroke, a

specified spacing between the encoder and the laser stripes was ensured.

The specifications of the parameters of this optical encoder is shown in

Table 3.2.
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Optical
encoder

Figure 3.3: Optical encoder at the top of actuator

Table 3.2: Specifications of optical encoder

Item Specification
Voltage of power supply 24 VDC £ 5%
Consumption current 100 mA (max)

Sensing method

Optical linear encoder

Minimum resolution

2.5 um(4 X multiplication)

Accuracy 21 pm
Maximum response frequency 600 kHz
Mass 100 g (with cable)

2) Guide rod with stripe code: The pneumatic actuator system employed in

this study used a tape type stripe code with a 0.01 mm pitch, as shown in

Figure 3.4. The zoomed tape stripe code on a guide rod is also shown in

Figure 3.4. The stripe codes were created by irradiating the tape with an

Yttrium Aluminum Garnet (YAG) laser beam, which caused the tape

surface to oxidize. An encoder was able to read the position of the

pneumatic actuator stroke based on the tape on the guide rod. An encoder
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can read a small pitch of 0.01 mm, resulting in improved positioning

precision for the pneumatic actuator system.

Stripe code
Guide rod with 0.01 mm

Figure 3.4: Tape stripe code on a guide rod

3) Pressure sensor: Table 3.3 shows the pressure sensor (KOGANEI: PSU-
EM-S) and its specifications. Pressure sensor was employed in this study to
identify the compulsion inside the cylinder chamber (Chamber 2). The
signal from the pressure sensor was then transferred to the PSoC control
board for further data processing and control. Figure 3.5 shows the position
of the pressure sensor and valves on the actuator; where both components

were attached at the end of cylinder body.
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Pressure sensor

Valve 1

Valve 2

Figure 3.5: Pressure sensor and valves on the actuator

Table 3.3: Specification of pressure sensor

Item Specification
Power supply (voltage) 24 VDC
Power supply (consumption current) 6 mA
Output voltage 1~5V
Operating pressure range -0.1 ~1.0 MPa
Mass 34 g (with cable)
Media Air

4) Valves: The pneumatic system in this study uses two units of two-ports/two-
position (2/2 valve) (KOGANEI: EB10SA1-PS-6W) type valves to drive
the actuator. Table 3.4 shows the specifications for these valves. Both
valves, which were secured at the cylinder's end, were used to control the
cylinder's air inlet and air outlet (as shown in Figure 3.5). To drive the
valves, the duty-cycle of the Pulse-Width Modulator (PWM) signal

controlled the expansion and contraction of the cylinder stroke. In this
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study, the cylinder stroke movements were controlled based on valves

operating frequency at 20 Hz.

Table 3.4: Specification of valve

Item Specification
Operating voltage 24 VDC
Operating pressure range 0.2 ~0.7 MPa

Response tie (ON/OFF) 6 or 7 ms (or below)
Maximum operating frequency 10 Hz
Media Air
Operation type Internal pilot type
Port size M3 x 0.5

5) PSoC control board: PSoC control board is one of the most important

elements of the pneumatic actuator system, since it is responsible for the

actuator's control and communication. In this study, the PSoC control board

was integrated on the cylinder and has connectors for communication,

power, burning programme, sensors, and valves (see Figure 3.6). Besides,

the PSoC control board also incorporates components such as PSoC chip,

voltage regulator, Darlington pair, and Light Emitting Diode (LED) on the

board. The components of the PSoC control board are listed in Table 3.5,

together with the main functions of each component.
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I°C and power
communication

i

I’C and power
communication

Figure 3.6: PSoC control board

Table 3.5: Components of PSoC control board and its functions

Component Function
PSoC chip (CY8C27243) | Act as CPU, to control the input and output of
the system
Voltage regulator To supply stable 5 V to PSoC chip
Darlington pair To drive the valves from PWM signal
LED To indicate the state distinction
33 Modelling of Pneumatic Actuator System using System Identification

Technique
In this study, systems identification technique is applied to determine the real-time
mathematical model that represents the dynamics of the pneumatic actuator system
used in this study. Figure 3.7 illustrates the steps used to model a pneumatic system

using system identification techniques.
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Experimental Design and
Data Collection
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Model Validation

Model accepted?
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Figure 3.7: System Identification procedures

3.3.1 Experimental Design and Data Collection
Figure 3.8 shows the experimental setup of the pneumatic actuator positioning
system. During the setup, the pressurized supply air was kept at constant (0.6 MPa)

throughout the experiments. The overall system in Figure 3.8 comprised of:

1. Personal computer,
2. Data Acquisition (DAQ) system,
3. Air compressor system, and

4. Pneumatic actuator system.



29

il

-
i

Y B

el =<
Pneumatic
system Personal
computer
. DAQ b
= system

Air compressor
system

Figure 3.8: Experimental setup for pneumatic actuator system

The pneumatic system in this study uses compressed air in order to move its
mechanical parts. The Hitachi Oil-Free Bebicon LE series air compressor system
(model:0.4LE-8S5A) was employed in this study to compress air for the pneumatic
actuator positioning system's operation. This type of air compressor can store up to 20
L of air and provide pressurized air at a maximum pressure of 0.8 MPa. In this study,
the air supply pressure of the pneumatic positioning control system is an industrial
pressure value of 0.6 MPa. Solid particles such as dust, dirt and rust are usually present
in the compressed air produced by the compressor. If it is directly applied to a
pneumatic system, it will damage the components of the pneumatic system, such as
cylinders and valves. Therefore, before using compressed air in a pneumatic system,
the compressed air must be cleaned first to remove any impurities. For this reason,
Filter Regulator (FR) was used in this study, which filters the air and traps solid

particles. In addition, the filter can separate liquids carried by compressed air, such as
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water and oil. In this research, a pressure regulator was used to control the pressure of
compressed air because pressurized air of constant pressure (0.6 MPa) was required
to activate the cylinder stroke of the pneumatic actuator system. Figure 3.9 illustrates
the operations of a pneumatic actuator positioning system based on the experimental

setup in Figure 3.8.

