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ABSTRACT

In adjustable-speed drive applications, the range of speed and torque achievable is
very important. A power electronic converter is needed as an interface between the
input AC power and the drive. A controller is needed to make the motor (drive),
through the power electronics converter meets the drive requirements. The widely
used conventional control that is based on mathematical model of the controlled
system is very complex and not easy to be determined since it requires explicit

knowledge of the motor and load dynamics.

This thesis proposed a design and implementation of a PLC-based hybrid
controller from a basic PLC to a PWM-driven variable-voltage variable-frequency
(VVVF) speed control of an induction motor and the analysis, evaluation and
improvement of the control strategies. A simulation model in MATLAB/Simulink is
developed using system identification technique to perform verification of the PLC-
based intelligent controller of the PWM-driven VVVF algorithm. To provide stability
in response to sudden changes in reference speed and/or load torque, a switching type
controller consisting of two control modes are devised: a PID-type fuzzy controller
consisting of a PI-type and a PD-type fuzzy controller, and a conventional PID. The
proposed scenario is implementing a strategy when the actual value is closed to set-
point. At the early phase of the control action, the control task is handled by the PID-
type fuzzy controller. At a later phase when the absolute of error;‘ is less than a
threshold value, the input of integrator at the output side is no longer given by fuzzy
action but fed by the incremental PID action. In term of control action, this is an
enhanced proportional and derivative action when the actual value is closed to
reference. Detailed evaluations of the controller’s performance bé}sed-on a pre-
defined performance indices under several conditions are presented. The findings
demonstrate the ability of the control approach to provide a viable control solution in

response to the different operating conditions and requirements.
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ABSTRAK

Dalam aplikasi kelajuan-bolehubah pemacu, julat kelajuan dan tork yang boleh
dicapai adalah $angat penting. Konverter elektronik kuasa diperlukan sebagai sebuah
antara muka antara masukan kuasa AC dan pemacu. Sebuah pengawal diperlukan
untuk membuallt motor (drive), melalui konverter elektronik kuasa dan pemacu
memenuhi kepérluan. Kawalan konvensional yang digunakan secara meluas yang
didasarkan pada model matematik sisiem terkawal sangat kompleks dan tidak mudah
untuk ditentukan kerana memerlukan pengetahuan yang jelas daripada motor dan

beban dinamik, I‘

Tesis ini méngusulkan sebuah rekabentuk dan implementasi sebuah pengawal
cerdas berasaskan daripada PLC daripada sebuah PLC asas kepada kawalan kelajuan
VVVF motor inc:luksi berasaskan PWM dan analisis, evaluasi dan perbaikan strategi
pengendalian. Sebuah model simulasi MATLAB/Simulink yang dibangunkan dengan
menggunakan te:knik pengenalan sistem untuk melakukan pengesahan pengawal
cerdas berasaskan PLC algoritma VVVF menggunakan PWM. Untuk memberikan
kestabilan dalam‘!‘menanggapi perubahan mendadak pada kelajuan rujukan dan/atau
tork beban, sebuah pengawal jenis pensuisan yang terdiri daripada dua mode disusun:
sebuah pengawal Ii‘jenis fuzzy PID yang terdiri daripada pengawal jenis fuzzy PI dan
PD, dan PID konvensional. Senario yang dicadangkan adalah menerapkan strategi
ketika nilai aktua‘l dekat dengan nilai rujukan. Pada fasa awal tindakan kawalan,
kawalan tugas dikendalikan oleh pengawal jenis fuzzy PID. Pada tahap selanjutnya
ketika kesalahan mutlak kurang daripada nilai ambang, masukan daripada pengkamil
pada sisi keluarai‘n tidak lagi diberikan oleh fuzzy tetapi diberikan oleh PID
inkremental. Dalam hal tindakan kawalan, ini adalah peningkatan tindakan berkadar
dan derivatif bila“ nilai yang sebenarnya dekat dengan rujukan. Evaluasi kinerja
pengawal terperinéi berasaskan-pada indeks prestasi yang telah ditetapkan dalam

beberapa keadaaﬂi disajikan. Penemuan menunjukkan kemampuan pendekatan
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kawalan untuk menyediakan solusi kawalan yang layak sebagai tanggapan terhadap

kondisi operasi yang berbeza dari keperluan.
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PREFACE

This t{hesis, A PLC-Based Hybrid Fuzzy PID Controller For PWM-Driven
Variable Speéd Drive, is submitted in partial fulfilment of the requirements for Doctor
of Philosophy Degree in Department of Electrical and Electronic Engineering at
Universiti Teknologi PETRONAS, Malaysia. The thesis has been made by the author
and most of t}‘l‘e text, however, is based on the research of others.

The purposes of study are to develop a method of modeling and to design a
hybrid fuzzy ﬁID controller on an industrial controller, programmable logic controller
(PLC) and to evaluate the control performance of fuzzy-hybrid and compare to the
conventional I%ID and fuzzy controller through simulation and experiment.

The proposed method in the thesis is a hybrid controller. It consists of a
conventional incremental PID controller and a PID-type fuzzy controller. Each of the
controller has its advantages. For example the PID controller can provide minimum
steady state efror while designing of fuzzy controller does not require the exact
mathematical model of the plant. The controller utilized in this thesis is the well
known and famous controller in industry, PL.C. The common mechanical actuator in
industry, induc“{tion motor, is the object for the proposed controller. The induction
motor gets the electrical power from the PWM-driven variable speed drive. It operates
with constant V/Hz ratio. In order to provide disturbances to the induction motor, a
dynamometer is‘l mechanically connected to the induction motor to provide a load.

The reaciers are introduced with the logical thesis structure that consists of
seven chapters.| The thesis mainly contains such as chapter one of introduction,
chapter two of literature review of induction motor drive control strategies, chapter
three of theoretical background, chapter four of identification of integrated variable
speed drive, in%luction motor and dynamometer, chapter five of modeling and
simulation of integrated variable speed drive, induction motor and dynamometer,
chapter six of real-time implementation, and chapter seven of conclusions and future
work |

Muhammad Arrofiq
Bandar Seri Iskandar, April 2010
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CHAPTER 1
INTRODUCTION

1.1 Introduction

Motor drives are used in a very wide power range. In adjustable-speed drive
applications the ranges of speed achievable is very important in applications such as
controlling of a boiler feed-water pump, fan and a blower. In all drives where the
speed and position are controlled, a power electronic converter is needed as an
interface between the input power and the motor. A controller is also needed to make
the motor, through the power electronic converter, meet the drive requirements.
Notably, the extensive automation in modern industries demand several strategies that
have high reliability and robustness to be introduced and one of the main

requirements is the control technique used.

1.2 Basic Component of Induction Motor Control

Induction motors are the workhorse of industry due to their low cost and rugged
construction. When operated directly from the 3-phase supply lines at voltages 415V

50Hz, 3-phase induction motor operates at a nearly constant speed.

In most process control applications where induction motor drives are used, it is
required to vary the speed. This is possible by means of power electronic converters,
and it is the intention of this section to discuss the basic components and

arrangements for this purpose as an introduction of why this research is significant.




1.2.1 Power‘l Electronics

Power electro‘rllics term usually exists with the conversion and control of electrical
power for various load applications [1]. It provides currents and voltages in a form
that is optimally suited for the load [2]. The main component in power electronics is

the power semiconductor.

The first generation of power semiconductor devices, i.e. the diode, thyristor and
triac, took part;was a main switching component in power electronics applications. The
next generatioﬁl was indicated by the introduction of the power bipolar junction
transistor (BJT), power metal oxide semiconductor field effect transistor (MOSFET)
and gate turn-off thyristor (GTO). The further generation of power semiconductor are
insulated gate bipolar transistor (IGBT) and intelligent power module (IPM) [3]. The
development ofl“ new devices such as integfated gate-commutated thyristor (IGCT),
cool MOS and power electronics building block (PEBB) were indicated as the fourth

|
generation of power electronics semiconductors.
|

The PEBB is actually an integrated power module that changes electrical power
input into any desired form of voltage, current,' and frequency output [4-6]. The
transition of a generation to the next generation brings better electrical property such

as volt-ampere rating, switching frequency and physical dimension.

1.2.2  Overview of Induction Motor Drive

Most of electromechanical actuator driving the industrial process use induction
motors (IM). It retplaces the role of previous motor i.e. direct current (DC) motor. The
induction rnotor"“ offers simple design, low maintenance and cost competitive
compared to DC motor but the control of induction motor is more complex than a DC

motor.

Basically the basic relation on IM allows controlling the speed using either

number of poles or frequency of applied voltage. Since the design of IM is fixed,




changing the number of poles is not feasible and applicable. Thus varying frequency

at the voltage applied becomes an alternative.

Varying the frequency at an applied voltage is feasible and applicable by
implementing power electronics control. The circuit implementing power electronic
provides variable electrical properties is usually called power electronic converter.

The electrical properties can be voltage, current and frequency.

In order to vary the IM speed the converter will provide the variable frequency. In
order to avoid flux saturation on the IM, the voltage applied to the IM should be
varied as well. The variable-voltage variable-frequency (VVVF) technique is usually

considered as an effective method to achieve this control.

The popular method in implementing the VVVF is the pulse width modulation
(PWM). It is based on level comparison between modulating signal input and triangle
signal. The average output at one switching period will be the same as the ratio
between modulating signal and peak of triangle time DC input voltage [2]. If the
modulating signal waveform is sine wave then average output will be sine wave as

well.

In the implementation, the PWM inverter functions as an interface between the
induction motor and power line. The power line is rectified, filtered and then fed to
the inverter circuit using power electronics components. The inverter circuit is
controlled by the PWM modulator. The modulating signal determines waveform,
voltage and frequency of inverter output. In order to maintain the consjtant torque on
induction motor, a pattern of voltage and frequency fed to induction mjotor should be
maintain. This is known as V/Hz ratio. This ratio is constant. But at 1pw frequency,

voltage should be boosted due to drop voltage at the stator winding.

In order to provide a stable output at the induction motor speed, a control system
is required to maintain the speed when the disturbance exists. A methoﬂ of providing

the required input of PWM inverter will be handled by a controller.




1.2.3 Contirol Strategy

|
The proportional integral and derivative (PID) control is a basic and widely used in
industry for .a long time. In order to obtain high performance, tuning the PID
parameter shé)uld be conducted based on the mathematical model of the plant. The
plant model 1I§ sometimes not easy to be obtained, ill defined and complex. The other
situation is the changing of parameter values caused by the changes in environment

condition, which requires the parameters to be adjusted.

The development of artificial intelligence (Al), such as the expert system (ES),
fuzzy logic (FL), artificial neural network (ANN) and genetic algorithms (GA), plays
important roleiin control strategy. Induction motors are the workhorse of industry due

to their low cost and rugged construction.

Fuzzy logié emulates the expert/operator knowledge in determining control action
to the proces%. It is based on three processes i.e. fuzzification, inference and
defuzziﬁcationi‘ Fuzzification transforms the crisp input data to fuzzy set data while
the opposite process is knows as defuzzification. The inference process consists of
fuzzy rules. The rules are usually obtained from the expert or experienced operator of
the process. Ir"‘lference process will determine the consequence part from given

antecedents basi;d on the rules.

Fuzzy logic \can be implemented into PID control to update PID parameters based
on the current situation [7]. This is usually called fuzzy-tuned PID controller. Instead
of tuning the parameters, the fuzzy logic can perform as a controller. First fuzzy logic

implementation was accomplished in 1974 for a small model steam engine.

There is no %ystematical procedure to design a fuzzy logic control [8]. There are
lot of efforts that have been put to improve the fuzzy performance. One of them is
using a self-tuning scenario. The idea of self-tuning can be related to the
understanding th;.t by adjusting the input and output scaling factors, a stable system

can be achieved.

There are quiie a number of reports on the tuning the change of error input gain

and output gain based on peak observer, mathematical function driven by error and
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rate of error respectively. These include Qiao [9], Woo [10] and Guzelkaya [11], and
Karasakal [12].

In relation to the induction motor speed control in an industrial automation, a PLC
is easily found in industries. Implementing an intelligent algorithm such as fuzzy
logic to the existing devices will optimally utilize the devices and improve the
performance. This will contribute to the quality and cost effective product that is also

efficiency.

1.3 Fuzzy-Hybrid Control for PWM-driven Variable Speed Drive

An effective way to control a variable speed drive (VSD) is via VVVF operation that
proves theoretically to be effective in terms of control and efficient in reducing losses.
Implementation of this scheme using a conventional control such as the PID would

require complex knowledge of the drive dynamics.

The controller in this work is a programmable logic controller (PLC) that has
proven as an efficient, reliable and robust in applications involving continuous as well
as sequential controls. The availability of basic features like arithmetic operations

promises the means to utilize a PLC as a controller in adjustable speed application.

This research in common with [13, 14] is focusing on using PLC for controlling
an inverter to drive an induction motor. In [13], there is no control analysis being
conducted on the developed system, but only the monitoring and protection aspects
that have been explored. However, this work will allow detailed experimental set-up
for controller implementation and evaluations and able to address issues for example
on whether the controller scheme would provide stability in the presence of
disturbances. The contribution of this work and it differences from [13, 14] is on the
PLC-based hybrid-fuzzy control for PWM-driven variable speed drive with constant
Volt/Hz ratio. In [14], the system was evaluated due to sudden chaﬁge in reference
and it was compared only with ZN-tuned PI controller. There was no control analysis
in response to sudden change in load and sudden change in load and reference

simultaneously. The proposed method has a similar hardware structure and a method
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of controlliné an induction motor as in [13]. The proposed method has also a similar
way to model a system. Utsun [14] modeled the controller, inverter and induction
motor using 'adaptive neuro-fuzzy inference system (ANFIS) while the proposed
method modeﬁs the integrated variable speed drive, induction motor and dynamometer
into a procesl‘s model. The strategy when the actual process value is closed to
reference and evaluating performances based on several tests such as sudden change
in reference, sudden change in load and sudden change in reference and load
simultaneouslgf, to the system are the differences of the proposed method as compared
to others. The‘*‘proposed method implements PID-fuzzy control when the error is big
and shifts control to conventional PID and PD-fuzzy when error is small. This
scenario has better accuracy close to reference. The proposed method takes advantage

of fuzzy and conventional PID controller.

1.4 Objectives and Contribution of the Research

The objective aigd scope to this thesis are outlined below:
- Develop a method of modeling and designing a hybrid fuzzy PID controller on
an indus"“trial controller, programmable logic controller (PLC).
- Evaluate the control performance of fuzzy hybrid PID and compare to the

conventional PID and Fuzzy controller through simulation and experiment.
|

To achieve these objectives, a series of tasks have been completed and these are:
1. Design and develop a test rig by utilizing existing and common devices in the -

market.
|

Develop ‘gnd implement a fuzzy logic control in programmable logic controller

[
— o

(PLC) using basic arithmetic operations,

iii. Build a simulation model of the integrated variable speed drive consisting of
controller“ module, PWM VVVF module, induction motor module and
dynamom"pter module for simulation purpose.

iv.  Design and simulate the modified fuzzy logic controller.

V. Implemen%[ and analyze the performance of the proposed controller on the test

rig.




The main contributions of this research are that, the thesis,

¢ Introduces an approach for utilizing the basic arithmetic instruction on a PLC
to transform it into a fuzzy PLC,

e Proposes a simulation model for an integrated VSD, IM, and dynamometer
obtained from system identification using MATLAB/Simulink,

» Proposes the method of controlling a PWM-driven drive via PLC using fuzzy-
hybrid control. The unique feature of this method is its similarly to the gate
drive control developed by viewing the PLC as an intelligent controller,

e Presents and approach to design a modified fuzzy control for PWM-driven

VVVF control of an induction motor,

1.5 Thesis Overview

The organization of the thesis is organized as follows. Chapter 2 presents the literature
review. The related previous works are summarized. The drawback of previous

related work are presented in this chapter.

Chapter 3 presents the theoretical background to drive control. This chapter
discusses the motor drives, modeling of an induction motor, filter, Fuzzy logic and

proposed system.

Chapter 4 presents the modeling steps undertaken to produce a simulation model
of a plant. The plant discussed is an induction motor (IM) driven by a variable speed
drive (VSD) and loaded by a dynamometer. The plant model consists of several sub-
models that include the VSD, IM and dynamometer. The modeling is based on input-
output empirical data. There are seven sets of input output data used in the modeling.
The input data set applied to obtain the output data is a multi-level periodic
perturbation signals (MLPPS). The model is then evaluated using ﬁfty input-output

data that have not been used in the identification process.

Chapter 5 presents the simulation of the system. The model identified then is used
to represent the plant in simulation. Simulation is carried out on Matlab/Simulink. The

simulation simulates the controller process using nearly the same situation in the
7




experiment. The simulation includes the truncating process in arithmetic operation in
programmable logic controller (PLC). The objective of simulation here is to provide a
picture and a guide in controller setting. Simulations are conducted for conventional

control strategy and fuzzy logic. The comparisons of the result are also presented in

tables and grai)hs.

Chapter 6 presents the experiment results for several control strategies. The
experiments ate conducted in several conditions. These conditions include the sudden
change in reference speed, sudden change in load applied and sudden change in both
simultaneously. The responses are then recorded and presented in graphs. The
evaluation of control parameter and performance index are applied and presented in
table. A compélrison between several control strategies is presented in tables. This is
to show the “Iperformance of each control strategy. The performance indexes

evaluation used are integrated absolute error (IAE), integral of squared error (ISE),

and integral time weighted absolute error (ITAE).
Chapter 7 jlaresents the conclusions. The contributions of the thesis and future

work are also ptesented.



- CHAPTER 2
INDUCTION MOTOR DRIVE CONTROL STRATEGIES

2.1 Introduction

Nowadays, Industrial competition in the world is on the rise and getting tougher.
Hence, the efficiency due to shortened product life cycles, rising manufacturing costs,
and the globalization of market economics is a critical issue and a key word to
success. All industries put efforts to increase the efficiency and to reduce the losses.
Increasing the efficiency could be done by increasing the production speed,
automating the system, reducing the material cost, increasing the quality, reducing the

rejected product, lessening the downtime and reducing the maintenance cost [15-17].

Reducing the human interventions in a process is commonly known as
automation. An automated system is a collection of devices working together to
accomplish task or produce a product or family of product [18]. An industrial
automated system can be a machine or a group of machines. Automation plays an
increasingly important role in increasing the efficiency. Obviously, the automation is

applicable in a process with high volume production [19].