|
Chamber 2! Chamber 1 | encode
! ——— Extend

/\|Stroke <—— Retract

[
= | |
~ Personal |

computer |

v
C—a ......................... Pressure sensor

‘ DAQ system

6 Valve 2 Q:m[[l?zl Q:ED:E]ﬂ Valve 1

Pneumatic
cylinder

2,
IC Counter |« Exhanst H‘
PWM | ADC [ ; Oty  Air compressor
I'ﬂ!] system (supply
PSoC ¢ pressure of 0.6 MPa)

Figure 3.9: Schematic diagram of pneumatic actuator system

In this study, the expansion (right movement) and refraction (left movement) of the
cylinder stroke were operate by the duty cycle of PWM signal to navigate the valves
in controlling the pressure in Chamber 2. The PWM module provided a precision of
8-bit; where the value of amplitude signal sent to module range between +255 and -
255 (2n — 1 = 255; n=8). The opening and closing of valves were realized through
PWM signal. Furthermore, amplitude signal of +255 and -255 corresponded to 100%
opening (full opening) of Valve 1 and Valve 2, respectively. Therefore, the control

signal, u (from the controller) was initially converted into PWM signal for each valve
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in order to operate these valves. Table 3.6 summarizes the movements of cylinder

stroke based on the operation of valves.

Table 3.6: Movements of cylinder stroke based on the operations of valves

Valve condition
Cylinder stroke condition

Valve 1 | Valve 2
Off Off No operation
On Off Extend (moves right direction)
Off On Retract (moves left direction)
On On No operation

When the PWM module receives a positive signal from the controller, it transforms
it to an equivalent PWM signal and transmits it to Valve 1 (Valve 1 On, Valve 2 Off)
to execute extension, as shown in Table 3.6. The model delivers the signal to Valve 2
when the PWM module receives a negative signal. (Valve 1 Off, Valve 2 On) to
perform retraction. However, the cylinder stroke will not perform any operations
either extension or retraction when both valves (Valve 1 and Valve 2) receives the

same signals from the PWM module.

A personal computer with MATLAB software was equipped in the study and
Simulink was employed as the platform. MATLAB Real-Time Windows Target
(RTWT) is coded as an interface in this connection. It should be noted that the Input/
Output (I/O) signals of the personal computer are in digital form, while the I/O signals
of the pneumatic actuator system are in analogue form. Therefore, this study adopted
the DAQ system for the conversion of digital signal into analogue signal and vice

versa to control the pneumatic actuator positioning system and to acquire experimental
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data. Figure 3.10 displays the configuration between personal computer (software) and

pneumatic actuator system (hardware) via DAQ system.

NI DAQ system

\
|
_— r |
ks |
R L 2. [
gy I
|

PCIPXI- SHC68-68- '
6221 (68-pin)  EPM cable Ssgilzﬁxices |
board |

IPA system

Figure 3.10: Configuration between personal computer and pneumatic
actuator system via DAQ

Basically, the DAQ system, which was manufactured by National Instruments Inc.,
consists of three main parts: (1) PCI/PXI-6221 (68-pin) board, (2) SHC68-68-EPM
cable, and (3) SCB-68M series device. The PCI/PXI1-6221 (68-pin) board was installed
in Peripheral Component Interconnect (PCI) slots that are available on the PC
motherboard, while SCB-68M series device was connected to the components of the
pneumatic actuator system in order to gather signals (i.e. position, pressure, and force)
from the measurement and digitize these signals for the purposes of analysis, storage,
and presentation on personal computer. Meanwhile, SHC68-68-EPM cable was used
to connect both devices (PCI board and DAQ device) to 68-pin accessories. Table 3.7

describes the general specification of the DAQ device.
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Table 3.7: NI-DAQ device specification

Item Specification
Power supply 10V
Resolution 16 bits
Max sampling rate 250 kHz

Analogue input, output | 16 channels, 2 channels

Digital input/output 24 channels

As mentioned earlier, the first process for modeling a pneumatic drive system using
system identification techniques is experimental design and data collection (refer
Figure 3.7). The main objective of this procedure is to collect experimental input and
output data in real time, to define a mathematical model representing the dynamics of
a pneumatic drive system based on excitation signals and answer. With that, it was
clear that the input stimulus signal, used for the identification process, is affecting the

identified model.

Figure 3.11 illustrates the plot of data of measured input and output acquired from
real-time experiment. The input signal (shown in Figure 3.11(a)) was injected as

excitation signal and the output of this system (shown in Figure 3.11(b)) was recorded.
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Figure 3.11: Plot of measured data: (a) input and (b) output

Specifically, Figure 3.11(a) shows the applied input signal to the valves of the
pneumatic actuator system. As described earlier in this section, Valve 1 controlled the

air inlet of the cylinder to perform extension, while Valve 2 controlled the air outlet
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(exhaust) of the cylinder to perform retraction. Both valves were operated at 24 V. In
order to convert an analogue signal from both valves (24 V valve operating voltage)
into signals that can be read by PWM module, ADC was used. The positive amplitude
signal (0 to +255) is then sent to the PWM module to activate valve 1 (to perform
expansion), while the negative amplitude signal (0 to -255) is then sent to the PWM
for activate valve 2 (to retract). Figure 3.11 (b) shows the recorded output response of
the system (cylinder rod stroke position). Referring to Figure 3.11 (b), it is clearly
shown that the response time due to displacement of the outgoing rod is longer than

the response time to retraction

In this study, 2000 measurements of input and output data were collected from an
open-loop test; the input data consisted of a continuous step input signal applied to the
on/off valves of the pneumatic positioning system, while the output data was the
measured position of the cylinder stroke. The data of input and output were divided
into two sets for modelling using the system identification approach: one set for
training (estimation) and the other set for validation of the identified model. Figure
3.12 shows the estimation and validation process using the MATLAB System

Identification Tool.
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Figure 3.12: Plots of estimation and validation process of measured data
using MATLAB System Identification Tool: (a) input and (b) output

According to the plots in Figure 3.12, 50 % of the first data set (1000 data points of
input and output; sample 1-1000) from the real-time experiment was used for model
training (estimation), while the remaining 50 % of the second data set (1000 data points

of input and output; sample 1001-2000) was used for model validation.