2.2 Background to Industrial Controller

Before the late 1960°s, relays were very commonly used to control the machines
logic. It is operated by pressing start button to run the machine and stop button to
stop. A basic machine might need an extra space to place relays circuit and wiring to
control of its functions. The more the number of machines to be controlled, the more

space is required for the relays circuits. There are some limitations to this type of
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control such as relays failure, delay when the relay turns on/off, troubleshooting of
wiring, reconfiguration, and space between relays circuit and machines. A

programmable logic controller (PLC) overcomes these limitations

The National Electrical Manufacturers Association (NEMA) defines a PLC as a
digitally operéting electronics apparatus which uses a programmable memory for
internal storaée of instruction by implementing specific functions, such as logic,
sequencing, timing, counting and arithmetic to control through digital or analog I/O

modules various types of machines cr processes.

|

Basically, the architecture of PLC is the same as a general purpose computer,
Although iden“ltical, some important characteristics distinguish PLCs from general
purpose computer. They can operate in an industrial environment that has extreme
temperature, high humidity, electrical noise, electromagnetic interference and

mechanical vibration. [20].

PLC was first introduced into the manufacturing plant in 1969 [21], and is now
becoming the fé‘)refront of manufacturing automation [13, 20]. Nowadays, the PLC’s
have penetrated‘l almost in every industry [22]. The PLC roles in automation can be
classified in advanced control system [23]. In relation to the relay circuit, PLCs offer
following additional advantages:

- Ease of ﬁrogramming and reprogramming

- High reli!ability and minimal maintenance

- Small phw‘_“ysicaI size that its relay equivalent

- Ability to communicate with computer system in the plant

- Moderate'to low initial investment cost

- Rugged construction
- Modular design [24-26]

The PLC can"‘ be found in industries such as in textiles process, chemicals mills,
paper process, lift, etc. Nowadays, PL.C's are becoming more and more intelligent.
Some of the PLC manufacturers provide the control module/unit. It provides PID
block, fuzzy logié: block and etc [27] and Neural Network [28]. An application of
combination between PLC and NN to do a certain task can be found in [29] and [30] .

One of PLC Venéior provides the dedicated module/unit for fuzzy logic [31]. The
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application the dedicated fuzzy unit to control certain process can be found in [32]
and [33]. The default PLC memory has lower capacity compared to personal

computer. The PLC scan time

The PLC can communicate through Ethernet TCP/IP or Controller Area Network
(CAN) bus serial communication [34], Profibus [35] and Profinet [36]. This capability
gives great challenges and flexibility to network communication and control. One of
the application of a monitor and control of PLC-based application to the network and
to the GSM modem can be found in [37].

2.3  Overview of AC and DC Drive Control

In complex modern industrial automation, the systems control complex network of
high performance machine systems executing multivariables like speed, force,
temperature, flow rate, pressure, etc. Most of the actuators in industries are driven
electrically so they are called electric actuators. The electric motor on the electric

actuator is the heart to actuate the process.

The electric motor evolved in the late of 1800s. It works based on the theory by
Michael Faraday and Joseph Henry, At the early phase, the DC motors were used
extensively. This is due to inherently characteristic such as easy to understand its
design, easy to control its speed, easy to control the torque and simple, cheap drive

design.

In the industrial application where the speed of a DC motor is required to vary
within a prescribed range, a number of methods are available for controlling the speed
of a DC motor. The basic idea is a change in the applied armature voltage will result
in a change in DC motor speed. The two major means to change the armature voltage
are the use of an adjustable voltage source and employing the variable resistors to
affect the required changes [38]. The adjustable voltage source could be a controlled
rectifier, PWM controlled H-bridge. Several works on DC motor speed control using
adjustable voltage control can be found in [39] [40] while [41] discussed on the
application of intelligent control.
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\
With the simple controller design, a DC motor is able to provide a variable speed
at constant tbrque and a variable speed at constant power at below and above rating

speed simulténeously. It can be found at numerous applications.

Nowadayi‘s, the AC motors tends to replace the role of DC motor [42]. The AC
motor offers some advantages compared to DC. The advantages can be mentioned as
simple design, low cost, reliable operation, easily found replacements, variety of
mounting styles, low maintenance and many different environmental enclosures.
Several appliication of an induction motor in industries, such as at conveyor, fan,
liquid-handliﬂg machine, agitator or separator [43], rolling mills [44] and textiles

process.
\

The single-phase AC induction motor at the early stage has a problem of starting
to rotate. This'is then solved by using an auxiliary winding. Furthermore based on the
starting metho“d, the single phase motor can be mentioned such as split phase motor,
capacitor type :Imotor, shaded pole motor [45]. The aim of having the extra winding is

to provide different phase of magnetic field so that the motor can starts to rotate.

The three phase induction motor does not have any problem with rotating
magnetic field. It is caused by the arrangement of stator windings in such a way that
the stator Windjngs produce rotating magnetic field. Basically the speed of induction
motor dependsl on number of poles and frequency the voltage applied to the stator
winding. Changing the number of pole is not a practical way to change the motor

speed thus it is rarely used.

With the advent of power electronics, an AC electronic power supply that can
provide a VariaBle frequency is easily realized. This is suitable to be an electric source
for variable spéed induction motor. The resulté obtained by the use of variable-
frequency are ciramatically different from the use of constant-frequency variable-
voltage [46]. As a result, the ability to operate an induction motor with adjustable
frequency confers all the advantages of normal high speed operation upon the

operation.
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The process modulation to provide an adjustable frequency source is pulse width
modulation (PWM). This technique determines the state of the electronic switches on

the power circuit. The system is thus called the PWM inverter.

The speed control of an AC induction motor is solved by PWM inverter as an
interface between the induction motor and power line. The frequency and voltage
applied to the induction motor determines the speed. The induction motor fed by
PWM inverter can be seen as a process. In control system point of view, the desired
response of the process should follow the reference. The difference between the

desired and actual value is called error. The control objective is to minimize the error.

2.4 Control Strategies

In order to have good response, a controller should be implemented on the system
between the process and a reference to detérmine the required input of the process. A
PID control, the well known controller, reacts on the error information and produces
the manipulated variable. The PID process continues processing the error with the aim
to make the error approaches zero. The PID constant should be set such that the
response would have fast rise time, low overshoot and fast settling time. Setting of
these parameters is known as tuning. Basically, the tuning of PID parameters can be
obtained using trial and error, step response and analytical. Tuning based the step
response sometimes bring an oscillatory response [47]. Tuning based on analysis of

the model requires an accurate model.

For highly non-linear plant, the characteristic at different operating point would be
different. Tuning is designed for a particular operating point. Retuning is needed
when the system operates at different operating point [48]. It is also required when the
process parameter changes slightly due to time or temperature. The aim of the

retuning is to keep the performance as prescribed.

With the existence of intelligent algorithm, the PID parameter can be tuned using
several intelligent ways such as fuzzy logic [49], neural network [50], and optimized
by ant algorithm [51], GA [52, 53] and particle swarm optimization [54].
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Usually, lithe mathematical model of the process plant is complex or not easy to be
determined [55]. Furthermore, the conventional controls are only effective at a certain
operating pdint [48]. On the other hand, the intelligent control that is based on
artificial inté,lligent can emulate the human thinking process. In the knowledge of
expert that is expressed in rule, fuzzy logic present a slightly superior dynamic
performance ‘when compare with a more conventional scheme [11, 56, 57] and that

the controller design does not require explicit knowledge of motor/load dynamic [55].

2.5 Relateci Research Work on Fuzzy-Hybrid Controller

Commonly thé inputs of fuzzy controller are error and change of error while the fuzzy
controller has‘- a single output. Thus the system is a multiple inputs single output
(MISO). A ba;sic fuzzy controller can be seen and analyzed as a conventional PD
controller. An analysis of a PID type fuzzy controller and a self-tuning was presented
in [9]. The tuning of PID coefficients was conducted using a mechanism based on a
peak observer I‘to regulate the change of error input gain and Pl-type output gain. A
peak observer utilizes actual value on the transient period to change the derivative and
integral parameters. This method is successful to provide shorter settling time and
number of oscillations. Changing the value of change of error gain and Pl-type output

gain 3 at the same rate will keep the proportional parameter constant.
\

Lee, [58], éddressed the problem of improving the Pl-type fuzzy controller. The
method used a;second fuzzy controller which get the same input as main fuzzy to
manipulate the previous output before accumulated to the present incremental output.
A simple mathematic equation, which gets input from the second fuzzy controller and
previous output, was implemented to form new previous output. The manipulation
process at the ¢utput stage of controller is a critical part to determine the system
performance. Tﬁe complex rules on second fuzzy should be designed carefully, There

was no systematical way in designing the rule to the second fuzzy.

Chung et ali, [59], presented a self-tuning of scaling factor to Pl-type fuzzy
controller. This work was a simulation approach. The self-tuning was conducted by a

fuzzy tuner which is a single input fuzzy controller. The fuzzy tuner gets input from
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reference and actual value. A new variable, the ratio between error and reference, was
introduced. Basically this variable is the error in the normalized value. This value was
utilized as antecedent for fuzzy tuner rules. The fuzzy tuner produces an incremental
output for input scaling factors and output scaling factor. The fuzzy tuner tried to
update the input-output gain when the normalized error small, medium, big and very
big. The rule of fuzzy tuner has to be designed carefully, In this proposed controller

not all the output membership functions were utilized in the inference process.

Li and Tso [33] attempted to integrate a fuzzy with gain scheduling to improve the
system response. The proposed method tried to overcome the inferior performance of
fuzzy control around the reference caused by insufficient resolution on fuzzy
inference process. A simple gain adaptation was presented. The inputs and output
gains are scheduled based on the value of error. The gain scheduling actually
performed a resolution adaptation when the error is small. The inputs and output gains
will be switched vto one value to other value based on switching state. The proposed
method was proven reducing the oscillation and it was implemented in a thermal

process.

Mudi and Pal, [60, 61], considered the problem of developing a self-tuning for PI-
type and PD-type fuzzy controller. The proposed method used a second fuzzy
controller to tune the output scaling factor and got the same input as main fuzzy
controller i.e. error and change of error values. The proposed rule of fuzzy parameter
tuner was also able to provide self-tuning and anti windup mechanism as well. The
problem of proposed method is a complex rule on second fuzzy controller. The more
the number of membership functions of inputs the more complex is the inference rule.
There was no systematical way to develop the second fuzzy rule. The resolution of the
controller determines whether the proposed method works as in the simulation

process or not.

Woo et al., [10], presented a method to tune the Pl-type fuzzy output gain and
change of error input gain. Using a certain mathematical equation, the absolute of the
error was utilized to determine the change of PI-type output gain and change of error
input gain. The critical part of the proposed method is the mathematical equation that

is utilized to determine the change of the gains. Basically the relation between the
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gain of change of error and the gain of output is inversely changed. When the change
of error gain is decreased the output gain is increased. The error signal was the base
information to vary the gains. The proposed method succeeded to restrain the

overshoot and shortened the settling time in the simulation.

Tang et al, [62], configured a modified PI-type fuzzy controller for a flexible-join
robot arm w;th uncertainties. The proposed method employed an automatic gain
tuning (AGC) to tune the output scaling factor before the accumulator. The AGC gets
the input froﬁ} manipulated variable and two process variables. The AGC adjusted the
output gain based on the status between two process variable and manipulated
variable. On the word, the AGC changed the PI parameters based on the actual
condition. The proposed method has been implemented for tracking position. It was

suitable for double process variable plant.

Guzelkaya et al, [11], proposed a self-tuning for PID-fuzzy controller. The second
fuzzy controller employed to perform the self-tuning. The proposed self-tuning
scenario was based on the information of error and relative rate of error. A relative
rate observer was utilized to indicate whether the system response fast or slow. Based
on that conditi‘on, the developed rules determined the scaling factor to the change of
error input gaiq and PI-fuzzy output gain. Basically the proposed method tried to tune
the I and D fuzzy-parameters keeping proportional parameter fixed. But it provided a
gain to change' the proportional parameter as well. The proposed method has been
simulated in several plant models. The rate of error is one of important value in
determining the scaling factor. In the simulation, the error value is smooth without
any noise. It provides a smooth change of error value and finally the relative rate of
error is in smodf[h value as well. Since the rate of error value is smooth the evaluation
of fuzzy rule based on the rate of error provides smooth change to input-output gains.
The proposed method needs to be implemented in the real plant to prove the
effectiveness of the method.

An implementation of a controller was conducted in Karasakal, [63], that use a
PLC as the controller while the plants were a first order plus dead time (FOPDT) and
a second order plus dead time (SOPDT) which smoothly changes using a process

control simulator. In the real application, the range of change of error is quite small
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compared to the error. The noise at the actual value affects the change of error and
then effect to rate of error although filtering process exists. Thus the technique of
using rate of error is sensitive to the noise. If the system could not provide a smooth

error then the system performance would not perform as desired.

Another way to improve the performance of fuzzy logic controller is in a
combination with other type of controller that is usually called hybrid controller. An
early hybrid system was presented in [64]. Basically, it was a switching between a
PD-type fuzzy controller and a Pl-type fuzzy controller. The output of proposed
controller is either connected to PD-type fuzzy controller or Pl-type fuzzy controller.
The conditions that determine which controller should be connected to the output are
the values of error and change of error. At the early stage where the error is large, the
controller output is connected to the PD-type fuzzy, Where both of error and change
of error are in the ZERO fuzzy set range, the controller output is connected to PI-type
fuzzy controller. No control action is taken by PD-fuzzy until the error and change of
error is out of the ZERO fuzzy set range. The method was successfully simulated to
the several transfer function. It produced small steady state error and fast rise time.
Since there is no derivative action at the steady state condition, the proposed

controller is suitable for slow process.

A method for improving the controller could be found in Paramasivam and
Arumugam, [65]. The proposed method named hybrid fuzzy controller consisted of
Pl-type Fuzzy controller and conventional PI controller. At the same time, there will
be one controller present either conventional PI or Pl-type fuzzy controller. The
condition that determines the implemented controller is steady state error. When the
error is the same or less than 6 rpm, PI controller takes place in control function.
Other wise, Pl-type fuzzy controller work to control the process. The proposed
method was verified by experimental work on a switched reluctance motor (SRM).
The proposed controller took fast response of fuzzy controller when the error is large

and adopts the PID response in steady state condition.

Another work on the hybrid Fuzzy-PID controller method was presented by
Rahideh, [66]. The proposed method was simulated in twin rotor MIMO system.

There were two hybrid controllers used, namely the integral controller and fuzzy
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controller that had the same input error. The integrator controller output that is fixed
is connected“to the controller output so that the controller output is the summation of
the fuzzy controller and integrator output. Another scenario is when the integrator
output is connected to the controller output at a certain condition of error and change
of error. In the first scenario, a coefficient was implemented in the integral controller.
The determi@ation of the coefficient value was not reported and it effects to the
controller performance was not observed. The condition of error and change of error
in the second scenario that allow integrator output to be connected to fuzzy output
was not explored. Some simulation results verified the proposed method and

compared to the conventional PID controller.

An intelligent hybrid Fuzzy PID controller has been reported by Isin et al [67].
The hybrid system consists of a conventional PID controller and fuzzy controller. The
hybrid system blends the PID controller output and Fuzzy output using a certain
function, ffe). :This function plays as a weighing factor. A switching and adaptation
mechanism pefforms blending the PID and fuzzy output. During the operation, the
switching and ‘Iadaptation mechanism monitors the PID output, Fuzzy output and
error. The switching and adaptation mechanism multiplies the larger controller output
with f{e) while "the rest is multiplied by /-f(e). The weighing factor chosen is squared
error, €2. The controller parameter has been optimized using genetic algorithm. The
proposed hybrid system has been simulated on first order process and second order
process with dead-time. The performance of step response has been evaluated and
compared with' PID and fuzzy controller. There were no tests to evaluate the
controller perfoi“mance for the sudden change in reference, load and both to the

proposed controller. The proposed method has not been implemented in real system.

An impleme'ntation of hybrid-fuzzy-PID control was also reported in [68]. A
permanent hybrid of PI type fuzzy controller and conventional PID controller was
implemented on'a temperature and humidity control. This can be seen as a PID
controller with higher value of P, I and D parameters as compared to PID-parameters
of two controileré that was arranged as a hybrid system. There was no report in the

designing of the PID and the fuzzy parameters.
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A novel hybrid Fuzzy-PID controller for tracking control of robot manipulator has
been reported by Ravari and Taghirad [69]. In this system, a learning automata was
implemented to optimize the hybrid controller parameters. The optimized controller
parameters are the gains of PID controller and the width of membership function of
fuzzy controller. The proposed method in optimizing the parameters was done at the
supervisory level during system operation. The system was simulated, evaluated and
compared with ANFIS, Neural-based and Conventional PID controllers. The
proposed method has not been implemented in real robot manipulator to investigate

the effectiveness of the proposed method especially in optimizing the parameters.

A comprehensive comparison between conventional PID controller and fuzzy
logic can be found in [70]. For the certain condition conventional PID shows a better
performance compared to the fuzzy logic. It happens when the load applied and
released to the controller. For the step response, the fuzzy controller shows better

performance compared to conventional PID controller.

2.6 Related Research Work on Induction Motor Drive Control

In relation to the induction motor speed control fed by variable-voltage variable-
frequency, there exists a few similar work that have been reported. The first and most
successful application of PLC in the induction motor drive was by loannides who had
designed and implemented a PLC based monitoring control system :for induction
motor, [13]. The developed system, hardware and software, for speed control and
protection provided higher accuracy and efficiency using PID as the control
algorithm. The efficiency in term of V/Hz method was reported to be:improved but
there were no transient analyses provided for the speed control. The response of

sudden change of load was not evaluated.

In a recent work, the control method to improve the performance of an induction
motor was presented in [71]. A PID-like neuro-fuzzy controller was implemented in

vector control to regulate the induction motor speed. The output scaling factors were
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trained to minimize the error. However, a high computation task is needed to

accomplish the vector control technique.

In a more recent work, another approach to control an induction motor using V/Hz
control was presented, [14]. Here, the induction motor, load and power module were
modeled using adaptive network-based fuzzy inference system {ANFIS). The model
inputs are tlile PI coefficients. Then the PI controller was optimized by genetic
algorithm (GA). The system had successfully reduced the overshoot and lessened the
settling time; The steady state error has been noted small. Nevertheless, no
evaluations to, investigate the effect on the sudden change in load and sudden change

in load and reference speed were reported to verify the proposed method.

2.7 Summary

Most of the rélated work in this area indicates of at least one or several of the
following requirements: An improvement of control action which does not need the
complex mathematical model of real plant is highly required. Also the control
algorithm should be easily implemented into the existing controller without any
additional units. The controller itself should be able to work on industrial environment

[72]. The simple tuning of the controlier parameters is another issue to be tackled.

A fuzzy controller can be seen as a conventional PID controller. The
configuration of output stage determines the type of controller either in PI, PD or PID
mode. Tuning tthe input and output gain of fuzzy controller is the same as tuning the
either P, I or D parameter. Several ways to improve the fuzzy controller can be
considered as fnodifying the parameter in response to the current state. The
information used to tune can be a simple mathematical expression, peak value of

overshoot, a combination between error and change of error, rate of error.

A simple design of controller running on PLC implementing inherent
characteristic of conventional PID and fuzzy controllers should be realized to improve

the existing controller in industrial automation.
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Notably, there is a substantial literature on processes control using hybrid-fuzzy
controllers. However, there is only a few literature on induction motor speed control
fed by VVVF using hybrid-fuzzy controller, examples, [13, 14, 71]. This work is in
similar to [13, 14], but unique in terms of the controller used, i.e., a hybrid fuzzy PID,
and the control technique approached, i.e., VVVF with constant V/Hz ratio. The
motivation to embark on this work is based on the potential for extending and scaling
the research in PWM-driven drives using the methodology to be presented in the

subsequent chapters.
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CHAPTER 3
- PLC-BASED PWM-DRIVEN VARIABLE-VOLTAGE
VARIABLE-FREQUENCY INDUCTION MOTOR DRIVES

3.1 Introduction

The earliest electric machine used as the drive in industrial process is the direct
current (DC) motor. It has some disadvantages such as high cost, volume and weigh,
reliability and maintainability problem, limited high speed and can not operate in dirty
and explosive c%nvironment [3]. Despite that drawback, the DC motor has high inertia,

inherently fast torque response and simple converter and control.

Nowadays, the trend is using induction motor to replace the DC motor position in
industry. Most of electromechanical actuator in industries is driven by induction

motor. It providés simple way to control and cost competitive, [73-75].

This section discusses the fundamental theory on the induction motors.
Throughout this thesis, the main notation to be used is shown in the Nomenclature.
Additional notation will be introduced as the need arises. The synchronous speed (x,)
of induction mo‘éor depends on the frequency at the voltage applied (f) and number of
poles (p). The relation between frequency, number of poles and synchronous speed is
expressed as in (3. 1).

n, =120 « (3.1)
b2

The air-gap flux (Dyg) rotates at synchronous speed relative to stator winding. The
number of turn (I?n the stator winding is indicated by N,. As a result of changing
magnetic in a wihding, induced voltage on the stator winding (&,,) is developed. The
per-phase equivalent circuit of induction motor is shown in Figure 3.1, where V; is

per-phase voltage, R; is resistance of stator winding, Lj is leakage inductance of stator
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winding, L, is magnetizing inductance, R, is resistance of equivalent rotor winding,

Ly is leakage inductance of equivalent rotor winding, s is slip, the different between

synchronous speed and mechanical speed of rotor.

I, Fs Lis L Lir R

Figure 3.1 Induction motor equivalent circuit per-phase

The resistance of equivalent rotor winding can be separated into two parts,
R, and R, (I-s)/s. The second part depends on the slip. Using the magnetic circuit

analysis, the magnetic flux linkage, @, and relation is stated as in (3.2).

NS ¢ag :Lm im (3-2)

The induced voltage, e, follows the Faraday’s law and it is expressed in (3.3).

€ge =N dz‘;g (3.3)
Since the @,.(t) is Pyq sin wt, the (3.3) now is written as in (3.4).
€ng =Ny @, cOst (3.4)
From (3.4), the rms value of E,, is written as in (3.5) where £; is constant of
4.4422*Nj.
Epg=k1 f Pug (3.5)

Mechanical torque (7,.,) is developed by interaction between @,, and rotor current
(i,). If the rotor rotates at synchronous speed then there is no relative speed between

the air-gap flux and rotor. Thus there is no inducted rotor voltage, rotor current and
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then no torqﬁe is developed. The difference speed between synchronous speed (w;)
and rotor speed () is obviously called slip speed (wg). The slip is then defined as in

(3.6). The relation between slip and slip frequency (f;) is expressed in (3.7)

s=“’sa';“’f (3.6)
=Bt

fsl - o, S (37)

fsl =Sf

The rotor slips with respect to the air gap flux at relative slip speed (wy). The
magnitude of 'induced voltage on the rotor (E£,) caused of air-gap magnetic flux is

similar to the C3.5). It is written in (3.8) where k; is constant,

E,=ky fyy bug (3.8)

The squirrel c@ge rotor consists of conductors in short circuit at the end rings. The

induced rotor voltage produces the rotor current as in (3.9).

E,=R I +j2r fyl, I, (3.9)

The mechanical torque produced caused interaction between air-gap flux and rotor

current is expre‘gsed in (3.10) where ¢, is constant.

TemEcZ ¢3g fsl (310)

If the flux is kept constant then the torque is proportionally to the slip frequency. The

input voltage of équivalent circuit as in Figure 3.1 now can be written as in (3.11) [2].

V2 By +Qafl) 1, + R, 1, (3.11)
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If the @, is kept constant, the E,, is linear with f as in (3.5). The 7, will be a constant
when @, is kept constant as well. With this situation, the (3.11) can be then

expressed as in (3.12) where ¢; is a constant [2].

V,~ey f+R, (3.12)

The second term in the right hand side is voltage drop across the stator. This value can
be neglected when the operating frequency is in the rating. Thus the constant volt per

hertz (V/Hz) is implemented.

The stator drop voltage can not be neglected at low frequency. This means that
volt/hertz needs to be revised to maintain constant @,,. The higher V; need to be
implemented to compensate the stator voltage drop at low frequency. This is usually

called voltage boost. Figure 3.2 illustrates the voltage boost to keep &, constant.

Ve
3
Va rated T

voltage boost

4
¢ constant V/Hz
s

b f(Hz)

fra tad

Figure 3.2 Voltage boost to maintain @,; constant

3.2 Motor Drives

In this work the IM speed control is using variable-voltage variable-frequency
(VVVEF) converter. The main objective is to have the ratio between voltage and
frequency at the converter output be kept constant. By this concept, as the air-gap

voltage is kept constant the torque would also be constant. In order to maintain a
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constant flux at low operating frequency, the drive based on VVVF should perform

voltage boosting.

The VVVF is usually achieved using a pulse width modulation (PWM) technique.
Figure 3.3 shows block diagram of basic PWM. It consists of a comparator and a
triangle wave generator. The carrier signal, coming form triangle generator, operates
at a certain fﬁequency that is usually called switching carrier frequency (£;). The two
signals are then compared. If the modulating signal level is higher than carrier signal
level then the comparator output will be high. It then turns on the power switch in

inverter circuit. Figure 3.4 illustrates the signals on PWM circuit.

comparator
Modulating e
signals —* Switching
lf_...__., . signals

Triangle carrier
generator

Figure 3.3 PWM block principle
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Figure 3.4 Signals on PWM

The comparator output is then connected to power switch in inverter circuit that
receives DC power from rectifier. The block diagram of basic PWM inverter is
|
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depicted in Figure 3.5. For a three phase inverter, there will be six power switches to
provide the AC signal. The common power semiconductor switch implemented can
be either IGBT or MOSFET. The power semiconductor switches in the inverter will
turn-on and off following the signal given by PWM. As the result, the current flowing

in the inverter will be having the same waveform as the modulating signal.

H
1
AC input | DC bus i AC output
1 I
— ]
| L !
———| Rectifier Inverter i
] T |
]
1 : 3 phase
: 1 Induction Motor
! |
: I
Madualating 1 PWM :
signal generator :
I
|

Figure 3.5 PWM inverter block diagram

The control of the induction motor can be done in several ways [76] and it can be
classified as in Figure 3.6. The induction motor can be controlled using either scalar
or vector control. As in the name implies, in scalar scheme the controller uses scalar
quantities. Usually the drive is arranged to vyield constant torque by maintaining a

constant air-gap flux.

In the more advanced technique, the vector control provides the electric power to
maneuver the magnitude and space phase of the internal motor field to improve the
performance [77]. This method relies on the motor model. Thus the motor parameter,
both electrical and mechanical parameters, must be available to implement vector
control and obtained the improved performance. However, normally these parameters

are complex and not easy to be obtained.
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Figufe 3.6 Classification of variable Speed induction motor drives
|

33 Modeiing Induction Motor Dynamics
|

The induction motor dynamics can be modeled into higher order mathematical
equation, but si.nce the response is dominated by the dominant rotor, then a simple
transfer function can also represented the model [73] [78]. Obtaining model from the
model which fit the training criterion does not necessarily mean that the right model
can be obtained'since there may be over-fitting or under-fitting. The validation tests
would normal]y‘ be carried out to check whether the model can really represent the

process [79].

An identified process can be expressed in several model structures such as process
model, ARX, ABMAX, state-space, Box-Jenkins, and output error. One of famous
indicator to measure the distance between simulated model output and the

experimental output is the fit value. The fit value formula is expressed as in (3.13)
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where y, yand ypare the measured data, simulated model output and mean of

measured data respectively. The fit value should be taken into account as the fitness
of the model [80].

Fie—| 1-70mG=3) | {0006 613)
norm(y—y)

System identification is about constructing a model from available data. In
relation to the input data fed to the system to generate the output, a multi-level
periodic perturbation signals is preferable for this purposes. It was concluded that the
use of this signal leads to considerable benefits [81]. The purpose of using the multi-
level periodic perturbation signal at the input is to measure the dynamic of the system

and the obtained model could have the same dynamic characteristic.

3.4 Proportional Integral Derivative

The well-known conventional controller, PID, has been applied in various areas. More
than 95% of control algorithm applied is PID [82]. It is based on the proportional,
integral and derivative action in producing manipulated variable to reach set-point.
The integral part eliminates the steady state error while the derivative action takes part
as an anticipator of the future condition. The two structures of PID are parallel and
series type. The parallel type is usually called non-interacting type while the series
type is usually called interacting type. Figure 3.7 shows the connection of two PID

structures. The output of non-interacting PID controller is expressed in (3.14).

Tuning of PID controller means determining the K, T; and 7} so that the response
has small overshoot, fast rise time and settling time. Tuning can be done in several
ways, starting from trial and error, step response and analytical using model of the
plant. The first two ways of tuning are based on the experiment and the other is based
on the model. The controller tuned by analytical method produces better performance

compared to the others.
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Figure 3.7 Structure of PID controller

ut)=K, [e(t)+% j e(t)dt+ T (3.14)

de(1)
; dt
Tuning the controller based on analytical model relies on the plant model. In fact,
the parameter“= on the model could vary based on certain condition such as
environment. I!f it is happened then the performance will be different with the design.
In order to ha\}e a good PID controller, several aspects should be taken into account
such as that PfD is based on the rigorous mathematical model of the linear process,
the optimization of the control action, tuning, is needed and all of those can not cope
with the varying control environment resulting from load disturbances, system non-

linearity’s, and ‘change of plant parameters. [73].

3.5 Filtering ‘Noise’ of Measured Variable

In real application, actual value from the measurement may contains spike or noise.
Before the measiured signal can be utilized by the controller, it is necessary to pass the
measured value to a process that take the desired signal and reject the noise. This
process of doing that task is usually called filtering. The filter should pass the desired
signal without léosing important information. The delay or lagging of filtered signal
should be at a minimum so that the controller’s performances are still maintained at

the appropriate level.
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First order low pass filter is a kind of simple filter process and it is able to perform
filtering well. Equation (3.15) shows the transfer function of first order LPF where x,

x and t,are filtered signal, measured signal and time constant respectively. The

discrete form can be evaluated using backward difference approximation with
sampling period, T, and it is then expressed in (3.16). The formula is actually
identical to exponentially weighted moving average [83]. Substituting o = t¢/ (t¢+ T)
to (3.16) it becomes simple equation as in (3.17). The o will determine the filter

response. Figure 3.8 illustrates the response of first order LPF at different value of a.

L (3.15)
X 1+TfS
xk—fk_] —
=T
R (3.16)
xk= ka1+ Xk
Tf+TS Z'f +Ts
To=a%_ +(l-a)x, (3.17)

From Figure 3.8, when « is 0.7, the filtered signal is adequate to represent the
measured signal. The delay at the filtered signal is relative small. The filtered signal
provides enough smooth as well. In the system, the LPF is used to filter the measured
motor speed. That is done before processed in control algorithm. If the measured
signal fed to the controller is not smooth enough when it is at steady state, the value of
change of error would not be zero. It makes the controller to change the output and
then the actual speed would change as well. This situation happens ant steady state
speed could not be obtained. Figure 3.9 depicts the measured speed signal before and

after the filtering.

31




1.4F -
12} 4
1t T
/
» 08} -
El
g 06} | 4
f
04F / 4
Input
02r alfa=0.3
alfa=0.5
0 alfz=07 7
——— alfa=0.9
0.2, 05 1 15 2 25 3
Time (s)
a. Ideal input signal
14F i
12t 4
i e MO N g A
/ |
» 0BF / ]
3 ‘
T 05t ‘-f 4
< I
o4t f 4
Input
02r f alfa=0.3 |
alfa=0.5
o WWM alfa=0.7 7
alfa=0.9
035 05 1 15 2 25 3

Time (s}
b. Noisy input signal
Figure 3.8 Simulation response of first order LPF

650 T T T T . T

600 -
650 | J

500 | L -

450 +

400

Speed (rpm)

350

It

300 1 4

250

Measured speed -

—— Filtered signal
200 1 1 L L 1 " 1
) 0 05 1 13 2 25 3 35 4

Time (s)

|
- Figure 3.9 Simulation response of first order LPF

! 32




3.6 Fuzzy Logic

Fuzzy logic was introduced firstly in 1965 by Lotfi Zadeh. The concept of Fuzzy
logic is solving a problem using IF-THEN rules rather than solving a problem
mathematically. It is linguistic-based and using common mathematic operations.
Because it works on linguistic based, it is suitable to solve a problem which involves

uncertainty such as OLD, YOUNG, HIGH, LOW, etc.

Fuzzy logic consists of three main processes namely fuzzification, inference and
defuzzification. Fuzzification process transforms a crisp set into fuzzy set in the
universe of discourse. In the universe of discourse of input and output, the
membership functions are defined. The membership function can be defined in the
form of triangle, trapezoidal, normal distribution, S-function etc. The fuzzification
transforms the input crisp number into the degree of membership function of certain

set. The level of degree of membership function is in between 0 — 1.

The relation between inputs to the output is operated in fuzzy inference system.
The inference process is based on the defined rule. The most frequently used fuzzy
inference are Mamdani, Takagi-Sugeno and Relational (Pedryez) fuzzy logic system.
For the two input fuzzy system of x and y, the Mamdani inference system has rule in
the form as follow.

If xisu; and yisv; then zisw

If xisu; and yisvy then zisw;

The Takagi-Sugeno inference system has rule in the form as follow where aj, b,
and ¢; are constant, It is clearly seen that the consequence part consists of linear
relation to the inputs.

If xisu, and yisvy then zisa;x+b;y+c;

If xisu, and yisv, then zisax+byytc;

Defuzzification, as in the name implies, transforms back the fuzzy set value into a
crisp set value. It combines all rule output into a weighted average formula [84].
Several defuzzification methods available are center of gravity (COG), center of sum
(COS), mean of maxima (MOM). The COG is mostly preferred in the implementation

due to its simple computation.
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Fuzzy logic works in several areas such as controlling, modeling, predicting,
monitoring, etc. Some of successful applications of fuzzy control in industrial

automation can be found in {85].

In control application, Fuzzy logics yields superior results without the need of
accurate mathematical model of the plant and works well for complex non-linear
system [73, 85]. Fuzzy logic has the proven ability to represent complex, ill-defined
systems, presence of dead time that are difficult to model and control by a

conventional controller [74, 85].

3.6.1 The Crisp Type Fuzzy Controller

The fuzzy controller in which the consequence parts of the control rules are crisp
functional instead of fuzzy set is usually called the crisp type fuzzy controller [86]. By
using this method, the defuzzification process does not require complex mathematical

operation and it is not time-consuming task,

Qiao et al, [9], proposed an analysis of crisp type fuzzy controller mathematically.
For analysis purpose, It is supposed that the fuzzy logic controller has two inputs
namely error, e, and change of error, &, and one output, u. The membership function
of the input and output are illustrated in Figure 3.10. The triangle form is utilized
because it offers simplicity in computation during fuzzification. The singleton form is

chosen in output membership function due to a simple evaluation in defuzzification.

i B
/ > /
& & 611 error &4 2 & change of error

a. Error input b. Change of error input

B B

u
1

Oy o it oulput ”
c. Output
Figure 3.10 Set of membership function
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The universe of discourse of ¢, ¢ anduare E c R, Ec R and U < R respectively.
The denotation of membership function for e and ¢ are 4; B;, wherei e [=[-m, ..., -
1,0,1,...,m]landj € J=[-n, ... ,-1, 0, 1, ..., n]. The fuzzy rule has a common form
as below.

if eisd; and ¢ isB; then uisuy

if eisAi; and & is By them wisup.y

The consequence part, uy, is a singleton value of output membership function
where u; € U (i €1 j €J). The maximum number of fuzzy rules depends on number
of the two input membership functions. The inference method applied is product-sum,

thus the truth value of antecedent for a certain rule will be in (3.18).

fy=4e) B, () (3.18)

The accumulation of rule output to produce the crisp value is evaluated using

COQG defuzzification method. The COG method expression is given in (3.19).
2Ty y
_bJ

=t 3.19
u 7, (3.19)

For a control instance the value of e and & are e and &, respectively and the
degree of membership value of 4; and B; are A4i(e) and B;(é,). The evaluation of
degree of membership function for defined set membership function in Figure 3.9 is
expressed in (3.20). That is nothing but an evaluation of linear equation.

e—e e;,.1—¢ e—e;

A;(e)=1- L= , Aipg(e)=
€ir1 7€ €j117€; €irl1 €

A, (e)=0(k z(i,i +1) e 1)

e—e; € e—e.
Bj(¢)=1-——~L =T _— B (&)=L B(&)=0(=(j,j+1)eJ) (3.20)

ej+1—e

JoCivTe JH17E

Substituting equation (3.20) to (3.18) then equation (3.18) to (3.19), the controller

output now can be written as in (3.21).