3.3.2 Model Structure Selection

There are several parametric model structures that can be used to model or represent
the system using system identification technique, such as Auto-Regressive with
eXogenous input (ARX), Auto-Regressive Moving Average with eXogenous input
(ARMAX), Output Error (OE), and Box-Jenkins (BJ) model. However, this study only
considered to employ the ARX as the model structure to represent the pneumatic

system used in this study.

Figure 3.13 illustrates the block diagram of ARX model structure, meanwhile
Equation (3.1) expresses the transfer function of ARX using backshift interpretation

-1

of g
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Figure 3.13: Block diagram of the ARX model structure

y () = 2B u(k) + 1= e (k) (3.1)

where

Al@Q=1+a,q7"+ - +a,q ",

B(q) = byq~" + =+ by, g™,

n, is the number of poles,

ny 1s the number of zeros,

y(k) is the output,

u(k) is the input,

e(k) is the white-noise error,

g1 is the backshift operator, and

Ng = Ny

3.3.3 Model Estimation
Following the selection of ARX as a model structure for the pneumatic system, the
next identification procedure is to estimate the ARX model's coefficients or

parameters. The coefficients or parameters of the ARX model were estimated using
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the least-squares method using MATLAB System Identification Tool in this study.
Figure 3.14 shows the Graphical User Interface (GUI) of the System Identification

Tool, which was used to model a pneumatic system.
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Figure 3.14: GUI of MATLAB System Identification Tool

Based on the measured input and output data from the experiment, this tool
generates a mathematical model of the pneumatic system. As previously described in
Subsection 3.3.1, the first data set (1000 data points of input and output, sample 1-
1000) from the real-time experiment was used for model estimation, while the second
data set (1000 data points of input and output, sample 1001-2000) was used for model
validation. Subsequently, all of these data were imported into the MATLAB System
Identification Tool, allowing the tool to evaluate the model parameters. The model
parameters were estimated by minimizing the error between the simulated and

measured models using the least-squares method.
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In this study, ARX with a second-order system was chosen as the pneumatic system
model structure. Higher-order models (i.e., third-order, fourth-order, and fifth-order)
were not considered in this study because they do not always warrant higher pneumatic
system accuracy. In addition, by increasing the model's complexity typically increases
the uncertainties in parameter estimation. However, in order to validate the suitability
of the second-order model as a model for the pneumatic system used in this study, the
performances of the ARX with second-order system were also examined and

compared with the ARX model with different model order (third-order).

Equation (3.2) expresses the discrete-time transfer function of pneumatic system
dynamics based on second-order ARX model structure, which was estimated using
MATLAB System Identification Tool. Equation (3.3) represents Equation (3.2) in the

form of state-space.

G(21) = 0.001662z1 .

Ed T =T 167 F 0716422 (3.2)
117160 —0.7164 ©10.03131 . _ _

A= [1.0000 0 ] B‘[ 0 ]'C— [0.0532 0], D=[0] (3.3)

where A, B, C, and D are the pneumatic system matrices with dimension, n = 2.

Another important aspect to consider in a control system is the controllability and
observability of the system. The estimated model is said capable in controlling and
interacting with the particular system if it manages to fulfil the controllability and
observability tests; thus, indicating that the identified model is controllable and
observable. Equation (3.4) and Equation (3.5) measure the controllable and observable

ability of the simulated model of pneumatic system in Equation (3.3), respectively.
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controllability = [B AB -+ A"1 B] (3.4)
C
observability = C:A (3.5)
CA;l—l

In this study, the identified model in Equation (3.3) is considered controllable if the
controllability matrix in Equation (3.4) has full row rank (n = 2), and the simulated
model is considered observable if the observability matrix in Equation (3.5) has full
column rank (n = 2). Following that, the controllability and observability matrices of
the estimated model of pneumatic positioning system in Equation (3.3) can be

described as Equation (3.6) and Equation (3.7), respectively.

controllability = [B AB A? B] (3.6)
., B [ OISR R0 34 _
controllability = | 0 0os 13], has full row rank (n = 2)
C
observability = | CA 3.7
CA?
0.0532 0

observability = [ ], has full column rank (n = 2)

0.0913 -0.0381

Thus, the identified model in Equation (3.3) guarantees its ability to control and
interact with the pneumatic positioning system since it complies with the requirement

of controllability and observability test; to provide full row rank and full column rank.

3.3.4 Model Validation
The final step in using system identification technique to obtain the

mathematical model of the pneumatic positioning system is model validation. The
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purpose of this procedure is to verify the validity between the measured data and the
simulated data in accordance with certain verification requirements; to verify if the
identified model adequately represents the considered process. In this study, the first
50 % of the data set (sample 1-1000) collected from real-time experiments is used for
training (estimation), and the remaining 50 % of the data set (sample 1001-2000) is
used for testing (validation) . Validate the identified mathematical model based on the
best fit and the Final Prediction Error percentage (FPE), where the decision is made

to accept or reject the identified model based on these criteria.

In this study, the best fit criteria were used to validate the identified ARX
model. Equation (3.8) calculates the percentage of fitness between measured and
simulated model output. In particular, 100 % denotes a perfect fit, whereas 0 % denotes
that the fit is no better than approximate the output to be a constant (y = ¥). The
identified model will be contemplated accurate to the real model, and if its fitness

exceeds 90 %, it is acceptable.

Iy—37I>
Best fit (%) = (1 — | x 100 3.8
fit (%) ( v 5] (3.8)

where y is the measured output, ¥ is the simulated or predicted model output, and y is

the mean of the measured output.

Equation (3.9) define Final Prediction Error (FPE) to measure the quality of

the identified model.
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1+4
FPE =V |—3 (3.9)
-5

where d is the number of approximated parameters that represents the model
complexity and N denotes the number of sample. The term V indicates the loss
function, as expressed in Equation (3.10). e(k) in Equation (3.10) is the error vector,
which is represented as e(k) = [éx  €x-1  ex—n]T.

V= e?(k) _e"(k).e(k)
N N

(3.10)

The identified model of the pneumatic positioning system in Equation (3.3) is
considered acceptable if it produces low FPE and low Mean Square Error (MSE)
values, indicating that the identified model is accurate. The stability of the identified
model was observed in this study using a zero-pole plot to validate its acceptance as a
model that represents the pneumatic system.Specifically, for stable discrete-time
model, all poles of the identified model must be inside the unit circle. Table 3.8 shows
the validation results of ARX second-order model, meanwhile Table 3.9 summarizes
the stability, controllability, and observability of the ARX second-order model in

Table 3.8.



43

Table 3.8: Validation results of second-order ARX model

ARX Discrete-time transfer function Best fit FPE MSE
model (%)
ARX 211 Gz ) = 0.001662z* 91.69 | 0.02318 | 0.02295
T 1-1.716z"1 + 0.7164z2

ARX 212 Gz ) = 0.001829z72 91.74 | 0.0235 | 0.02326
T 1-1.686z"1 + 0.6858z2

ARX 213 Gz = 0.001526z3 91.49 | 0.02653 | 0.02626
T 1-—1.7332z"140.7331z2

ARX 221 Gz = 0.001031z~" + 0.0008063z 2 91.70 | 0.02293 | 0.02266
T 1-—1.6872z"1 + 0.686622

ARX 222 Gz) = 0.002258z~" — 0.0005759z 3 91.26 | 0.02338 | 0.02310
T 1-1.71z"140.7106z2

Table 3.9: Stability, controllability, and observability of the ARX second-
order model

Model Stability | Controllable | Observable
ARX 211 Stable Yes Yes
ARX 213 Stable Yes Yes
ARX 222 Stable Yes Yes

Table 3.10 shows the validation results of ARX third-order model, meanwhile
Table 3.11 summarizes the stability, controllability, and observability of the ARX

third-order model in Table 3.10.



Table 3.10: Validation results of third-order ARX model
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ARX Discrete-time transfer function Best fit FPE MSE
model (%)
ARX311 Gz) = 0.001759z71 91.26 0.02114 | 0.02085
~1-1.9532z"1 4+ 1.209z2 — 0.2562z3
ARX312 Gz) = 0.001962z72 91.36 0.02134 | 0.02104
T 1-1.921z"1+1.1832z72 — 0.2617z73
ARX321 Gz) = 0.001023z7" + 0.0009468z > 91.34 0.02077 | 0.02044
T 1-1.922z"1+1.1832z72 — 0.2612z3
ARX331 G(z™) 91.31 0.02075 | 0.02038
_ 0.001027z71 4+ 0.001228z72% — 0.0003766z3
- 1—-1928z"1+1.1792z72 — 0.2516z73
ARX333 | G(z™) 90.72 0.02387 | 0.02344

_ 0.002307z~3 — 0.0003658z"* — 0.0004067z°
| 1—-1962z"1+1.197z72 — 0.2349z3

Table 3.11: Stability, controllability, and observability of the ARX third-

order model

Model Stability | Controllable | Observable
ARX311 Yes Yes
ARX312 Yes Yes
ARX321 Yes Yes
ARX331 Yes Yes
ARX333 Stable Yes Yes
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34 Controller Design

Different control strategies, such as PID controller, pole-placement controller,
predictive controller and fuzzy-logic controller were proposed for controlling the
pneumatic positioning system was reported. However, in this study, the focused are

only on positioning control using pole-placement controller and PID controller.

3.4.1 Pole-Placement Controller

The main controller for the pneumatic positioning system in this study was
proposed as a pole-placement. The pole-placement controller was selected due to its
ability to provide stable and accurate positioning control of pneumatic system. The
main objective of this study is to make the output of the controller (actual stroke
position) to track the reference input (target position). Figure 3.15 illustrates the open-

loop block diagram of the pneumatic system (without controller).

-k
z’B — ()

u(f) ——>

Figure 3.15: Open-loop block diagram of the pneumatic system (without
controller)

Equation (3.11) expressed the open-loop pneumatic system equation in Figure 3.15.

y(® = 52 u® (3.11)

where,

A=1+a;z7  + - apqz " B=by+ bzt + bz ™
1 na



46

Figure 3.16 illustrates the closed-loop block diagram of the pneumatic positioning

system when the pole-placement controller is considered.

u

7(8) ¥ (t) 7-kB

4

| R

S

Figure 3.16: Closed loop pole-placement control block diagram

The closed-loop response in Figure 3.16 is therefore given by Equation 3.12.

u(t) = =7 (@) — < y(t) (3.12)
where,
H= hy+h z7t + -+ hypz™
G=go+g12 "+ +gngz ™

F=1 +f1 Z_l + .. +lefZ_nf
Substitution of Equation (3.12) into Equation (3.11) gives Equation (3.13).
H
F

z "B G
vy = |5 @ - 2@

o) = z *B [ Hr(t) — G y(t)

A F



47

z*BHr(t) — z*¥B G y(t)
AF

y(t) =

AF y(t)=z"*BHr(t) — z7*B G y(t)

y(O[AF + z7¥BG]= z"*BHr(¢t)

kB H
y(t) = ———7(0) (3.13)
The closed-loop poles can be described as:
AF +z7"BG =0 (3.14)

LetT =1+t z71 + -+ ty,.z7™, therefore, the desired closed-loop characteristics
equation is:

AF+z%BG =T (3.15)

Substitution of Equation (3.15) into Equation (3.14) gives Equation (3.16).

k

= () (3.16)

7.

y(t) =

Followings are the conditions need to be checked when designing the pole-placement
controller:

1) A and B have no common zeroes

2y nf=nb+k-1

3) ng=na-1

4) nt <na+nab+k—-1
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For y(0), r = (t) at steady state. Therefore,

_ @
= 50 (3.17)

Based on the validation procedure in Sub-section 3.3.4, this study decided to
select ARX211 as the model to represent the real pneumatic system used in this study.
ARX211 was selected since it fulfils all the criteria as outline in the system
identification; best fit >90 %, low FPE, low MSE, stable, controllable, and observable.
Moreover, ARX211 was also selected due to its simple structure (have only two poles,

one zeros, and one delay).