_ Xk,tAk (e)B,(e) u,
Y 4B

(3.21)
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For a cértain value of error and change of error, each of the value must be under
two nearest "neighborhood of membership funétion. Thus the only two value for Ax(e)
{k= 1.n) is non zero. In simple word 4ife) # 0 (k = (i, i+1) €Iy while Age) = 0 (k# (i
, i+1)el). fhis condition happens too for éthat is Bye) # 0 (t = (§ , j+1) €l) while
Bie) =0 (@ # (G, jt1)el). Using this fact, controller output now is rewritten as in
(3.22).

Zk=(zj,z’+1)) A (e) B (e} uy

t:=(.]>j+1
= = 3.22
" 2'_‘k=(i,i+1) Ak(e)B,(é) ( )
t=(j,j+1)

By substituting definition of degree of membership function for each input as in

(3.20), the denominator of (3.21) can be simplified as below.

Zk=<fgf+i> A (e)B,(e) = 4;(e). B, (&) + 4,1 (e). B; (€)+ 4;(e). B, 11 (&) + 441 (€). B, ()

t=(J,j+1) |
= (di(e) + 4;1.1(e). B;(€)) (B;(€)+ B;,1(¢))
| =1
By implemenfing the definition of membership functions, the new controller output

expression for the fuzzy controller becomes as in (3.23).

=" k=(ii+1) (A (e) B,(€) uy,
t=(/.j+1)
e —e | €is1-€ e—e; Cjr-€
=[ w!rl J ! ; .uij-{ : J .J o R I (3-23)
eii1—e )\ €5u1-¢; €iv1 =€ )\ ©jr1-Cj
e e g-¢. e—e e-¢;
+[:hLl } ; J. 'ui(j+1)+u( L J ; J. U1+
€ir17€ J\ Cj417C; ESERUAN L

fore € [e; ei+1] and ¢ e [¢; €,4/].

From (3.23), It is clearly seen that the fuzzy controller output is non-linear
function of the. arguments e and ¢[9]. Commonly, the input-output relation of the

controller can be expressed in the non-linear model as in (3.24).

u=fle, ¢ 1) (3.24)

The linearizatioig analysis for slightly perturbation function e, ¢ and # can be defined

as follows:
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de=e—e;,
5e=e-ej,

ou= U - Uy

For small de, ¢ and Su perturbation, equation (3.23) can be approximated using
simple Tailor series by the linear equation as in (3.25).

§u=[?i] 5e+[§j;] &% (3.25)
oe |, ¢ |,

The evaluation of df/de can be explained as,

of -1 €jp-€ bi €,,)-€
5—: ( J . |- U +[ ) I 1)
€ \Ci+1 7€ J\ €j+17€) €iv1 —¢€;

€j417¢;
.y é-éj Ji e-¢;
+ ; — | i) TU . — | ¥a+Dg+1)
€ir1 —C J\ €y -€; €ir1 € )\ €€

Substituting e = ¢; and ¢ = ¢, then

-1 éj+1_éj ) éj+1'éj
={ ; | Uyt X i)
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The evaluation of §f7d ¢ can be written as follow:
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Substituting e = ¢; and ¢ = ¢ then

e 1—¢; -1 e —e; -1
—_| Lit+l i Z i
_(I J - - uy+( J - - 'u(i+1)j
e.¢, \€i+1 7€ )\ €j+17€; €ir1 =€ J\ €j+17€;

+[;1+1 zJ -”z’(i+1)+( I z] | UG41)G+1)

€iv17€ )\ €j417€ Civ1 € )\ €j+17¢;

Ou
oe

€ir17€; €j117€;

_ Uigi)mHy
€j+17¢€j

Substituting §f/de and 38 ¢ to (3.24) gives du as,

ou=2 TR o B0+ 7Y 5

€1 ¢ ej+l _ej

The incremental output of linearized output can be written as,

+1 +1 .
— =V 6 e ) +_{0_)4,(e_ej)
Ciy1 ¢ €iv1 7€

And finally, the linearized output form of the fuzzy controller is illustrated in (3.26)
[9].

JMaeny Ty, Migel) Ty | By T My Mige) Ty

u=\u

if i . . J . .
L €16 €iv1-€; €iv1 e €11 €
=A+ Pe+ De
where (3.26)
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3.6.2 An Effort to Improve Fuzzy Controller

Several previous efforts have been put to improve the fuzzy controller due to step
response, load and disturbance. The aim of that effort is to provide a better

performance during the operating points.

Qiao and Mizumoto [1996], [9], proposed an analysis of PID-type-fuzzy
controller and parameters adaptive method. The analysis of PID-type controller
employed a product-sum crisp type fuzzy controller. A dual input single output
normal fuzzy controller mathematically, as in Figure 3.11, can be seen like a PD
controller. The PD-type fuzzy controller output is in (3.27) where 4, P and D are the
controller variables as in (3.26). The K; and K are the input gain of error and change

of error respectively while « is the output gain.

Fuzzy u
Controller |

Figure 3.11 Basic fuzzy controller

2}

upp=ad+aPK e+aDK ¢é (3.27)

A modification to the output side, replacing the gain (@) with integral with gain
(8)) as in Figure 3.12, makes the controller becoming Pl-type fuzzy controller and the

controller output is expressed in (3.28).

uP,=ﬁAt+ﬁK1Pjedz+ﬁsze (3.28)

Fuzey
Corralier ’3 I

4

Figure 3.12 Pl-type fuzzy controller
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The cori?bination at the output side between PD-type and Pl-type fuzzy controller,
as in Figure 3.13, makes the controller becomes PID-type fuzzy controller. The output
is expressed in (3.29).

Fuzzy
Controller

7Y

Figure 3.13 PID-type Fuzzy controller

From (3.2i9), the controller output equation behaves like a time-varying PID
controller where the proportional, integral and derivative parameters are aK;P +
PK>D, BK;P and aK>D simultaneously. The tuning of PID type fuzzy controller

usually tunes those three parameters.

3.7 Proposed Hybrid Fuzzy PID controller

The idea of the!‘ proposed method is to improve the fuzzy logic controller including the
inherent merit of conventional P1D controller. The fuzzy logic controller is selected as
it has been proven as a controller that does not require a precise plant model.
Basically, the Ihybricl controller is the combination of both controller ie. fuzzy
controller and éonventional PID controller. It has been proven that the conventional
PID control can minimize the steady state error. The inherent characteristic of the
conventional PID control and the fuzzy logic are taken and implemented in a hybrid

controller.

By subtracting the previous output from the current output in the general
conventional dfgital PID-controller, the incremental type of conventional PID
controller would have an output as in (3.30) [87]. Here T, 7; and T, are the sampling

period, integrating time and derivative time, respectively.
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Auy(n)=K, [e(n).(l + —T£+£]—e(n - 1)[1 + 2.—’?—}+e(n - 2);—‘1] (3.30)

s

i s s

Incremental PIO
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Figure 3.14 Block diagram of hybrid fuzzy PID logic controller

The fuzzy controller that will be the PID-type, consists of PD-type and PI-type
fuzzy controller, The method of improvement is realized by replacing the accumulator
input of Pl-type fuzzy with the incremental PID when the following condition is
satisfied: it happens at the time n=k, where |e(n)| < threshold etror (e;). The structure
of the proposed method is shown in Figure 3.14. The flow of the control action is
illustrated in Figure 3.15. When the condiﬁon is not satisfied, the switch, S, at the
integrator input is connected to B gain output. The controller output is: defines as in

(3.29).

When the absolute of error is less than the defined threshold error, the switch is
connected to upper part, conventional incremental PID output. Here, the accumulator
gets the input from conventional incremental PID and the controller output is

represented in (3.31).
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Figure 3.15 Flowchart of control action

u.=u +uy =a A(n)+a P(n)Kye(n)+a D(n) K5 (n)é(n)

k-1
Y PA(n)+ BP(n) Kye(n)+ BD(n)Ké(n) (3.31)
: n=1
| 3 A Ty o [ATYRIRY /1
i +Kpn=k|:e(n).[l+ }+AJ e(n 1)(1+2. Ar]+e(n 2) AI}

When the ébsolute of the error is less than a defined threshold error, the condition
is satisfied, an%l the proposed controller consists of a conventional PID and a Pl-type
fuzzy controllers. With this configuration, there are two P and I parameters and single
D parameter. As a consequence, the proportional and derivative parameters values is
higher than a ﬂprmal PID- type fuzzy controller, when the absolute of error is higher
than the deﬁneél threshold value. It is expected that the system would be able to reach
the steady state‘i faster because of the higher proportional action, and also to minimize
the steady state error due to the contribution of the integration and derivative action.
This proposed controller is simply the combination of the two controllers PID-type
fuzzy and the conventional PID. This concept is investigated in this work by

developing a switching type controller for a drive system, where a PID-type FLC is
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executed first and then switched to an incremental-PID and Pl-type fuzzy control.
Based on the experiment, the ability to minimize the error is inherent characteristic of
PID controller. That is why the incremental-PID controller feeds the system when the

error is less than threshold value.

3.8 Programmable Logic Controller

Nowadays, programmable logic controller (PLC) has becomes workhorse of factory
automation [20]. It provides several advantages compared to the relay logic systems
such as smaller dimension, capable of communicating with other system etc. With the
growing of industrial automation, there is still available potential market for PLC

[88].

PLC is a microprocessor-based controller designed to perform a certain task. The
capability of PLC can be classified into several groups i.e. micro, small, medium,
large and very large PLC. The above groups are different from each other based on

the number of input output points, program memory and functional block.

The operation sequence of PLC in executing a program is slightly different from a
computer or a microcontroller. In general, there are three basic operation sequences
on PLC i.e. input scan, logic solve and output scan [89-91]. The time taken by logic
solve depends on the number of instruction composed the program. The more the
instruction the more the time taken. But the PLC executes the instruction very fast.
Input scan and output scan takes time more than logic solve. This is because the PLC
does communicate with I/0 module and may be, some of the I/O module includes
slower parts. The design of PLC program should consider the operation sequences to

produce a proper program.

The development of PLC programming includes improved graphical user
interface (GUI), high level language such as Basic and C and communication over
high speed Ethernet network. So the communication between PLC and other devices

connected on the network is possible.
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Another side of development makes it possible to have an attractive and user
friendly sysLtem. An interfacing between system and operator can be realized using
programmal:;le terminal which could be a combination between the touch panel and
the liquid crystal display (LCD) [92]. Using these devices, it is easier to monitor,
control and' manage minor maintenance of the system. Some of PLC based

automation can be found in [12, 13, 33, 93-101].

39 Summéry

This chapter ‘tcovers the theoretical background of drive control specifically to the
control of an induction motor. It develops the understanding on the fundamental
theory on induction motor, the approach of using VVVF and how it is achievable via
PWM technique and the various ways of VSD of induction motors. This is followed
by the design of the control technique like PID, and the fuzzy control leading to the
development of the proposed controller i.e., hybrid fuzzy controller that to be
implemented in this work. A general overview of a PLC is presented to give an
insight of its ihherent features that make it a choice to be the controller for a PWM-

driven VVVF f_nduction motor drive.

In the folloﬂwing chapter, the implementation of a fuzzy PLC using a basic PLC
and the application of the set-up rig of a PLC-based controller with human-machine

interfaced and a PWM inverter will be discussed.
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CHAPTER 4
IDENTIFICATION OF INTEGRATED VARIABLE SPEED DRIVE,
INDUCTION MOTOR AND DYNAMOMETER

4.1 Introduction

As explained in Chapter 3, the plant or process is a squirrel cage induction motor,
which is supplied by variable speed drive in V/Hz mode. In order to have different
motor operating situations, a dynamometer is mechanically coupled to the induction
motor. This dynamometer would be the load applied to the induction motor, It also

generates a signal that represents the actual speed.

The first step would require the system be simulated using Matlab/Simulink.
Thus, the model of each part in the system should be available. The variable speed
drive, induction motor and dynamometer are the devices that their model is still
unavailable. The variable speed drive here is a programmable device and that is

available in the market. This means this research utilizes an existing device.

The induction motor has several electrical and mechanical parameters. Some of
these are able to be measured and obtained while the rest are not easy to be obtained,
e.g. mechanical parameters. The mechanical coupling from induction motor to the
dynamometer using timing belt and dynamometer is one part that can not be

neglected.

Based on the above situation, system identification technique to identify the
integrated variable speed drive, induction motor and dynamometer into a model is
conducted. That integrated device will be identified in one model. Thus the model has
two inputs i.e. signal to the variable speed drive (VSD) in step that determines output

voltage and frequency (V/Hz mode) and signal to dynamometer specifying load
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applied to the motor in mNm. The block diagram for system identification is show in
Figure 4.1. The system identification builds a model from experiment input-output

data.

Variable | . |
v - vl | inductlon | M | Dyname- !
rive
n
«—

Figure 4.1 Process block diagram for identification

There are;minimum of three basic procedures to determine a model of a dynamic
system from experimental input-output data i.e. input output data, choice of model
structure, estimation of the model parameter and validation of the identified model
[78-80].

4.2 Input Output Data

The first stage'of system identification is preparing observed input output data. This
data will determine the quality of the model. The range of input data to model should

be covered during operation.

Multilevel periodic perturbation signal as the input data to generate the output
data is preferable for this scheme. It is advisable to measure the dynamic of the
system [81]. Tf;is short of signal has two unique characteristics; i.e. a periodic step
wise continuous" multilevel signal at a constant repetition. An open loop expertment to
the integrated variable speed drive, induction motor and dynamometer is conducted to
determine the minimum and maximum VSD input data. The minimum and maximum
VSD input data is the data that correspond to minimum and maximum speed as
specified in the 6perating point in subchapter 5.5. The experimental results show that
the minimum arid maximum values of VSD input are 700 and 1900 steps. That is
equivalent to thel‘command that corresponds to VSD output frequency of 17.5 Hz and
47.5 Hz respectiively. In principle, it follows the V/Hz ratio specified to VSD. The

detail V/Hz ratio “of VSD can be found in Appendix A.
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In the open loop experiment the input data, VSD and load input, are sent to VSD
and dynamometer respectively. At the same time, the induction motor speed is
recorded. The same experiment is conducted for other input data sets. By using that

input data, it is expected that the dynamic of the system exists in output data.

Figure 4.2 depicts seven sets of multi-level periodic perturbation data to generate
the output data and the output data. As shown in Figure 4.2, the input data repetition
rate is 3 second and the number of sequence is 15. Hence the period of input data is
45s. The experimental output data for each input data consists of 4500 sampled data.
There is no pattern at the input data. On the other word, they are considered as

pseudo-random.
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Figure 4.2 Input output data
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-Figure 4.2 Input-output data (continued)
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Figure 4.2 Set of input data (continued)
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Figure 4.2 Set of input data (continued)
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The third graph of each data set in Figure 4.2 is the recorded output data
representing the speed. The change of the speed signal due to the change of VSD
input and load can be seen clearly in the graphs. For example in Figure 4.2.a at 3s,
when the VSD input is reduced and load is released, the speed signal does not
immediately turn to lower value. The speed increases before changing to lower speed.
Another situation happened at 6s, when the VSD input is increased and load is applied

the actual speed experiences an undershot before turning to steady value.

4.3 Choosing Model Structure

The second stage of system identification is determining the model structure. The
candidates of model structure are the process model, state space (N4S2), Box-Jenkins
(B]), ARMA, ARMAX and Output Error (OE). The evaluation of model structure is
based on the fit value. The fit value indicates the percentage of the output variation
between the model output (simulated) and the measured output [102]. The detail of fit
value equation is expressed in (4.1) where y, ¥ and y are the experimental output
data, simulated model output data and mean of experimental output data, respectively.
The higher fit value means that the difference of simulated model data compared to
experimental data is small. The maximum fit value is 100%.

Fit= 1—w 100% (4.1)
norm(y—3y)

The first identification uses first four input-output data sets to find the big picture
of the model structure that can be considered to be the proper model structure.

Table 4.1 resumes the combination of data to be identified.

Table 4.1 Data Combination

Identification Working data Validation data
a Data set 1 Data set 3
b Data set 2 Data set 4
c Data set 3 Data set 2
d Data set 4 Data set 1
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The system identification is then conducted on six different models such as
process model, state space, Box-Jenkins (BJ), Output Error (OE), ARMA, ARMAX.

The fit value of each model is resumed in Table 5.2.

Table 4.2 Fit value for several model structures

a. ;Identiﬁcation a b. Identification b

Model _ Fit (%) Model Fit(%) _ Model Fit(%) Model Fit (%)

P3DZU 90.64 ARX 8779 P3DIZU 88.57 ARX 86.4

P3DZ  88.86 AMX  §5.83 BJ 88.51 AMX 85.63
P1DZ 88.45 P3DIZ 7842 OE 88.36 P1D 85.51
N4S2 1 88.23 P3DIZU 72.82 P3DZ  88.31 P1DZ 85.25
BJ - 88.16 PID  70.91 P3IDZU 88.18 P3DIZ  74.45
OE221  88.15 PIDIZ 70.27 N4S2  86.45 PIDIZ  73.66
¢. Identification ¢ d. Identification d
Model . Fit Model Fit (%) Model Fit Model Fit (%)
PIDIZ  190.77 BJ 87.83 P3DZ  89.31 N4S2 86.21
P3DZ 90.1 OE 87.82 P3DZU 89.26 P1D 86.13
P3DZU  90.05 PIDZ 87.54 PIDIZ 88.78  PIDZ 85.31
ARX 88.14 AMX 85.13 BJ 8699  AMX 83.93
P1D 88.06  P3DIZ 74.93 OE 86.72 P3DIZU  69.59
N4S2 '87.93 P3D  65.52 ARX  86.66 P3DIZ  69.31

As shown “in Table 4.2, Box-Jenkins model, Output Error model, ARX model and
AMX model have a lower fit value compared to some process models. The process
model in Table 4.2 has several combinations such as P3DZU, P3DZ, P1DZ, P3DIZ,
P3DIZU, P1D and P1DIZ. The first is number of pole (P). The number of pole is
indicated by tl‘le number comes after P. The second parameter is delay (D). The
process modef has a delay at the input or not is indicated with letter ‘D’. The
existence of integration is indicated by the letter I as a third parameter. The fourth
parameter is zero (Z). The process has zero or not is indicated by letter Z. The last is

whether the pchess is under-damped (U) or not. This is indicated by U.

From Table‘I 4.2 the process model structure that consistently gives high fit value is
selected. There are two process models, i.e. single pole (P1DZ) and three poles
(P3DZ). By observing the fit value summarized in Table 4.2, third order process
model has higher fit value compared to single order. The fit values of third order
process model ifor identification a, b, ¢ and d are 88.86, 88.31, 90.1 and 89.31,

respectively While the fir values of first order process model for identification a, b, ¢
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and d are 88.45, 85.25, 87.54 and 85.31 respectively. Hence model structure selected
is third order process model with delay at the input (P3DZ).