Figure 3.17 to Figure 3.20 illustrates the closed-loop block diagram of the
pneumatic positioning system controlled using pole-placement when pole located at

+0.01, +0.1, +0.5, and +0.9, respectively.

r(t) + u(t)

o—-586:67 O 7'(0.001662) &
1 1171621+0.716472 + vl

1026.47-431.052"
1

Figure 3.17: The closed-loop block diagram of the pneumatic positioning
system controlled using pole-placement when pole located at +0.01

r(t) + u(t)

o 54152 O 7'(0.001662) _
1 1-1 71627 +0.716472 > yit)

972.32-431.057"
1

Figure 3.18: The closed-loop block diagram of the pneumatic positioning
system controlled using pole-placement when pole located at +0.1
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r(t + u(t
“ 300.84 ® 71(0.001662) Y (?

1 1-1.7162"+0. 716422

731 65-431.05Z"
1

Figure 3.19: The closed-loop block diagram of the pneumatic positioning
system controlled using pole-placement when pole located at +0.5

rt) * uit) 1 ¢
60.17 71(0.001662) ()

1 1-1.71621+0.7164z2

490.97-431 0577
1

Figure 3.20: The closed-loop block diagram of the pneumatic positioning
system controlled using pole-placement when pole located at +0.9

The detail procedure and calculation in developing the controller shown in Figure

3.17 to Figure 3.20 are presented in Appendix section.

3.4.2 Proportional-Integral-Derivative (PID) Controller

One of the linear controller which is commonly used to control the pneumatic
positioning system is the Proportional-Integral-Derivative (PID) controller. In order
to evaluate the performance of pneumatic positioning system controlled using pole-
placement strategy, this study used PID controller for comparison. The basic block

diagram of PID controller is shown in Figure 3.21.
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Plant; |Y(t)
Process

I

K. j: (r)dr

Figure 3.21: Basic block diagram of PID controller

Based on Figure 3.21, PID controller consist of three gains; Proportional (K),
Integral (K;), and Derivative (K;). The input signal to the PID controller comes from
the error signal and the output signal from the PID controller (u(t)) will be the input
signal of the plant/process. In general, the control devices used to manage the various
processes in industry are the final control equipment, such as the actuators, the control
valves and other control devices. The process variables like pressure, speed,

temperature, flow, etc. are also manipulated by the PID.

In this study, the Ziegler-Nichols tuning method was used in order to determine the
values of PID parameters (K, K;, K;). In order to determine the PID parameter values
using Ziegler-Nichols method, the open-loop model of the pneumatic system must be
first obtained. Equation (3.18) presents the general transfer function of an open-loop
process model, meanwhile, Equation (3.19) presents an open-loop model of the
pneumatic system used in this study, which obtained from MATLAB System

Identification Tool.

G(s) = K (3.18)

Ts+1

10.6658_0'031265

G(s) = 18.621s+1 (3-19)
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By comparing Equation (3.18) with Equation (3.19),

K = 10.665
L =0.03126
T =18.621

Table 3.12 summarized the PID parameter values based on Ziegler-Nichols tuning

method.

Table 3.12: PID parameter values based on Ziegler-Nichols tuning method

K Ky T, = X
Controller type p T; = E d= K,
T
P 7 595.681 o 0
i 0.1042
T o 9
PI 0.9 =536.113 0.3 0
~ K; = 5145.038
T 2L = 0.06252 0.5L = 0.01563
PID 1.2—-=714.818
L ~ K; =11433.429 |~ K; =11.173

The value of PID parameters as indicated in Table 3.12 were then applied in

the PID controller designing in MATLAB Simulink.

3.5 Summary

This section describes all the processes and procedures in this study, especially
in the modelling and control of the pneumatic system. At the beginning of this chapter,
step-by-step methods of modelling the pneumatic system using system identification

techniques were presented. The data accumulation of input and output for system
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modelling was performed by conducting an open-loop experimental test to the
pneumatic positioning system. The ARX model was selected as the model structure to
represent the linear dynamics of pneumatic actuator system used in this study. The
System Identification Tool was readily available in MATLAB and was used to
estimate the parameters of the ARX model. When the determined model is confirmed
to be accepted, the model is used for the development of the pole-placement controller,
which is the main controller that controls the pneumatic positioning system. The
design methodology of the pole-placement controller, including its mathematical
formulas, was described at the end of this chapter. The stability of the closed-loop

pneumatic positioning system is also taken into account in the design of the controller.



CHAPTER 4

RESULTS AND DISCUSSION

This chapter presents the results of modelling and controlling the pneumatic
positioning system. This chapter also demonstrates capability of the proposed pole-
placement controller to control the position of the pneumatic system. The simulation
results regarding the capability of the proposed pole-placement controller compared

with the PID controller was presented at the end of this chapter.

4.1 System Modelling
In this study, system identification technique was selected for the modelling
purpose of pneumatic system. The Auto-Regressive with eXogenous input (ARX)

model has been chosen as the model structure to represent the real pneumatic system
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in this study. However, in this study, the system modelling based on the ARX model

was only tested using second-order and third-order model.

4.1.1 Modelling of Pneumatic System based on Second-order ARX Model
Table 4.1 shows the summarizes the validation performance of the ARX based on

second-order model.

Table 4.1: Performance of second-order ARX model

Validation ARX 2"-order
criteria ARX211 | ARX212 | ARX213 | ARX221 ARX222
Best fit (%) 91.69 91.74 91.49 91.70 91.70
FPE 0.02318 | 0.02350 0.02653 0.02293 0.02338
MSE 0.02295 | 0.02326 0.02626 0.02266 0.02266
Stability Stable | Not stable Stable Not stable Stable
Controllable 4 4 v v v
Observable v v v v v

Table 4.1 shows that the percentage of best fit for all second-order models is greater
than 90 %, with ARX212 having the highest percentage of 91.74 %. The table also
proves that none of the identified model fit the actual pneumatic system 100 %, due to
the nonlinearity and uncertainty issues in pneumatic system itself. However, in this
case, all the identified models are considered acceptable to represent the pneumatic
system used in this study, since it provides fitness >90 %. In addition to the percentage
of best fit, the acceptance or rejection of the identified model was verified based on
the value of the Final Prediction Error (FPE). If the determined model produces a small
FPE value, the model was considered to be a model representing the actual pneumatic

system. Therefore, based on the results in Table 4.1, the FPE for all second-order
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models are small; thus, indicating that the identified model was accurate. In this study,
the acceptance or rejection of the identified model was also made based on the stability

of the system (observed using pole-zero plot of the unit circle). Figure 4.1(a)-(e)

illustrates the plot of pole-zero location for the second-order ARX in Table 4.1.

ARX 211 Pole-Zero Map ARX 212 Pole-Zero Map
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Figure 4.1: The pole-zero plot for second-order ARX model
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From Table 4.1 and Figure 4.1, only three models are stable; ARX211, ARX213,
and ARX222.
4.1.2 Modelling of Pneumatic System based on Third-order ARX Model
Table 4.2 shows the summarizes the validation performance of the ARX based on

third-order model.

Table 4.2: Performance of a third-order ARX model

Validation ARX 3"-order
criteria ARX311 | ARX312 | ARX321 ARX331 | ARX333
Best fit (%) 91.26 91.36 91.34 91.31 90.72
FPE 0.02114 | 0.02134 0.02075 0.02075 0.02387
MSE 0.02085 | 0.02104 0.02044 0.02038 0.02344
Stability Not stable | Stable Not stable | Not stable Stable
Controllable 4 v v v v
Observable v v v v v

Table 4.2 shows the performance of ARX third-order model. From the table,
It can be shown that all third-order models have a percentage of best fit greater than
90 %, with ARX312 having the greatest percentage at 91.36 %. Like in Table 4.1, this
table also proves that none of the identified model fit the actual pneumatic system 100
%, due to the nonlinearity and uncertainty issues in pneumatic system itself. However,
in this case, all the identified models are considered acceptable to represent the
pneumatic system used in this study, since it provides fitness >90 %. In addition, all
the identified models were considered acceptable as a model to represent the real
pneumatic system since it produces a small FPE value. Therefore, based on the results

in Table 4.2, the FPE for all third-order models are small; thus, indicating that the
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identified model was accurate. Figure 4.2(a)-(e) illustrates the plot of pole-zero

location for the third-order ARX in Table 4.2.
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Figure 4.2: The pole-zero plot for third-order ARX model
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From Table 4.2 and Figure 4.2, only two models are stable; ARX312 and ARX333.
However, by considering the simplicity of the model, this study opted to focus only
on the use of ARX211 when designing the controller. In addition, ARX211 also
contributed the highest percentage of best fit compared to the third-order ARX model

(ARX312 and ARX333).

4.2 Controller Design for Pneumatic Positioning System

In this study, pole-placement controller was proposed as a strategy to control the
pneumatic positioning system. As mentioned in Sub-section 2.3.2, pole-placement
controller was designed based on the pole assigned in the controller algorithm. Figure
4.3 shows the performance of pneumatic positioning system using pole-placement
controller based on the ARX211 model and Figure 4.4 shows the performance of
pneumatic positioning system using a pole-placement controller based on the ARX312
model. Both controllers assigned the pole to be located at +0.9, and both controllers

also aiming for reference positioning distance of 100 mm.

T J T 1 T T r I
= Reference 100mm PP 0.9

80 =

60 - b

Position (mm)

40+ -

20 |- 1

0 I 1 1 1 I I 1 L I
0 100 200 300 400 500 600 700 800 900 1000
Time (sec)

Figure 4.3: Transient response performance of pole-placement controller
based on ARX211
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Figure 4.4: Transient response performance of pole-placement controller

based on ARX312

Table 4.3 summarize the transient performance of pole-placement controller based

on ARX211 and ARX312.

Table 4.3: The transient performance of pole-placement control at distance

100 mm
Transient Model
performance ARX211 (2"-order) ARX312 (3"%-order)
t.(s) 0.2086 invalid
t, (s) 0.3714 invalid
0S (%) ~ 0 invalid
e, (mm) 0.0155 invalid

Based on Table 4.3, it can be seen that the third-order ARX model (ARX312) was

incapable to control the pneumatic positioning system. Controlling the pneumatic
positioning system using pole-placement controller based on the second-order ARX
model (ARX211) provided 0.2086 s of rise time (t,) and 0.3714 s of settling time

(ts). The simulation results in Figure 4.4. also shows that there is no overshoot was
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produced when controlling the pneumatic positioning system using pole-placement
controller based on ARX211. The recorded steady-state error (ey) for pole-placement
controller based on ARX211 is only 0.0155 mm, thus showing that, the control
strategy using pole-placement based on ARX211 was capable to provide high

accuracy of pneumatic positioning system.

For the purpose of analyzing the effect of pole location on the positioning control
performance of a pneumatic system, therefore, several poles locations (i.e., +0.01,
+0.1, +0.5, +0.9) were used in this study when designing the pole-placement
controller. Figure 4.5 to Figure 4.7 shows a comparison of the position control
performance of a pneumatic system at three different positions (i.e., S0 mm, 100 mm,
and 150 mm) using two types of control strategy, namely pole-placement controller
and PID controller based on Ziegler-Nichols tuning method. Controlling using pole-
placement controller, four different poles location were used for the purpose of
analyzing in detail the effect of pole location on the position control performance of
pneumatic system. Table 4.4 summarizes the transient response performance of the

pneumatic positioning control system in Figure 4.5 to Figure 4.7.
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Figure 4.5: Performance of pole-placement controller and PID controller at
position distance S0 mm
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Figure 4.6: Performance of pole-placement controller and PID controller at
position distance 100 mm
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Figure 4.7: Performance of pole-placement controller and PID controller at
position distance 150 mm
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Table 4.4: Summary of the pneumatic positioning control system using pole-
placement controller and PID controller for position distance of 50 mm, 100
mm, and 150 mm

CONTROL STRATEGY
PP PP (0.1) | PP (0.5 PP (0.9) PID
(0.01)

t, (s) 0.0081 | 0.0091 | 0.0320 0.2086 | 0.0067
t, (s) 0.0099 | 0.0191 | 0.0572 03714 | 0.2246
50mm | o0s®) 0 0 0 0 81.4158
e, (mm) | 0.0008 | 0.0934 | 0.0001 0.0078 | 0.0167
t, (s) 0.0081 | 0.0089 | 0.0320 0.2086 | 0.0067
t, (s) 0.0099 | 0.0189 | 0.0572 0.3714 | 0.2246
100 mm | 05 (%) 0 0 0 0 81.4158
e, mm) | 0.0016 | 0.0017 | 0.0002 0.0155 | 0.0333
t, (s) 0.0081 | 0.0089 | 0.0320 0.2086 | 0.0067
t, (s) 0.0099 | 0.0189 | 0.0572 0.3714 | 0.2246
150 mm | 0s (%) 0 0 0 0 81.4158
e, mm) | 0.0023 | 0.0026 | 0.0003 0.0233 | 0.0500