4.4 Estimation Model Parameter

Once the model structure has been determined, the next step is estimating the model
parameters. The selected model structure has three poles and a single zero with dead
time process model (P3DZ). The results from previous step suggested the P3DZ
model from identification of a, b, ¢ and d namely model P3DZa, model P3DZb, model
P3DZc and model P3DZd simultaneously. The model expression is as in (4.2) and the
parameters given by each identification process are summarized in Table 4.3 and 4.4.
It is clearly shown in Table 4.3 and 4.4 that the model parameters given by
identification using different data set for a particular model are different. Figure 4.3

depicts the simulated response of model P3DZa, P3DZb, P3DZc and P3DZd driven

by four input data set.
Yis)=G 1(s)+G _2(s) (4.2)
where
G_](S)=K. I+Tzs e(_Td_s)
(1+Tpl.s)(l+Tp2.s)(l+Tp3.s)
G_Z(S)=K. 1+Tzs e(_Td_S)
(1+Tpl.s)(l+Tp2.s)(l+Tp3.s)
Table 4.3 Parameters for G_1(s)
Identification K pl Tp2 Tp3 Td 1z
a 0.72236 | 5.0045 | 0.068886 | 0.12319 | 0.073807 | 5.2551
b 0.75761 | 0.092242 | 0.082437 | 0.14865 | 0.068078 | 0.1398
c 0.79564 | 0.07143 | 0.074248 | 0.073056 | 0.043088 | -0.00236
d 0.72322 | 73774 | 0.10156 | 0.10241 | 0.067804 | 8.1284
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Table 4.4 Parameters for G_2(s)

Identification K Tpl Tp2 Tp3 Td Tz
a ‘ -0.10254 | 0.053111 | 0.63918 | 0.053923 | 0.011689 | 0.85774
b i -0.14366 | 27.352 | 0.032497 | 0.033662 | 0.02692 21.108
c -0.20408 | 23.673 | 0.046091 | 0.026702 | 0.023444 | 14.744
d | -0.11864 | 0.05591 | 0.054369 | 1.0823 | 0.014124 | 1.3458
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Figure 4.3 Output of simulated model
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Figure 4.3 Output of simulated model (continued)

Table 4.5 Fit values for simulated model

Simulated Model
Input
P3DZ a P3DZ b P3DZ ¢ P3DZ d
Data 1 90.04 93.19 88.40 86.84
Data 2 87.24 91.20 86.60 84.86
Data 3 85.75 88.90 88.77 86.87
Data 4 87.80 90.29 91.51 90.05
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Table 4.5 summarizes the fit value for each model. It is also clearly shown that a
model simuléted using different data gives different fit values. In order to estimate the
model paranlleters for a chosen model structure, a new identification is conducted
using merged data. A merged data consists of 2 data-sets and it will be used in
identification simultaneously. Thus it consists of 9000 sampled data. Another merged
data is used in validation as well. Data 1 is merged with Data 4 namely Datal4 and
Data 2 is merged with Data 3 namely Data23. System identification is conducted and
this suggested with its parameter is as shown in Table 4.6. The new simulated model
output driven by all input data is illustrated in Figure 4.4 shown in green line. Their fit

values are sun"lma.rized in Table 4.7.

Table 4.6 Parameters of P3DZ model

Process | K Tpl Tp2 Tp3 Td Tz

G 1(s) . | 0.72527 | 326.38 |0.090062 | 0.10037 | 0.069926 | 351.21
G _2(s) -0.12728 13.85 0.03672 | 0.038175 | 0.025044 | 13.363
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Figure 4.4 Simulated model output
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Figure 4.4 Simulated model output (continued)
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Figure 4.4 Simulated model output (continued)

Table 4.7 Offset for Maximum Fit Value

Input Fit (%)
Data 1 81.68
Data 2 83.71
Data 3 81.24
Data 4 79.93
Data 5 81.79
Data 6 74.79
Data 7 82.85

It is clearly shown in Figure 4.4 that the simulated model output has an offset
error as indicated in green line. The fit value for each output is less than 84%. In
order to reduce this error, an offset is required to the simulated model output to
increase the fit value. The purpose of the offset is to shift the simulated output data so
that it will reduce to the offset error. The offset required to the model to have high fit
value for different output is resumed in Table 4.8 and the simulated model output of
the model with offset is also shown in Figure 4.4 in red line. As show in Figure 4.4
the simulated model output, red line, is closed to experimental output data. Table 4.8
also summarizes the fit value of simulated model output after implementing the offset.
The offset required to get a maximum fit value is different for different data set, from

-44 to -63. A single value offset is required in the final model. The averaging process
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|
in determining the offset is selected to represent the required offset to final model.
The new fit value for simulated model output is summarized in Table 4.9 and the

minimum and maximum fits are 84.68 and 94, simultaneously.

Table 4.8 Offset for Maximum Fit Value

Input Offset Fit
Data 1 -44 88.95
Data 2 -43 92.19
Data 3 -61 92.04
! Data 4 - 63 90.24
Data 5 -52 89.33
Data 6 - 59 84.69
Data 7 -55 93.99

Table 4.9 Fit Value for Final Model

’I Input Fit Offset
? Data 1 88.29

Data 2 91.07 .

Data3 91.91

Data 4 90.02 -53.86

Data 5 89.29

Data 6 84.68

Data 7 94.00

The final model is expressed in (4.3). In discrete time system, the model can be
written as in (4.“4).
| Y(s) = G_1(s) + G_2(s) + offiset 4.3)
where,

1+351.21.s -0.069926.5
(1+326.38.5)(140.090062.5)(1+0.10037.5)

|
G_1(s)=0.72527.

1+13.363.5 —0.025044.5
(1+13.85.5)(1+0.03672.5)(1+0.038175.5) '

G_2(s)=0.12728.

offset = -53.86.
Y(z)=G_1(z) + G_2(z) + offset 4.4

where, !
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6 2.357e-7z> +0.004082 z2 -0.000387 z - 0.003695

G _1(z)=z
zt-282312612°-081z

G 25)=1 -0.0009853 7> - 0.004062 22 +0.004328z +0.0007145
- ' 2425323 +2.1162% -0.5857 2

offset = -53.86.

Figure 4.5 shows comparison between the experimental data and the simulated final

model output.
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Figure 4.5 Simulated final model output
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‘Figure 4.5 Simulated final model output (continued)

62



Speed (rpm)

Speed (rpm)

1500

Rl

1000 H
£00 -
lk——-—(
ﬁ Experiment
— Maodel P3DZ
Model F3DZ + offset
D ) ) 1 L 1 1 1 I
0 5 10 15 20 .3 30 35 40 45
Time
d. Response for data 4
1500 T 1 T T T T T T
(]
1000 4 -
ﬁ
500 \ -
; Experiment
Model P3DZ
Model P3DZ + offeet
U L I b i 1 | 1 3
0 5 10 15 20 25 30 35 40 45
Time

e. Response for data 5

Figure 4.5 Simulated final model output (continued)

63



1500 T T T T T T T ]
1000 - E 7
; — 7
T [
£ ;
=
g T
o0
2 ‘
S00H ¢ i}% [ .
‘
; b
U[:—‘— Experimefit
Madel P3DZ
i - Model P3DZ + offset
D 1 | I L i 1 1. 1
a . 5 10 15 20 25 30 35 40 45

Time

f. Response for data 6

Figure 4.5 Simulated final model output (continued)

By observing Figure 4.5, the simulated final model output, red line, can follow the
experimental data, blue line, with less error than basic model, green line. In order to
validate the ﬁrial model obtained, the model then is tested using 50 new data. Again,
each data consi‘sts of 4500 sampled data. Thus all the testing data consists of 225.000
sampled data. The pattern of new input output data is shown in Appendix B. Table

4,10 summarizes the fit value of simulated model output.

With reference to Table 4.10, the minimum and maximum fit value for new data

is 85.80 and 93.86 simultaneously. Its average fit value is 91.36.

The contribution of this work is on the modeling of integrated variable speed
drive, induction motor and dynamometer in a transfer function and on the introduction

of offset to the final model to increase the fit value.
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Table 4.10 Fit value for 50 new data

Data  Fit (%) Data  Fit (%) Data  Fit (%)
1 90.89 18 91.19 35 92.52
2 91.01 19 92.76 36 91.96
3 88.97 20 91.93 37 92.73
4 90.16 21 92.87 38 92.34
5 91.80 22 89.53 39 92.56
6 91.53 23 88.27 40 92.67
7 89.31 24 92.27 41 89.81
8 91.68 25 01.54 42 92.42
9 02.62 26 89.40 43 92.91
10 91.82 27 86.99 44 85.80
11 01.23 28 03.48 45 88.58
12 90.95 29 91.32 46 01.18
13 92.50 30 93.86 47 02.77
14 87.72 31 91.69 48 91.31
15 93.08 32 92.65 49 93.04
16 93.48 33 90.62 50 92.67
17 90.92 34 92.60

4.5 Summary

A simulation model of a real plant can be a mathematical expression derived from the
interaction of mechanical and electrical parameters. In the real situation, although
some of the mechanical and electrical parameters could be obtained through
measurement and testing, the rest of the parameters could not be obtained by a set of
measurement. Even if the parameters are obtained, some of the parameters would be
susceptible to change due to the operational temperature, environment and time. An

assumption should be taken to limit the inevitable variables.

A system identification technique is applied to generate a plant model. The plant
can be an integration of several devices. The input data used to generate the output
data play important role in the quality of model. The input data should produce the

output data so that the dynamic characteristic of the plant exist at the output data. The
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other requirement is that the input data should also accommodate the possible
operation rahge.

The proper model structure and parameters is determined by evaluating the fit
value. This measures the deviation between the simulated model output and real

output data. With reference to identified model, the system would be then simulated

to produce a good controller.

The integrated variable speed drive, induction motor and dynamometer can be
represented using standard procedure by a process model that has three poles and a
single zero with dead time as discussed in subchapter 4.3. The introduction of an
offset to the ?elected model, process model with three poles, single zero with dead-
time, increases the fit value. In subsequent chapter, this plant model is to be expanded
to allow soﬁe control and performance measurements to be carried out and to

compare the effectiveness of the controller algorithms/strategies for effective control
of the PWM-drive VVVF drive.



CHAPTER 5
MODELLING AND SIMULATION OF INTEGRATED VARIABLE SPEED
DRIVE, INDUCTION MOTOR AND DYNAMOMETER

5.1 Introduction

Before implementing the proposed method in real-time, modeling and simulation will
be conducted to determine the correctness of the algorithm and system operation. The
aim of simulation is also to provide guide in the parameter setting for real-time
implementation and to avoid any unprecedented situations that may occur when

handling heavy current equipment.

This chapter concentrates on the model building for the integrated VSD, IM and
dynamometer system, and the simulation and investigation of the effectiveness of the
proposed control method i.e., the PWM-driven VVVEF, to achieve the control

objective

First, an introduction to the controllers (PID and Fuzzy) is presented (section 5.2
and 5.3). Next, an explanation on the performance criteria is deliberately discussed
(section 5.4). Then the test results focusing on the following conditions: first, step
response to study the system response at minimum and maximum reference speed;
secondly, to study the system response when varying load at constant speed; thirdly,
to study the system response when varying speed at constant load, and finally when

vary both load and speed simultaneously.
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5.2 PID Controller
|

The well-known PID controller has the control output, #(¢) as in (5.1). For the discrete |
time system with sampling period of 7, the evaluation of integral and derivative can
be approached using backward difference [103] as in (5.2) and (5.3). In evaluating
the first derivative of the error, the numerator of backward difference uses previous
error, ep.s, ds in (5.3) while the forward difference uses next error, e,.;, to be
subtracted to‘ current error, ¢,. Since the value of next error, ¢,+;, is not available at

t=n, the backward difference approach is used in evaluating the first derivative.

u(t)=K, .es(r)+Tiéfe(r)afH-Td7 (5.1)

tje(t)dt = ie(n) T, =T;. ie(n) (5.2)

de(t) _ eln)-e(n-1) (5.3)

The discrete PID system output becomes as in (5.4):

u(n):Kp {e(n)-i——i—t ﬁ: e(n)+% [e(n)— e(n - 1)]} (5.4)

4 l n:o

From (5.4), the instantancous output for /=n-/ can be expressed in (5.5). The
incremental output, Au(n)= u(n) - u(n-1), can be derived by substituting (5.5) to (5.4)
and it is expreséed in (5.6) [104].

uln-1)=K, {e(n-l)%——?—} ze(n)%[e(n_l)_e(nﬁz)]} 5.5)

i n=0

Auln) =K, {e(n).[l + %+Ii]—e(n - 1)(1 + 2.5’—J +e(n—2). -TAiJ (5.6)

Y, At

If the value of derivative constant, 7y, is set to 0, the controller becomes PI controller.

The incremental"output, Au(n), for PI controller becomes as in (5.7)

du(n) = K p{e(n){l + ?’}J —e(n- 1)} (5.7)

1
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The PID controller parameters are obtained using Ziegler Nichols (ZN) frequency
response since it provides simple procedure. Figure 5.1 shows the system response

when output starts to oscillate.

1200 : : : ! ! ! !
1100
1000

800

Speed (rpm)

700

500 i i i i i I i
36 38 43 42 44 46 18 50 52
Titne ()

Figure 5.1 Oscillating output at Z-N frequency response testing

The ultimate gain, Ky, and period gain, Py, recorded are 3.75 and 430 ms
simultaneously. Following the ZN rules of frequency response, the parameters value
of K, T; and 7, are 2.25, 215 ms and 54 ms respectively. The PID controller is then

becoming a comparison to the fuzzy and modified fuzzy controller.

3.3 Fuzzy Logic Controller

The implementation of Fuzzy Logic in PLC does not use dedicated fuzzy module. It is
implemented using basic arithmetic and logic unit. The calculation operates on integer
numbers. This reduces the computation task time and lessens the usage of memory. In
fact, the next stage after the controller which is the variable speed drive also receives
integer input number. Detail explanation of fuzzy control in PLC is discussed in
subchapter 6.2, In simulation, the fuzzy operation is expressed jin embedded
MATLAB function. The simplified block system in Simulink is depiéted in Figure
5.2.
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Figure 5.2 Simplified simulation diagram

The first input of fuzzy controller is error and the range of its value is based on the
operating points. Since the maximum speed of operating value is 1200 rpm, the range
of error is from -1200 to 1200 rpm. The membership function of the error is
determined b?f the control action scenario. The scenario implemented is to give
different action when the error is quite far from reference, when the error is
moderately far and the error is closed to the reference. This membership function
divides the erfor span into four areas for positive part and for negative part as well.
Due to this scenario, the number of membership function for error input is seven as
illustrated in figure 5.3. It consists of seven memberships i.e. negative big (NB),
negative mediiglm (NM), negative small (NS), zero (ZE), positive small (PS), positive
medium (PM) “ and positive big (PB). In principle any membership function forms
could be implemented in PLC. For example the normal distribution and S-shape
membership function. The fuzzification could be easily evaluated using look-up table
method. This method requires more memory space to save the table. In this work, the
membership function forms utilized are triangle and trapezoid. This selection is based
on the fact thatI they give simplicity of computation and hence it does not consume

much time. This is to achieve a faster for the PL.C.

[l
NB NM NS ZE Ps oM ra
1 —>OC><><><><‘
750 500 250 [ 250 500 750 Ertor (m)

Figure 5.3 Error input membership function
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Designing the membership function for the change of error in an important task
and should be done carefully. The data to be used in the design is obtained
experimentally, A simple experiment conducted is to analyze a step response of the
system. By using that data, the change of error value can be determined. This data
provides an important value to the range and the respective values. Figure 5.4 and 5.5

depict the step response of the system at 600 rpm and 1200 rpm simultaneously.
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Figure 5.4 Step response at 600 rpm
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Figure 5.4 Step response at 600 rpm (continued)
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Figure 5.5 Step response at 1200 rpm
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Figure 5.5 Step response at 1200 rpm (continued)

From Figure 5.4 and 5.5, when the speed reference is 600 rpm, the minimum
change of error at no load and 2 Nm load are -30 rpm and -23 rpm, simultaneoﬁsly,
while for 1200 rpm, these are -45 and -30, simultaneously. Considering these
minimum value, the value -30 is chosen as an important value for the change of error.
The value of change of error is determined by trend of current speed. If the current
speed is increasing, the change of error is negative while it is decreasing the change of
error is positive, On the other word, the change of error indicates whether the actual

speed is either increasing or decreasing.

The second data for determining the change of error is experiment data given by
applying and then releasing the load. Figure 5.6 and 5.7 depict the change of error
value when the load is applied and released at 600 and 1200 rpm, simultaneously.
They are for 1| Nm and 2 Nm load simultaneously. The load is applied at 3s then

released at 6s.

From Table 5.6 and 5.7 the minimum and maximum of change of error for 600

rpm is -25 rpm and 20 rpm while for 1200 rpm they are -20 and 20 simultaneously.
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Having this value we consider the value of 20 is an important value for the change of

error.
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Figure 5.6 Change of error at 600 rpm
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Figure 5.7 Change of error at 1200 rpm

Based on the above observation, the required number of membership function for

the change of error input is decided to be five i.e., negative big (NB), negative small

75



(NS), zero (NS), positive small (PS) and positive big (PB) and it is illustrated in
Figure 5.8.

NB NS ZE PS PB

5
-30 20 o] 20 30 Change O?Error(rpm)

" Figure 5.8 Membership function of Change of error input

The menllbership function of the fuzzy output depends on the control action
scenario as in determining the error membership function. It is decided that the output
membership function consists of seven members in singletons form namely negative
big (NB), negative medium (NM), negative small (NS), zero (ZE), positive small
(PS), positivé medium (PM) and positive big (PB). This is illustrated in Figure 5.9.
Using singletion membership function, defuzzification process can be evaluated

quickly and thus reduces the time consuming tasks.

| NE NM NS ZE PS PM PB
1

N
rd

076 -0650 -0.25 0 025 058G 076 Frag (Hz)

Figure 5.9 Membership function of frequency output

Figure 5.10 shows the system response to guide in generating the fuzzy rules. It is
based on the sifuation of the actual values as compared to reference. At the lower part
of Figure 5.10,:a table indicates the sign of error and change of error. The fuzzy rules
are determined based on the sign and value of error and change of error. For example,
at the initial tirhe when the system is just started, the system is in standstill. At that
time, the error is in positive big (PB) and the change of error is zero (ZE). The action
should be taken“ at that time is increasing much the output, positive big (PB). The rule
for this situation is expressed in Table 5.1 at seventh column and third row. The rule
for other situatiton should be generated following the respective value of error and

change of error..
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Because the number of error and the change of error are 7 and 5, simultaneously,
the maximum number of fuzzy rule is 35. The complete rules are summarized in
Table 5.1. It is clearly seen that even though the fuzzy rule is simple but it requires a
systematic way on how to generate the rules and the step conducted here is following

a graphical approach. The surface area of PD-fuzzy is illustrated in as in Figure 5.11.

-------- Ref.
Response

Error | + | - -~ |+ |+ | = =+ |+]-1 - |+]|+

COE| - |-+ |+ -]+ |+]|-|-|+|+]-

Figure 5.10 Step response to generate fuzzy rules

Table 5.1 Fuzzy rule

. . Errer .
NB [NM| NS |ZE | PS | PM | PB
INB|NB|NB|NB|NM|NS | ZE | PS
‘NS |NB [NB [NM| NS | ZE | PS | PM
“ZE |NB |[NM | NS | ZE | PS |PM | PB
'PS INM|NS | ZE | PS | PM | PB | PB
“PB|NS|ZE | PS |PM| PB | PB | PB

Change of
Error
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Figure 5.11 Surface area of fuzzy logic

5.4 Performance Criteria

The two basic primary aims of control are to follow the reference and to reject the
disturbance [82]. The following performance criterion will be used for measuring the
effectiveness of the controller in meeting the control objectives. Different speed and
load requirements will be applied at the system and the performances will be taken for
analysis and cbmparisons. The error, e, the difference between reference and actual
value, is commonly characterized into several quantities. The integrated absolute error
(IAE) is one of the quantities to express the accumulative of the error magnitude. The
IAE formula isi asin (5.8).

HE=["|e(|dt (5.8)

The quadratic criterion i.e. integral of squared error (ISE) gives the error
quantitative in quadratic manner. The ISE accumulates the squared error. The

expression of ISE is shown in (5.9).

ISE=[)’° 2 () dt (5.9)

The drawback of this criterion is that it gives large weight to the large error. This
criterion will give a large value for a poorly damped system. Another criterion is

integral of time weighted absolute error (ITAE). The expression of ITAE is
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formulated in (5.10). Since it multiples the absolute error with time, the ITAE gives a
small weight at the initial time where the initial error is usually large. The ITAE put
the weigh to the error proportionally to the time. As the consequence, for the system

with large steady state error, its ITAE value would also large.

ITAE = f t|e@|di (5.10)

5,5 Simulation Result

The sampling period of digital controller can be determined using a general rule of
thumb. This rule refers to the closed-loop bandwidth frequency of the controller [87,
104]. The bandwidth ffequency, /., is defined as the frequency at which the output
magnitude down to 3 dB. The sampling period, T, can be chosen in the range [87],

! <T<1

TR (5.11)

The sampling period can be chosen five times to thirty times of the bandwidth
frequency. The minimum sampling frequency is five times of bandwidth frequency
limit. The selection of sampling-period to this plant is based on the closed-loop
bandwidth frequency. The controller applied is PID and the plant in unloaded
condition. The PID controller parameters applied is determined using Ziegler-Nichlos
frequency response as in subchapter 5.2. Figure 5.12 illustrates the block diagram of

closed-loop system with PID controller.

R+~ € 1012158 +2255+1047 | u 2345+ 0.7253 Y

) s £+ 21.075% + 110.75+0.3391

Figure 5.12 Closed-loop control system

Using Matlab instruction, the bandwidth of the closed loop system is 27.63 rad/s.
It equals to 4.40Hz. Using the rule of thumb as in [87], the range of sampling
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frequency is from 22 to 132 Hz. In term of sampling period, the minimum and

maximum sémpling period is from 7.5 ms to 45 ms.

In the real-time implementation, the minimum sampling period depends on the
minimum scan time of PLC. The scan time depends on number of executed
instruction, input-output module update [91, 105]. Based on the observation to
execute progtarn in the PLC, the maximum scan time is around 9 ms. Based on the
facts, the sampling period is chosen to 10 ms. The chosen sampling period is about

twenty two times of bandwidth frequency. This is still in the range of the rule.

The simulation and real time implementation are conducted following the defined
operating point as depicted in Figure 5.13. The speed range is from 600 rpm to 1200
rpm. The load of 1 Nm and 2 Nm are considered as medium and maximum
respectively. The maximum load applied, 2 Nm, is chosen based on the rating of
induction mot%)r. The evaluation includes sudden change in speed reference, sudden

change in load and both simultaneously.

Load
Torque ?

Nm
(Nm) A B
2 - L] L)
C D
1+ ¢ ®
E F
: 630 12'00 Speed (;m)

Figure 5.13 Operating points

The point A as indicated in Figure 5.13 shows that the motor runs at 600 rpm and
the load applied to the motor is 2 Nm. The six operating points represent the sampled

operating point of the system in the controller evaluation.

5.6 Step Response

The first part of simulation is to study the system responses at minimum and
maximum reference speed. It is also conducted in several load conditions i.e. no load,

medium load and full load. Figure 5.14 shows the step response of the system at all
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defined operating point. Referring to Figure 5.13, the step response evaluation
operates on all operating points for PID controller (green), fuzzy controller (red) and
hybrid fuzzy PID controller (blue) while the reference speed is blue line. Since the

plant model has a dead-time, the response has time lag exists at the early part.

When reference is at a minimum speed i.e. 600 rpm at all load condition, the
acceleration of PID controller is about the same with the fuzzy and the hybrid fuzzy
PID. This can be seen in Figure 5.14 a, b and c. A closer look at Table 5.2,
performance analysis of step response, the rise time given by PID controller is longer
than the fuzzy and the hybrid fuzzy PID. This happens because of the acceleration of

PID suddenly decreasing when actual speed is closer to the reference.
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Figure 5.14 Step response at six operating points
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Figure 5.14. Step response at six operating points (continued)
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Figure 5.14. Step response at six operating points (continued)

The respo:nse of the fuzzy controller, graphically, is about the same to the
modified controller. The rise time and settling time at 5% is almost the same. The
settling time at 2% tolerance band of the fuzzy controller is bigger than the hybrid
fuzzy PID controller as in Table 5.2. This happens because of the modified controller
has an optimal parameter (P, I and D) to settle to reference indicated by its settling

time. The PID parameters are obtained using Ziegler-Nichols method.

When the reference is at maximum, the PID controller acceleration is faster than
the fuzzy and the hybrid fuzzy PID. This is illustrated in Figure 5.14 partc, d and e. It
is noted that thé rise time for the PID controller is almost equal to the fuzzy and the
hybrid fuzzy PID controller. The settling time at 5% given by PID controller is a bit
faster than the f‘uzzy and the hybrid fuzzy PID. Again, at tolerance band of 2%, the
settling time given by PID controller is bigger than the fuzzy and the hybrid fuzzy
PID controller

The fuzzy céntroller gives a larger steady state error as compared to the PID and
the hybrid fuzzy" PID controller. This happens when the reference speed is 1200 rpm
at full load. The detail performance analysis for a step response is summarized in
Table. 5.2. All the step response depicted in Figure 5.14 has a time lag. This is the
dead time of the ﬁlant as indicated in the model in (4.3).
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Table 5.2 Performance analysis for step response

Controller Ref. Load oV t, t, (s)
(rpm) (Nm) (%) (s) 2% 5%

PID 0.00 0492  1.060  0.830
FLC 0 3.17 0261 0910  0.553
Hybrid 2.50 0261 0770  0.553
PID 0.00 0473  1.120  0.845
FLC 600 1 3.67 0241 0970  0.587
Hybrid 3.33 0241 0900  0.587
PID 0.00 0467 0900  0.875
FLC 2 3.67 0231  1.020  0.626
Hybrid 3.7 0231 0923  0.626
PID 0.08 0497  1.060 0815
FLC 0 0.67 0484 0917  0.826
Hybrid 0.33 0484 0917  0.826
PID 0.08 0483  1.090 0817
FLC 1200 1 0.33 0482 0970  0.872
Hybrid 0.17 0482 0970  0.872
PID 0.00 0481 1132 0.837
FLC 2 0.00 0.483 - 0.965
Hybrid 0.17 0476 0945  0.908

5.7 Varying Speed at Constant Load

To demonstrate the system performance when controlled using the modified fuzzy
controller, a sudden change in reference speed at constant load is introduced. The
operating points, as in Figure 5.13, of no-load system are at points E, point F, and
then point E. For loaded system, the operating points are point A, point B, and then A
and point C, point D and the point C. Figure 5,15 depicts the response for a sudden
change in the reference speed at no load, 1 Nm load and 2 Nm load, while Table 5.3
summarizes the performance analysis for a sudden change in reference at constant
load. The sudden change of reference speed is applied when the time is at 5s where
the reference speed is made to increase. At the time of 10s, another sudden change is
applied that is reducing the reference speed to the original value. The simulation test

is conducted at no load, medium load and full load.
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Figure 5.15. Response of sudden change in reference (continued)

With reference to Figure 5.15, the acceleration of PID controller drops when the

actual value is closed to the reference speed. This happens when the reference speed

is increased and decreased. This makes the time taken to go to 2% of final value to be

longer than the fuzzy and the hybrid fuzzy PID controller. The steady state error of

the fuzzy controller is larger than the PID and the modified fuzzy controller. This is

clearly seen when the load is 2 Nm.

Table 5.3 Sudden change in reference control parameters

Controller Ref. Load ts (ms) Load ts (ms) Load ts (Ims)
(rpm) (Nm) 2% 5% (Nm) 2% 5% (Nm) 2% 5%
PID 600 > 0.930 0.820 0.940 0.830 0.873 0.835
FLC 1200 0.550 0.490 0.552 0.492 0.770 0.595
Hybrid 0 0.552 0.492 | 0.552 0.491 5 0.520 0.493
PID 1200 > 1.230 0.925 1.220 0.910 0.990 0.905
FLC 600 0.600 0.553 0.597 0.550 0.560 0.540
Hybrid 0.593 0.548 0.595 0.550 0.568 0.546
IAE ISE ITAE TIAE ISE ITAE IAE ISE ITAE
PID 9.53e3 4.77¢6 5.59¢4 9.69¢3 4.94e6 5.49¢4 9.84e3 5.13e6 5.4led
FLC 7.77¢3 3.08¢6 4.37e4 7.98e3 3.26e6 4.33ed 9.18e3 3.33e6 4.50e4
Hybrid 6.99e3 3.04e6 3.64ed 7.24e3 3.23e6 3.55ed 7.48e3 3.39¢6 3.55e4

The performance indexes are calculated from 0Os to 15s. The three performance

indexes are the integral of square error (ISE), integral of absolute error (IAE) and

integral time of absolute error (ITAE). The three performance index given by hybrid
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fuzzy PID controller is smaller as compared to the PID and the fuzzy controllers. This
is to say that the parameter value given by the hybrid fuzzy PID is optimum and it

. | .
improve the controller performance.

5.8 Varyilig Load at Constant Speed

The step is an example of a change in requirement that is significantly higher or lower
than the current situation. The disturbance could have originated from a change in
motor load réquirement. The operating points for this investigation of 600 rpm are
point E, point C, and then point E and point E, point A and then point E as illustrated
in Figure 5.13. For 1200 rpm, the operating points are point F, point D, and then point
F and point F, point B and point F. The sudden change in load is applied at 5 s and 10
s. Figure 5.16 shows system response when a load is applied and released during a
constant speed at 600 rpm, while Table 5.4 and 5.5 summarize the performance
analysis and drop speed and rise speed when the load is applied and released

simultaneously.
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Fiéure 5.16 Response for sudden change in load at 600 rpm
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Figure 5.16 Response for sudden change in load at 600 rpm (continued)

Table 5.4 Control parameter for sudden change in load at 600 rpm

Ref. Load t; (ms) Load ts (ms)
Controller 1)  (Nm) 2% 5%  (Nm) 2% 5%
PID 0435  0.274 0670 0.413
FLC 0>1 0500 0417 02 3740 0457
Hybrid c00 0.583  0.527 0.687  0.633
PID 0.650  0.276 0.690  0.600
FLC 150 0530 0437 250 0880 0472
Hybrid 0.565  0.500 0.665  0.620
IAEISE__ITAE IAE _ ISE__ ITAE
PID 317¢3 12066 5.6763 3.59¢3 128¢6  9.08¢3
FLC 371e3  122e6 10593 4.50e3 1.38¢6 21.1le3
Hybrid 328¢3 12le6 6.95¢3 3.88¢3 130e6 12.18e3

Table 5.5 Drop and rise speed when sudden change in load happened at 600 rpm

Controller Load Drop in OS Load Rise in US
applied Nm) speed (rpm) (rpm) released (Nm) speed (rpm) (rpm)

PID 101 18 102 13
FLC 1 100 8 1 112 5
Hybrid 93 57 101 49
PID 201 34 201 32
FLC 2 208 17 2 226 14
Hybrid 191 93 199 90
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In response to applying and releasing the load, the normal fuzzy controller
provides the least overshoot and undershoots as compared to the PID and the hybrid
fuzzy PID controller. The normal fuzzy controller performance seems to be under-

damped.

When the load is applied, the PID controller response has a faster acceleration
compared to the normal fuzzy controller. Reaching the reference speed, it has a small
overshoot and undershoots before setting to the reference. The situation is similar as

when the load is released.

The hybrid fuzzy PID controller has acceleration equally to the PID controller, but
it has a larger overshoot before settling to the reference speed without any

undershoots. This happens also when the load is released.

The speed drop and speed rise when the load is applied and released are almost
the same for the three controllers but the hybrid fuzzy PID controller has lowest value
compared to the PID and the normal fuzzy controller. This happens since when the
error is less than threshold, the controller parameter is bigger than the PID and the

normal fuzzy controller.

The three performance indices i.e. IAE, ISE and ITAE measure the performance
from standstill Iuntil 15s is as summarized in Table 5.4. The PID controller has better
performance fo? this situation. The trajectory of manipulated variable (u) for the three
controllers at 600 rpm when the load is applied and released is shown in Figure 5.17
and 5.18 respectively. The manipulated variable of PID controller changes faster than
hybrid fuzzy PID. The overshoot is bigger for 2 Nm load, but again, it changes fast so

the actual value ireac':hes fast.
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Figure 5.17 Manipulated variable in response to sudden change in load at 600 rpm
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Figure 5.18 Manipulated variable in response to sudden change in load at 600 rpm

Figure 5.19 shows system response when a load is applied and released during a
constant speed é.t 1200 rpm, while Table 5.6 and 5.7 summarize the performance
analysis and drc;p in speed and rise speed when the load is applied and released
simultaneously. The performance of the three controllers is as similar as when the
reference is 600 rpm. The different is only for when the load applied the normal fuzzy

controller as larger steady state error compared to the PID and the modified fuzzy
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controller. The manipulated variable changes as load applied and released is

illustrated in Figure 5.20 and 5.21.
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Figure 5.19 Response for sudden change in load at 1200 rpm
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Table 5.6 Control parameter for sudden change in load at 1200 rpm

Ref. Load ts (ms) Load t; (ms)

Controller. ) (Nm) 2% 5% (Nm) 2% 5%
PID 0279 0233 0610 0272
FLC 0>1 0430 0328 0->2 0465 0401
Hybrid 1200 0560 0225 0.647 0562
PID 0285 0.240 0.650 0275
FLC 150 0470 0355 20 049 0420
Hybrid ' 0.513 0233 0.608 0525
; TAE ISE___ITAE __TAE __ ISE __ITAE

PID 563c3  4.41c6  7.61c3  6.09¢3 44966 11.29¢3
FLC 72363 55.1e6 12333 828e3  5.6606 21.49¢3
Hybrid 675¢3 5.49¢6 8.88¢3 7303  5.58¢6 13.65¢3

Table 5.7 Drop and rise speed when sudden change in load happened at 1200 rpm

" Load Drop in oS Load Rise in
Controller  applied speed (rpm) released speed US (rpm)
ONm)  epm) P (Nm) __ (rpm)
PID ‘ 99 19 103 12
FLC 1 101 10 1 115 4
Hybrid 96 58 103 47
PID | 199 35 202 29
FLC 2 208 20 2 227 12
Hybrid ‘ 194 93 200 79
2400 ,
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a. 1 Nm load applied

Figure 5.20 Manipulated variable change in response to sudden change in load
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(continued)
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Figure 5.21 Manipulated variable in response to sudden change in load at 1200 rpm
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Figure 5.21 Manipulated variable in response to sudden change in load at 1200 rpm

(continued)

5.9 Varying Speed Reference and Load simultaneously

It is assumed tl}at the reference speed and the motor load are changing at the same
time when this disturbance is introduced. In this study two cases will be considered:
(a) the disturbaflce arises due to two requirements, i.e., for an increased in speed and
for an increased of motor load, and (b) the disturbance that arises due to two
requirements, i.é., for an increased in speed and for a decreased of motor load. The
responses for these cases are shown in Figure 5.22 ad 5.23. Performance analysis for

this investigation is summarized in Table 5.8 and Table 5.9.
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Figure 5.22 Sudden change response for case (a)

In case (a) for 1 Nm load, it is noted that the actual speed experiences a drop in
speed when the reference and load are increased simultaneously. It is recorded that the
drop for the PID, the fuzzy and the modified fuzzy are 259 rpm, 61 rpm and 64 rpm
The explanation for this is that the motor response is faster in
response to the load rather than to the controller response. This is due to the fact that
updating the controller output is done every 0.01s while the motof;%speed drop is

approximately equal to 0.14s. The similar condition happens wheni the reference
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speed is decreased and the load is decreased. A rise in speed is observed. It is
recorded that the rise in the speed for the PID, the fuzzy and the hybrid fuzzy PID are
140 rpm, 80 rpm and 73 rpm simultaneously. The similar condition also happens
when load applied is 2 Nm. The steady state error for the fuzzy controller is noted to
be more than 2%. It happens when the reference is 1200 rpm and load applied is 2
Nm.