Distance Transient

performance

Note: PP refers to the pole-placement controller

From Table 4.4, it can be seen that the pole location affected the transient
response performance of the pole-placement controller. From Table 4.4, it was found
that the larger the pole value (i.e. the pole is closer to the unit circle), the larger the ¢,
and ¢, values. Thus, it can be concluded that, cylinder stroke was take longer to reach
the target distance (i.e., 50 mm, 100 mm, and 150 mm) when large pole values were
used in the pole-placement controller algorithm. PID controller was seen to take a
short time to reach the target distance. However, position control using PID was
unstable compared to control using pole-placement controller. From Figure 4.5 to
Figure 4.7, it was clearly shown that the PID controller produces an output that

constantly oscillates until the simulation test was completed.
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In terms of steady-state error, it was found that pole-placement controller with
pole value 0.5 managed to provide the most accurate position control, compared to
pole-placement controller with pole value 0.01, 0.1, and 0.9. However, position
control using PID controller and pole-placement with pole values of 0.01, 0.1, and 0.9

was still considered good since ey, is still within = 2 % of the final value.

From Table 4.4, it was found that all pole-placement controllers are able to
control the pneumatic positioning system without produce any overshoot during the
simulation test. In contrast to the PID controller, the PID controller produces an

overshoot > 80 % for each position control.

Overall, the comparison of pneumatic positioning control system performance
using pole-placement and PID control strategy confirms that pole-placement
controller based on second-order ARX model was able to control pneumatic
positioning system well compared to PID controller. Controlling the positioning
control system using pole-placement was able to provide an accurate position control,

fast response, and stable.

4.3 Summary

The results of modelling and controlling the pneumatic positioning system was
presented in this chapter. The pneumatic system used in this study was shown as a
second-order ARX model based on the system identification technique as it meets all
the criteria outlined in system identification. Besides that, the capability of the
proposed pole-placement controller to control the pneumatic positioning system was

also presented in this chapter. From the simulation test that was conducted, it was
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found that pole location affected the performance of pole-placement controller. The
speed response of the pneumatic positioning system will be faster if a small pole value
(pole near the origin) was used in the pole-placement controller algorithm.
Comparison of the performance with PID controller shows that pole-placement
controller based on second-order ARX model was able to control the pneumatic
positioning system well compared to PID controller. Pneumatic positioning control
system using pole-placement was also proving that can provide an accurate position

control, fast response, and stable.



CHAPTER 5

CONCLUSION AND FUTURE WORKS

This chapter concludes the overall findings, especially the improvements that have
been made by the proposed controller. Subsequently, the future improvement which
can be taken to improve the pneumatic positioning control system has been suggested.
At the end of this chapter, the marketability opportunities of the proposed controller

are presented.
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5.1 Conclusions

A new control strategy for controlling pneumatic positioning systems, namely the
pole-placement controller, has been proposed. The purpose of the proposed controller
is to improve the transient response of the pneumatic position control system; so that
the system will deliver accurate, fast, and stable closed-loop transient response
performance. In order to achieve the goal (i.e., to develop a pole-placement controller),
a mathematical model that can represent the pneumatics system used in this study shall
be produced. Since the pneumatic system used is complex and most of the
component’s information is not available, hence, this study suggests the use of an

experimental approach to model this pneumatic system.

System modelling based on experimental approach (i.e., system identification
technique) need to go through four main procedures, before the proposed controller
can be developed. These procedures are: 1) experimental design and data collection,
2) model structure selection, 3) model estimation, and 4) model validation. Therefore,
an experimental setup for the modelling and data validation of the pneumatic system
has been designed. A comprehensive study throughout the conduction of this study
found that the linear second-order Auto-Regressive with eXogenous input (ARX) is
very suitable to be used as a structure of the model to represent the dynamic of the
pneumatic system used in this study. This is because, the validation of the model based
on the system identification criteria shows that the identified model successfully meets

all the criteria that have been set.

Once the mathematical model has been identified, the next process is to develop a
pole-placement controller as a control technique to control the pneumatic positioning

system. A pole-placement controller algorithm (refer Chapter 3) was used to develop
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the pole-placement controller, and MATLAB Simulink was used as a platform. Since
pole-placement controller was designed based on pole location (to ensure its closed-
loop stability), therefore, four different poles (i.e., 0.01, 0.1, 0.5, and 0.9) were used
for comparison purpose. Other linear controller, which is Proportional-Integral-

Derivative (PID) controller is also used for comparison.

The last stage of this study is to make an analysis regarding pneumatic positioning
control performance using pole-placement controller and PID controller. In this study,
the analysis is based on transient response performance and the aim is the proposed
controller will provide accurate, fast, and stable closed-loop transient response
performance of pneumatic positioning system. Simulation result shows that the
proposed pole-placement is capable to control the positioning of the pneumatic system
used in this study. Comparison with PID controller based on simulation testing also
proves that the proposed controller successfully provides an accurate, fast, and stable

transient response during controlling the pneumatic positioning system.

5.2 Recommendation
There are few improvements that can be made for the future work; to improve the
pneumatic positioning system in terms of modelling and controlling part. Therefore,

1t 1s recommended to:

1.  Propose the new algorithm to automatic tune the pole-placement
controller.
ii.  Design another type of controller that can provide more accurate, fast, and

stable pneumatic positioning control system.
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5.3 Commercialization Relevancy

The proposed pole-placement control has a potential to be commercialized due its
capability to provide pneumatic positioning control system with good transient
response performances. Thus, the proposed pole-placement controller can be used to
control any applications that requires fast, accurate, and stable positioning response in
its operation. Previous studies have also reported that the pole-placement controller is

still relevant to be used in the industries due to its simple structure.
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APPENDICES

Pole-Placement Controller Design

Pole-placement controller when pole located at +0.01:

0.001662z1
—1.716z71 + 0.7164z72

G(z™YH) = T

~“A=1-1716z"1+ 0.7164z?
na=2

z71B =0.001662z"1

= z71(0.001662)

k=1

nb=0

Let, closed-loop pole at +0.01. Therefore, T = 1 — 0.01z~1
nt=1

Checking conditions:
1) A and B are have no common zeros
2y nf=nb+k—-1=0
3)y ng=na—-1=1
4 nt<na+nb+k—-1=1<2

Therefore,
F=1
G=go+g1z™"
H =?