Table 5.8 Performance analysis case (a) at 1 Nm

Controller ‘ Ref. Load t; (ms) Load t; (ms)

: (rpm) (Nm) 2% 5% (Nm) 2% 5%

PID 0940  0.818 0.853 0.812
FLC S 600->1200 0=>1 0558 03508 0->2 0800 0.655
Hybrid 0.560  0.508 0.570  0.544
PID _‘ 1.210  0.920 1.070 0910
FLC 1200600 1=>0 0.600 0560 2->0 0598 0.580
Hybrid 0.600  0.562 0.623  0.600
' TIAE ISE ITAE IAE ISE ITAE
PID 9.66e3 5.05¢6 5.63e4 9.83e3 5.37e6 5.71e4
FLC i 8.11e3 3.62e6 4.55¢4 9.80e3 4.20e3 5.8led
Hybrid 7.63e¢3  3.60e6 4.14e4 824e3 4.32e3 4.57e4

The respoﬁse for case (b) seems to be equal to response of sudden change in
reference. It is noted that no speed drop is observed when the reference is increased
and load is decreased. Normally, the actual speed is increasing when load is
decreased. Sinéc the reference is increased, it supports the controller to reach the final

value. In other hand, the manipulated variable (u) required to reach the final values is

less than when load is constant.
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Figure 5.23 Sudden change response for case (b)
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Table 5.9 Performance analysis case (a) at 2 Nm

‘ Ref. Load t; (ms) Load t; (ms)
Controller 'y Nm) 2% 5%  (\Nm) 2% 5%

PID 600 > 0.930 0.833 0.925 0.840
FLC 1200 1=>0 0.563 0.482 2=>0 0595 0473
Hybrid 0.560 0.482 0.600 0.475
PID 1200 > 1.230 0.915 1.200  0.900
FLC 600 0=>1 0640 0.563 0->2 0870 0.600
Hybrid 0.635 0.560 0.850  0.595
IAE ISE ITAE IAE ISE ITAE

PID 0.48¢3 4.696 538e4  9.25¢3 4.50e6 5.00e4
FLC 7.37e3 2.82e6  3.85e4  6.64e3 2.60e6 3.07e4
Hybrid - 6.56e3 2.78¢6  3.07e4 6.32e3  2.6leb6 2.72e4

5.10 Summary

With the aid of the MATLAB/Simulink model, many aspect of the proposed
controller has been analyzed and understood. This model allows to analyze the
consequence of control strategies, and determine potential solutions to problem, and
also propose alternative control strategies that can be adopted to achieve the control
objective. Specifically, it is used to simulate the important control strategies which
affect the torque/speed requirements, and to test the effect of different control
strategies on tﬂe system performance. The parameters settings provide a guide and

will be useful during the implementation on real test rig.

However, this chapter so far has been limited to analyzing the effect of changing
the reference sp?ed and load requirements, and the combination of several reference
speed and load, on to the drive system. The next chapter will discuss the real-time
implementation and the detail analysis and evaluation of the control strategies ability

to maneuver the drive system to adjust to more complex disturbances.
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CHAPTER 6
REAL-TIME IMPLEMENTATION

6.1 Introduction

The simulation run examples presented in Chapter 5 illustrates how the system could
be performing. This chapter will now discuss the real-time implementation of the
controller in regulating the speed of the motor drive in response to the operating
conditions. The system is specified to have a sample period of 10ms. As in the
simulation, the system is evaluated for a 15s-duration, and the sudden change in the

operating conditions is applied when the time is at the 5 and 10s.

6.2 Fuzzy Logic in PLC

The fuzzy logic algorithm in PLC is expressed in ladder diagram operating basic
arithmetic and logic instructions. The utilized PLC instructions are addition,
subtraction, multiplication, division, data transfers, and data comparison. Using this
method, fuzzy algorithm could be applied to a common PLC. Basically the arithmetic
and logic instruction is the standard instruction in PLC. All the variables and
constants are stored in the working memory. Figure 6.1 depicts the flowchart of first
step in fuzzy algorithm, fuzzification, for first input, error. This input has seven
membership functions i.e., NB, NM, NS, ZE, PS, PM and PB as in Fiéure 5.3. The
Labels Pt.6, Pt.5, Pt.4, Pt.3, and Pt.2 correspond the minimum value of e%ror when the
degree of membership function is non zero for PB, PM, PS, ZE, NS and NM,
respectively. Seven data memory areas are required to keep the degree of membership
functions. At the initial fuzzification step, all these memory areas need to be set to

zero as initial value. During the fuzzification, the only two memory afeas save the
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new data since the input data will be only under two nearest neighborhood
membership functions. The rest is kept unchanged. These seven data will be used as

input data for inference process.

START '

ERR > PL6 7

Calculating degﬂ'ee

of PB and PM
' Calcuiatiﬁg degree
i of PM and PS
Calculating degree .
| of PS and ZE N
. ERR>PL.27?
, ' :
Calculating degree 4 Calculating degree
of ZE and NS of NM and NB
Calculating degree
of NS and NM
y ¥ ¥ ¥
L
END

Figure 6.1 Fuzzification flowchart

The fuzziﬁc‘ation for the second input, change of error, has the same steps as the
first input excepf the number of required memory to save. It depends on the number of
membership funiction. In this thesis, the second input has five membership functions.
The total required memory to save the degree of membership function is twelve

words.

The implemented inference method is a product-sum as in subchapter 3.6. For a
particular rule, the antecedents are multiplied and the result becomes the consequence
for particular rule}. All the consequences from the rules for a particular output are then
accumulated to réfpresent the fire of strength of a particular output. Figure 6.2 shows
the flowchart of inference process for NB output. As summarized in Table 5.1, there

are six rules influencing NB output. As the NB output is influenced by six rules, there
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are similar six multiplications of the antecedents. The flow diagram for other outputs

is similar to Figure 6.2.

Rule 1 Qutput =
Deg. Err in NB * Deg CoE in NB
v
Rule 2 Qutput =
Deg. Errin NM * Deg CoE in NB
L
Rule 3 Qutput =
Deg. Err in NS * Deg CoE in NB
y
Rule 4 Output =
Deg. Err in NB * Deg CoE in NS
v
Rule 5 Qutput =
Deg. Errin NM * Deg CoE in NS
v
Rula 6 Output =
Deg. Errin NB * Dag CoE in ZE
v

Deg Output NB = Quiput Rule 1 +
Quiput Rule 2 + Qutput Rule 3 +
Cutput Rule 4 + Output Rule 5 +

Output Rule 6

End

Figure 6.2 Inference flow diagram for NB output

The last stage of fuzzy algorithm is defuzzification. The defuzzification
transform the fire of strength of each output to a unique output form. The COG
method is utilized and its flow diagram is illustrated in Figure 6.3. Since the output
membership function is in the form of singleton, the defuzzification seems to be a
simple process. It is easy to be realized in PLC instructions and requires less time

consuming.

103



st )

Num. 1 = Deg Outpm NB * NB
¥
MNum. 2 = Deg Output NM % NM
v
Num. 3 = Deg Quiput NS * NS
Y.
MNum. 4 = Dag Cutput ZE * ZE
v
Num. & = Deg Output PS* PS
L 4
Num. & = Deg Output PM ™ PM
v
Num. 7 = Deg Qutput PB * PB
¥
Num = Sum of all Num {1 .. Num 7
v
Denum = Sum all of Quiput MFs
v
Cutput = Num / Denum

G

Figure 6.3 Inference flow diagram for NB output

6.3 Implementation of Hybrid Fuzzy PID Controller in PLC

The hybrid controller consists of two control algorithms, i.e. fuzzy logic and
incremental PID. The control algorithm outputs are namely Upz and dUp;p for fuzzy
and incremental PID respectively. Figure 6.4 illustrates the flow diagram of hybrid

fuzzy PID control in PLC.
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Figure 6.4 Flowchart of hybrid fuzzy PID control algorithm in PLC

In Figure 6.4, the final control output is Uz) that comprises of a gain output and
accumulator output. The o gain multiplies the fuzzy control output, Urz. The a gain
output represents the output of PD-type fuzzy control. The second part is the
accumulator output. The accumulator accumulates the input signal. The accumulator
input signal is either signals from incremental conventional PID output, dUppp , or B
gain output. The input signal to accumulator is determined by the comparison result
between absolute error and defined threshold error. At the early step of control action
or when the error is larger than a defined threshold value, the accumulator input signal

is given by B gain output and the accumulator output represents the Pl-type fuzzy
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controller output. When the accumulator input is fed by incremental PID control, the

update of accumulator is given by the incremental PID.

The early stage at the PLC program petforms the initialization to all constant,
fuzzy variables, PID variables and analog input-output module. The detail ladder
diagram of PLC program representing the hybrid control can be found in Appendix C.

6.4 Step Response

Figure 6.5 shows the response for the first two seconds of a step response. It runs at
minimum and maximum reference with three load condition: no load, medium load
and maximum load condition. Table 6.1 and 6.2 summarize the performance analysis

for a step response.

Speed (rpm)

Ref.
—PID |
- FLC
— Hybrid
D L \ 1 1 1 1 1 i L

0.2 04 06 .8 1 1.2 14 16 1.8 2

Time (s)

a. No load at 600 rpm

Figure 6.5 Step response
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Figure 6.5 Step response (continued)
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Figure 6.5 Step response (continued)
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Figure 6.5 Step response (continued)
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Table 6.1 Step response performance analysis at 600 rpm

Load ov t, ts (8)
Controller (Nm) (%) (s) 2% 5%
PID 1.67 0.473 1.093 0.970
FLC 0 0.83 0.271 0.553 0.496
Hybrid 0.33 0.272 0.553 0.500
PID 1.17 0.323 0.963 0.900
FLC 1 11.50 (0.359 5.543 0.927
Hybrid 10.33 0.349 0.880 0.807
PID 14.83 0.438 1.480 1.040
FLC 2 27.17 0.492 2.133 1.187
Hybrid 25.50 0.501 1.453 1.096

Table 6.2 Step response performance analysis at 1200 rpm

Load oV t, t; (8)
Controller (Nm) (%) s 2% 59,
PID 0.58 0.494 1.073 0.746
FLC 0 0.17 0.550 1.093 0.910
Hybrid 0.83 0.553 0.904 0.920
PID 0.83 0.317 1.173 0.825
FLC 1 0.83 0.481 1.293 0.810
Hybrid 0.58 0.469 1.083 0.780
PID 0.83 0.476 1.193 1.000
FLC 2 3.50 0.547 2.973 0.830
Hybrid 3.08 0.555 0.942 0.880
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As in thé simulation, the conventional PID controller has a large acceleration at
the initial period. When the actual value is getting closer to the reference, the actual
value experiénces oscillation and becomes a bit slower. The rise time is recorded
almost the same with what is given by a normal fuzzy control and hybrid fuzzy PID

control at minimum speed but it is faster when the reference speed is at maximum.

The conventional PID controller succeeds and proves to be able to restrain the
overshoot. Even if it happens, it gives almost half than a normal fuzzy and a hybrid
fuzzy PID controller. This happens when the reference speed is 1200 rpm at 2Nm
load.

The hybrid fuzzy PID control produces almost the same rise time as a normal
fuzzy control. This is because the rise time considers the time up to 90% of final value
when the hybrid function has not been started yet. The hybrid fuzzy PID succeeds to

reach the final value faster and gives a steady state error smaller than a normal fuzzy.

6.5 Sudden Change in Reference Speed at Constant Load

The second experiment is conducted to study the effect of a sudden change in
reference speed at constant load. Start with the reference at 600 rpm, at 5s the
reference is increased to be 1200 rpm. Then at 10s, the reference is decreased back to
600 rpm. This sﬁdden change is applied on no load, medium load and maximum load.
Figure 6.6 depicts the response of the controllers to this sudden change. In Table 6.3
are given the ‘controﬂers type, the speeds, the loads and the corresponding

performance measures.
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Figure 6.6 Response for sudden change in reference
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Figure 6.6 Response for sudden change in reference (continued)

As show in Figure 6.6, when the system operates at no load and the reference
speed is increased, the PID controller accelerates faster than the normal fuzzy and
hybrid fuzzy PID controller. It reaches the reference faster as well. A small
oscillation alsd happens when the actual value is closed to the reference. This

oscillation usually exists in PID controller.

Table 6.3 Performance analysis for sudden change in reference

Control- Speed Load t(s) Load t, (s) Load t (s)
ler (rpm) ONm) 2% 5% (Nm) 2% 5% (Nm) 2% 5%
PID 600 0.586 0.540 0.653 0.586 0.863 0.660
FLC 31200 0.703 0.524 0.536 0.485 1.393 0.496
Hybrid. ! 0 0.663 0.514 1 0.552 0.493 2 0.583 0.513
PID 1200 1.140 1.017 - 1.470 0.897 1.100 0.937
FLC 3600 1.230 0.837 2.210 0.707 4073 0.608
Hybrid. ‘ 0.890 0.807 0.980 0.697 1.330 0.604
| IAE ISE ITAE TAE ISE ITAE TAE ISE ITAE
PID - 7.01e3 2.86e6 4.13e4 7.17e3 2.95e¢6 4.00e4 7.75¢3 3.11e6 3.98e4
FLC ~ 6.56e3 2.64e6 3.70e4 7.52e3 2.92¢6 3.98e4 9.05e3 3.34e6 4.54e¢4

Hybrid. ~ 6.40e3 2.67e6 3.64e4 6.95¢3 2.92e6 3.62e4 8.10e3 3.33e6 3.78e4

When the refé‘rence speed is decreased, the acceleration of actual value is almost
the same with the normal fuzzy and the hybrid fuzzy PID. The PID gradually reduces
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and reaches the reference speed. As shown, the hybrid fuzzy ID control does the task
better than the PID and the normal fuzzy. This can be seen from the values of its
performance criteria. Only when the load is 2 Nm, the [AE and ISE values are
recorded to be bigger than the PID control. On the other aspect it is not better than the
PID control. At this condition, the hybrid fuzzy PID experiences an overshoot that is

more than 2%, and hence it is noted that the settling time is longer than the PID.

6.6 Sudden Change in Load at Constant Reference

The third experiment is conducted to study the effect of a sudden change in load at
constant reference speed. Figure 6.7 illustrates the response of controller to the load
of 1 Nm and 2 Nm at 600 rpm. Table 6.4 summarizes the performance analysis of the

response.

900 T
Ref.
— PID
800 + — FLC

~——— Hybrid

400 b

Speed {rpm)
o 0
8 S

300 + -

200 L .

Time (s)

a. 1 Nm load applied and released at 600 rpm

Figure 6.7 Sudden in load response
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b. 2 Nm load and released at 600 rpm
Figure 6.7 Sudden in load response (continued)

Table 6.4 Performance analysis for sudden change in load at 600 rpm

~ Ref. lLoad ts (s) Load ts (s)

Controller ) (Nm) 2% 5%  (Nm) 2% 5%
PID 0630 0.320 1370 0.763
FLC 0>1 1540 1127 0>2 - 1.144
Hybrid 600 0.650  0.598 2610 1.033
PID 0610 0.239 0.900  0.532
FLC 150 0700 0437 20 0750 0507
Hybrid 0.863  0.390 0.593  0.520
IAE _ISE __ITAE ___IAE _ ISE _ ITAE

PID 3.12¢3 1.04e6 75063 4.11e3 1.18¢6 13.63¢3

FLC 346e3  1.02¢6 9.70e3  5.64e3 14566 26.26¢3

Hybrid 27663 94065 7.56¢3  4.25¢3 128¢6 16.11¢3

As can be seén in Figure 6.7 part a, the response of experimental work when 1Nm
load is applied is slightly different with the result from the simulation. Here, PID
takes the system butput response to reach the reference faster. It is noted that the drop
in speed of PID control when a load is applied is lesser than the normal fuzzy. The
drop in speed of HD, normal fuzzy and hybrid fuzzy PID are 85 rpm, 109 rpm, and
85 rpm, respectively. An overshoot is observed in all controllers when the actual

value is trying to reach the reference. This time, the PID produces small overshoot,

114



i.e. 24 rpm. The overshoots for the normal fuzzy and the hybrid fuzzy PID are 34 rpm
and 57 rpm, respectively. The hybrid fuzzy PID produces a larger overshoot but goes
to reference speed a bit lagging than the PID. The similar situation happens when the

applied load applied is 2 Nm.

When the load is released, the rise in speed recorded for the PID, the normal fuzzy
and the hybrid fuzzy PID are 175 rpm, 206 rpm and 186 rpm simultaneously. The PID
reaches the reference faster when 1 Nm load is released while hybrid fuzzy PID is

faster for 2 Nm load.

Figure 6.8 shows the manipulated variable of the controller anticipating the load
applied and released. It is clearly shown that the manipulated variable of hybrid fuzzy
PID has the similar pattern as PID control. The PID controller responses the sudden
change of load quickly compared to fuzzy controller. When the error is lower than the
integrator switch threshold value, the input of integrator at the output side of hybrid-
fuzzy controller is given by the incremental PID controller. This makes the behaviour
of hybrid fuzzy PID just likes a PID controller. This is the advantage of hybrid fuzzy
PID controller.

1800 T T
—PiD

——FLC
1600 ¢ — Hybrid

1400 -
1200 .

1000 +

Manipul ated variable (u)

<0
(=]
[w]

600 - 8

400 1 I L L i 1 1 1 i

Time {s)

a. 1 Nm load applied
Figure 6.8 Manipulated variable due to sudden change in load at 600 rpm
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Figure 6.8 Manipulated variable due to sudden change in load at 600 rpm (continued)

The systerri response due to a sudden change in load at 1200 rpm reference speed
is depicted in Figure 6.9. Table 6.5 summarizes their performance analysis.
Interestingly, t}‘;le PID controller brings the system to response faster when load is
applied while the hybrid fuzzy PID brings the system to response faster when load is
released. This can be seen that the controller parameters of hybrid fuzzy PID
controller when: the load is released is optimum as indicated with the faster settling
time. When the }lload is applied, the parameters of hybrid fuzzy PID controller is not

optimum, as indicated with longer settling time than PID.
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Figure 6.9 Sudden in load response at 1200 rpm
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Table 6.5 Performance analysis for sudden change in load ar 1200 rpm

Ref. Load ts (8) Load ts (s)
Controller (pm) (Nm) 2% 5%  (Nm) 2% 5%
PID 0264 0200 0533 0.430
FLC - 0>1 2023 0340 02 2113 0470
Hybrid 1200 0.563 0204 1743 0.404
PID 0533 0.184 0.566  0.238
FLC 150 0543 0327 250 0583 0394
Hybrid 0412 0.188 0.516 0253
IAE ISE ITAE  IAE ISE ITAE
PID 55003 4.05¢6 0.156e3 6.0663 4.04e6 12.65¢3
FLC 72063 4.93¢6 14.74e3  7.66e3 4.92¢6 18.73e3
480e6 10793 7213 4.85e6 15.03¢3

Hybrid 6.65¢3

The normal fuzzy controller is experiencing larger steady state error when load is

applied at 1 Nin. Figure 6.10 illustrates the manipulated variable (¥) for a sudden

change in load at 1200 rpm.
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a. Load applied 1 Nm -

Figure 6.10'Manipulated variable due to sudden change in load at 1200 rpm
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Figure 6.10 Manipulated variable due to sudden change in load at 1200 rpm

(continued)

With reference to Figure 6.10 part b, the manipulated-variable of normal fuzzy
and hybrid fuzzy PID remain at to the saturated-value of 2000 when the load is
applied. This is the upper bound of the VSD input. The Pl-part of normal PID-type

fuzzy controller can not quickly reduce the integrator output after saturation.