The desired close loop equation: AF + Z71BG = 1

Substitute,

(1—1.716z"1 + 0.7164z72)(1) + z~1(0.001662)(go + g1z~1) = 1 — 0.01z"?

(1-1.716z"1 + 0.7164z72) + 0.001662g,z~* + 0.001662g,z 2
=1-0.01z71

1—(1.716 + 0.001662g,)z"* + (0.7164 + 0.001662g,)z %2 =1 — 0.01z~1

Equating both sides,



—1.716 + 0.001662 g, = —0.01
0.001662 g, = —0.01 + 1.716
0.001662g, = 1.706
go = 1026.47

0.7164 + 0.001662 g, =0
0.001662 g, = —0.7164
g1 = —431.05
nF=1
G=go+ 127> = 1026.47 — 431.05Z1

For y(t) = r(t) at steady-state.
T 1-001z7"
"~ B(1)  0.001662z"1

0.99

0.001662
595.67

1Z =1

H
H

Pole-placement controller when pole located at +0.1:

0.001662z1
—1.716z71 +0.7164z72

G(z™Y) = 7

~“A=1-1716z"1 +0.7164z72
na=2

z 1B =0.001662z"1

= z71(0.001662)

k=1

nb=0

Let, closed-loop pole at z = +0.1. Therefore, T = 1 — 0.1z~ 1
nt=1

Checking conditions:
1) A and B are have no common zeros
2y nf=nb+k—-1=0
3)y ng=na—-1=1
4 nt<na+nb+k—-1=1<2

Therefore,

F=1

G=go+g:z™"

H =?

The desired close loop equation: AF + Z71BG = 1

Substitute,

76
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(1-1.716z"1 + 0.716422)(1) + z~1(0.001662)(go + g,z 1) =1 — 0.1z 1
(1—1.7162z"1 + 0.7164272) + 0.001662g,z~% + 0.001662g,z72 = 1 — 0.1z"1
1—(1.716 + 0.001662g,)z"* + (0.7164 + 0.001662g,)z™2 =1 — 0.1z2

Equating both sides,
—1.716 + 0.001662 g, = —0.1
0.001662 g, = —0.1 + 1.716
0.001662g, = 1.616
go = 972.32

0.7164 + 0.001662 g, =0
0.001662 g, = —0.7164

~F=1
G = go+ 121 =972.32 — 431.05271
For y(t) = r(t) at steady-state.

T 1-01z7"

H= = Z=1
B(1)  0.001662z! |
b 0.9
"~ 0.001662
H = 541.52

Pole-placement controller when pole located at +0.5:

0.001662z1
—1.716z71 +0.7164z72

G(zH)= $

WA =1=1716z"" +0.7164z72
na = 2

z 1B = 0.001662z"1

= 2z71(0.001662)

k=1

nb=0

Let, closed-loop pole at z = +0.5. Therefore, T = 1 — 0.5z71
nt=1

Checking conditions:
1) A and B are have no common zeros
2y nf=nb+k—-1=0
3y ng=na—1=1
4H) nt<na+nb+k—-1=1<2

Therefore,
F=1
G=go+g:1z™"
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H =?
The desired close loop equation: AF + Z7'BG = 1

Substitute,

(1-1.716z"1 4+ 0.7164z72)(1) + z~1(0.001662)(gg + g1z7*) =1 — 0.5z71
(1-1.716z"1 4+ 0.7164z72) + 0.001662g,z* + 0.001662g,z %> =1 — 0.5z71
1—(1.716 + 0.001662g,)z"* + (0.7164 + 0.001662g,)z %> =1 — 0.5z71

Equating both sides,
—1.716 + 0.001662 g, = —0.5
0.001662 g, = —0.5+ 1.716
0.001662g, = 1.216
go = 731.65

0.7164 + 0.001662 g, =0
0.001662 g, = —0.7164

~F=1
G= go+ g1z ! = 731.65 — 431.05Z1
For y(t) = r(t) at steady-state.
T 1-05z7"
~ B(1)  0.001662z"1
0.5

0.001662
300.84

1Z =8

H
H

Pole-placement controller when pole located at +0.9:

0.001662z1
—1.716z71 + 0.7164z72

G(z™Y) = T

2wA=1-1716z"140.7164z2
na = 2

z 1B =0.001662z"1

= 2z71(0.001662)

k=1

nb=0

Let, closed-loop pole at z = +0.9. Therefore, T = 1 — 0.9z 1
nt=1

Checking conditions:
1) A and B are have no common zeros
2y nf=nb+k—-1=0
3)y ng=na—1=1
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4) nt<na+nb+k—-1=1<2

Therefore,
F=1
G=go+g:1z7"
H =?

The desired close loop equation: AF + Z7'BG = 1

Substitude

(1-1.716z"1+ 0.7164z72)(1) + z1(0.001662)(gy + g1z7*) =1 — 09271
(1-1.716z"1 4+ 0.7164z72) + 0.001662g,z* + 0.001662g,z %> =1 — 0.9z 1
1—(1.716 + 0.001662g,)z"* + (0.7164 + 0.001662g,)z %> =1 — 0.9z71

Equating both sides,
—1.716 + 0.001662 g, = —0.9
0.001662 g, = —0.9 + 1.716
0.001662g, = 0.816
go = 490.97

0.7164 + 0.001662 g; = 0
0.001662 g, = —0.7164
g1 = —431.05

~F=1
G= go+ g1z~! = 490.97 — 431.0521
For y(t) = r(t) at steady-state.
_T@)_  1-09z7!
"~ B(1) 0.001662z"1
0.1

H= 5001662
H=60.17

17 =1