6.7 Sudden Change in Reference and Load simultaneously

Figure 6.11 and 6.12 show the response of the controllers due to case (a) and (b), a
sudden change in reference and load, simultanecusly. Table 6.6 and 6.7 summarize

the performance analysis for case (a) and (b) simultaneously..
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Figure 6.11 Sudden change in response to case (a)
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Table 6.6 Performance analysis of case (a)

Ref Load t (8) Load ts (s)

Controller 'y (Nm) 2% 5%  (Nm) 2% 5%
PID 00> 0722 0.644 1.033  0.654
FLC e 01 0913 0747 032 - 0730
Hybrid 0.776  0.487 3403 0.686
PID 1200 5 1170 0.997 1050  0.937
FLC 0, 120 1270 0877 230 1250 0917
Hybrid 1.060  0.847 1090 0.937
TAE __ITAE __ISE JAE _ ITAE _ISE

PID 74763 4.39%4 3.1lc6  8.75¢3  5.09¢4  4.07e6
FLC 7.66e3 4294 33lc6 10493 6.37e4 4.93¢6
Hybrid 738¢3 4.06e4 325¢6  9.34e3  5.58¢4  4.596

For case (b), the response of the controllers is similar to the sudden change in

reference speed. This is because increasing the reference speed while decreasing the

load would cause the manipulated variable to change not as much as with a sudden

change in reference speed. At the time of increasing the reference speed, the PID

controller causes a large acceleration but is it has an oscillation effect. The hybrid

fuzzy PID has almost a similar performance to the normal fuzzy control. When the

reference speed is reduced, the system being controlled by the PID controller is

experiencing slower response when actual value is closed to the reference speed.
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Figure 6.12 Sudden change in response to case (b) (continued)

Table 6.7 Performance analysis of case (b)

‘ Ref Load t; (s) L.oad ts (s)

Controller, '  =~Nm) 2% 5% (Nm) 2% 5%
PID ‘ 600 > 0.557 0.510 0.793 0.472
FLL.C | 1200 =20 - 0.560 220 0.733  0.550
Hybrid 0.833 0.550 0.743  0.560
PID 3 1200 > 1.260  0.987 1.200 1.047
FLC 1 600 0->1 - 0.707 0-=>2 1.630 1.347
Hybrid 0.850 0.677 1.270  0.557

‘ JAE ITAE ISE IAE ITAE ISE
PID 6.89¢3 3.88e4 2.77¢6  7.07¢3  3.64e4 2.71e6
FLC “ 7.38e3 3.98e4 2.58e6 7.29e3  3.10ed4 2.50e6
Hybrid 6.66e3 3.32e4 2.54e6  6.89e3 29led 2.47e6

6.8 Comparison between Simulation and Real-Time Implementation Results

This subchapter presents comparison between

simulation and real-time

implementation! results. The pattern of real-time implementation results is almost the

same as the simulation results. The result obtained in simulation and real-time

implementation' for step response of hybrid fuzzy PID controller is summarized in
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Table 6.8. The difference value between simulation and real-time implementation

results are summarized in percentage with reference to the simulation results.

Table 6.8 Comparison of step response

Data Ref. Load ov t; (ms) t; (ms)
(pm) (Nm) (%) ) 2% S
Simulation 2500 0261 0770  0.553
Implementation 0 0.330 0.272  0.553  0.500
Difference (%) 87 4 28 10
Simulation 3.330 0.241 0900  0.587
Implementation 600 1 10.330  0.349  0.880  0.807
Difference (%) 210 45 2 37
Simulation 3.170 0.231 0923  0.626
Implementation 2 25,500 0.501  1.453  1.096
Difference (%) 704 117 57 75
Simulation 0.330 0484 0917 0.826
Implementation 0 0.830 0553 0504 0920
Difference (%) 152 14 1 11
Simulation 0.170  0.482 0970 0.872
Implementation 1200 1 0.580 0469 1.083  0.780
Difference (%) 241 3 12 11
Simulation 0.170 0476 0945  0.908
Implementation 2 3.080 0555 0942 0.880
Difference (%) 1712 17 0 3

In Table 6.8 the maximum difference in settling time at 600 rpm for 2 % and 5 %
tolerance band are 57 % and 75 % respectively while for 1200 rpm are 12 % and 11 %
respectively, When speed reference is 1200 rpm, the small difference between
simulation and experiment exists. With reference to simulation diagram in Figure 5.2,
the fuzzy algorithm and incremental-PID controller are modeled almost the same with
the programs run in PLC. The only plant model is obtained as black-box model. This
part might produce the difference, |

Table 6.9 summarizes the parameters comparison for sudden change in reference
response at constant load. The largest difference for 5% tolerance band in Table 6.9 is

47%. It happens when the speed reference is reduced. For the tolerance band of 2%,
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the largest d,ifference is 134% when the reference speed is reduced at 2 Nm load. The

largest difference for performance index is noted 12% for ISE.

Table 6.9 Comparison of sudden change in reference

Ref. Load ts (ms) Load ts (ms) Load ts (ms)

Result ' om) (Nm) 2% 5% (Nm) 2% 5% (Nm) % 5%
Simulation 600 0.552 0.492 0.552 0.491 0.52 0.493
Implementation - 0.663 0.514 0.552 0.493 0.583 0.513
Difference . 1200~ =~ 20 4 . _0 o0 . 12 4
Simulation 1200 0.593 0.548 0.595 0.55 0.568 0.546
Implementation = 0.86 0.807 0.98 0.697 1.33 0.604
Difference ' 600 50 47 65 27 134 11

| IAE ISE ITAE IAE ISE ITAE IAE ISE ITAE

Simulation 6.99e3 3.04e6 3.64e4 7.24e3 3.23e6 3.55¢4 7.48e3 3.39e6 3.55¢4

Implementation 6.40¢3 2.67e6 3.63e4 6.95¢3 2.92¢6 3.62e4 8.093 3.33e6 3.78¢4
Difference (%) 8 12 0 4 10 2 8 2 7

Table 6.10 and Table 6.11 show the comparison value for a sudden change in load
response at c;onstant speed reference of 600 rpm and 1200 rpm respectively. The
maximum difference for 5% and 2% tolerance band at 600 rpm are 63% and 280%.
These happened when the load of 2 Nm applied at 600 rpm speed reference. Their
values for 5% and 2% tolerance at 1200 rpm are 169% and 52% respectively. The
large difference happened when load is at maximum, 2 Nm. When 2 Nm load is

applied, the real-time settling time is larger than simulation result.

Table 6.10 Comparison of sudden change in load at 600 rpm response

Result ‘ Ref. Load ts (ms) Load ts (ms)
| (tpm) (Nm) 2% 5%  (Nm) 2% 5%
Simulation 0.583  0.527 0.687  0.633
Implementafion 0=>1 065 0598 0->2 261 1.033
Difference (%) 600 11 13 280 63
Simulation 0.565 0.5 0.665 0.62
Implementation 120 0863 039 20 0593 052
Difference (%) 53 22 11 16
’ IAE ISE ITAE IAE ISE ITAE
Simulation 3.28e4 1.21e7 6.95¢4 3.88¢4 1.30e7 1.22e5
Implementation 2.76e4  9.40c6 7.56e4 425c4 1.28¢7 1.61e5
Difference (%) 16 22 9 9 2 32
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Table 6.11 Comparison of sudden change in load at 1200 rpm response

Result Ref.  Load ts (ms) Load ts (ms)
(rpm) (Nm) 2% 5% (Nm) 2% 5%
Simulation 056  0.225 0.647  0.562
Implementation 0->1 0563 0204 0->2 1743 0.404
Difference (%) 1200 1 9 169 28
Simulation 0.513  0.233 0.608 0.525
Implementation 120 0412 0188 220 0516 0253
Difference (%) 20 19 15 52
IAE ISE ITAE IAE ISE ITAE
Simulation 6.75¢4 5.49¢7 8.88¢4 7.30e4 5.58¢7 1.37e5
Implementation 6.65¢4 4.80e7 1.08¢5 7.21e4 4.85e7 1.50e5
Difference (%) 2 12 22 1 13 10

Based on the induction motor specification, the induction motor power is 175
watt. Table 6.12 summarizes the electrical and mechanical properties on the operating
points. Based on Table 6.12, when the motor operates at 1200 rpm and dynamometer
applies 2 Nm load, the motor operates above its specification, 251.36 W of

mechanical power. The current drawn is larger than its rating, 0.46A.

Table 6.12 Measured electrical data

Speed Torque Mechanical Power Measured Apparent Power
(rpm)  (Nm) (W) Current (A) Voltage (V) (VA)

600 1 62.86 0.46 220 101.2

600 2 125.66 0.75 260 195

1200 1 125.66 0.49 385 188.7
1200 2 251.36 0.75 415 311.3

Table 6.13 and 6.14 summarize the comparison for sudden change in case (a) and
case (b). The situation is still the where the maximum load applied, the difference is
large. It is noted that at tolerance band of 2% the difference is larger than at 5%
tolerance band. The maximum difference for performance index for case (a) and case

(b) are 22 % and 9%. Again it happens at when maximum torque is operated.
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“Table 6.13 Comparison of sudden change in case (a) response

Result Ref. Load ts (ms) Load t; (ms)
(rpm) (Nm) 2% 5% (Nm) 2% 5%
Simulation 600 0.56 0.508 0.57 0.544
Implementation > 0->1 0776 0487 0->2 3403 0.686
Difference (%) 1200 39 4 497 26
Simulation 1200 0.6 ' 0.562 0.623 0.6
Implementation > 1>0 106 0847 2-=>0 109 0937
Difference (%) 600 77 51 75 56
i IAE ISE ITAE IAE ISE ITAE
Simulation 7.63¢3 3.60e6 4.14e4 B8.24e3 4.32e6 4.57e4
Implementation 737e3 326e6 4.06e4 9.34e3 4.59e6 5.58¢4
Difference (%) 3 9 2 13 6 22

Table 6.14 Comparison of sudden change in case (b) response

Result Ref. Load ts (ms) Load ts (ms)
(tpm)  (Nm) 2% 5% (Nm) 2% 5%
Simulation 600 0.560 '+ 0.482 0.600 0475
Implementation > 1=>0 0833 0550 2->0 0743 0.560
Difference: (%) 1200 49 14 24 18
Simulation 1200 0.635  0.560 0.850  0.595
Implementation = 0->1 0850 0677 0-2>2 1270 0.557
Difference (%) 600 34 21 49 6
‘ IAE ISE ITAE IAE ISE ITAE
Simulation 6.60e3 2.77¢6 3.07¢c4 6.32¢3 2.6le6 2.72e¢4
Implementation 6.65e3 2.54e6 3.32e4 6.88¢3 2.47e6 2.9le4
Difference (%) 1 8 8 9 5 7

In implelﬁenting the hybrid control, several problems have been faced in

implementing ;in PLC. Most of the problems are related to the memory capacity and

updating speed of input-output module. The capacity of data memory is enough to
save the constant data and variables. In order to observe the controller performance
during the experiment, the extended data memories (EM) have been utilized to keep

the observed parameters. The parameters observed in this work are speed reference,

load applied, n‘lanipulated variable, change in manipulated variable and actual Speed

value, The actual value is kept in EM2. Since its capacity is 32768 words, the system

can save the actual value of speed for around 5 minutes operation.
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The input-output module updating is a part of PLC scan-time. In the PLC system,
it takes 1 ms for each input-output channel. Since there are three input-output
channels, the system takes 3 ms for updating all of the channels being used. The time

taken to update the input-output channel takes 30% portions of sampling period.

6.9 Summary

The experimental works are conducted using the same parameters as in the
simulation. By having similar conditions applied to the plant process and similar
reference speed applied, control parameters such as rise time, overshoot, undershoot
and steady state are evaluated and then compared with the conventional PID, the

normal fuzzy and the hybrid fuzzy PID controllers.

A number of conclusions can be drawn from these experiments. The experiment
responses have the same patterns as in the simulation results. The steady state error of
hybrid fuzzy PID controller is better than normal fuzzy controller. This is a part of

inherent characteristic given by the PID control.

In response to the sudden change of reference, the hybrid fuzzy PID control
provides a faster settling time compared to normal fuzzy control. The same condition
goes when the comparison is conducted with conventional PID at several load

conditions.

When a sudden change of load is applied, the hybrid fuzzy PID controller has a
faster settling time compared to the conventional PID and the normal fuzzy controller
at several conditions. But the PID-controller produces lower overshoot and

undershoot when a sudden change of load is applied.

Generally, the performance indexes of the hybrid fuzzy PID controller have lower
value compared to the normal fuzzy logic controller. The same condition happens at
several cases when it is compared to the conventional PID controller. It means that
hybrid fuzzy PID controller has the advantage to improve the performance of the

controller.
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The expfzriment tests presented here as well as the simulation test as in Chapter 5,
show that the PLC can be an effective tool for controlling a PWM inverter
implementing VVVF strategy on a variable speed drive. As an overall conclusion it
can be stateh that this work has provided a useful level of knowledge to model the
PLC-based PWM-driven VVVF drive control system on a MATLAB/Simulink using

empirical data and implementing a hybrid fuzzy PID control strategy on a basic PLC
to control a PWM-drive VVVF drive.
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CHAPTER 7
CONCLUSIONS AND FUTURE WORK

7.1 Conclusion

The aim of this thesis has been to design, simulate and implement a proposed
intelligent algorithm for a PLC-based fuzzy controller for PWM-driven induction
motor speed control at constant V/Hz ratio. In particular, the work presented in this
thesis has involved the design and implementation of a test-rig that involved hardware
and software integration comprises of a PLC interfaced to an induction motor via a

PWM inverter.

This thesis discusses fundamental issues in the development of a controller for a
PWM for driving an induction motor via VVVF scheme, and has been organized to
answer questions such as what controller needed to control the PWM inverter as
required in the controls scheme; how to implement and transform a basic PL.C into a
fuzzy PLC; how to implement the control algorithm that combines the inherent
benefits of fuzzy control and a PID controller; how to build a simulation model using
system identification technique and modeling in MATLAB/Simulink; how to specify
problems and scenarios to be analyzed (experimental design); and how to extract
useful information for comparisons, for example the effect of load/speed

requirements.

The approach has been to simulate the controller on the MATLAB/Simulink
model of the system and then to use the results in the real-time implementation on the
rest-rig. Results have shown that the proposed hybrid fuzzy PID logic operations give
good response when the system is subjected to disturbance, and sudden changes in
reference speed. The work presented in this thesis has contributed to an improved

understanding of the procedure for configuring and implementing a PLC-based fuzzy
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controlled of an induction motor. The work presented here offers some promising

tools in terms of hardware and software handling of a PLC system and provides

avenues for other research scope to address different aspects of issues pertaining to
the PLC-based fuzzy controller.

The main contributions of this work are:

As existing gate drives with microprocessor or microcontroller are not easily
adapted to implementing the intelligent control, for example a fuzzy, because
of thé serial execution nature of these type of control device this work
demoﬁstrates the steps taken in developing a PLC-based intelligent controller
from a widely used controller in industry, for a PWM-driven variable-voltage
variable-ﬁ'equency speed control of an induction motor. This involves
hardware and software interfacing that is not as complicated.

As a' test prototype, the system allows the analysis, evaluation and
improvement of the control strategies of the developed fuzzy-hybrid controller
on a single unit induction motor. By devising an appropriate experimental
design, several tests can be performed to imitate some realistic situations. The
resuits! can then be analyzed from which solutions can be inferred.

As to ascertain the correctness of the controller parameter values during real-
time irpplementation on the test prototype, a simulation model of the system
consisting of the CSD, induction motor and dynamometer is built on
MATLAB/Simulink using empirical data via system identification technique.
Detail analysis of several realistic situations are simulated and the results, i.e.,
control}parameters can then be used on the test prototype.

By designing a hybrid fuzzy PID controller with a view to lessen the steady
state erfor of the normal fuzzy, a PID-fuzzy controller has been proposed. The
improvément has been to take the inherent characteristic of the conventional
PID coﬁtrol. The replacement of fuzzy-PI control by conventional PID control
has been successfully implemented when the error is less than threshold. This
paves vslfay for ideas from intelligent and conventional control system to be

utilized in building intelligent industrial control.
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7.2 Directions for Future Work

There are further problems to be considered, which includes the improvement to the

hybrid-fuzzy controller, the experimental design and the extension to perform

coordination control with more complex disturbance signals.

Future work should include:

Reducing of sampling period

An effort to improve the ladder diagram development as outline in subchapter
4.12 should be conducted to reduce the updating period. This will improve the
updating period and increase the controller’s response

Improve fuzzy rule

The more precise observation of error and change of error during when a load
is either applied or released, especially when the speed is low and the load is at
maximum, should be conducted. A more refined fuzzy rules can be formulated
that would improve the overshoot and undershoot during these situation. The
observation should emphasize to the value of change of error when that
situation happens and determines the suitable output to the fuzzy. control.
Coordination control of networked PCLC-based controller

An investigation, analysis and evaluation the coordination control of a
networked PLC-based PWM-driven VVVF drive control should be conducted.
The test prototype can be extended to include additional sef of éimilar system
networked via an Ethernet. This would allow detail study of various issues, for
example the effect of the network on the dynamic behavior of the control
system that would lead to an improved understanding in the controller

autonomy and robustness.

Even though the work presented in this thesis offers promising results, more work

remains to be done to produce a reliable, effective and robust autonomous system for

real- application.
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Appendix A: Development of the Test-Rig

Al Introdliction

This appenciix covers detail of utilized devices, connectivity and setting. It also
explains why the specific equipment chosen is used and how it is used. The
integration of the equipment below is common to the industrial practices in the
process control and factory automation. To understand and comprehend the hardware
utilized in the building of the test rig, the detail of the components and devices are

provided in the following section.

A.2 The architecture of PLC-based fuzzy controller

The electrical connection of the test rig is illustrated in Figure A.1. The fuzzy logic
controller is programmed onto and represented by the PLC-based controller, The plant
consists of 2 PWM inverter, an induction motor and load. The PWM inverter
functions as an interface between the PLC and the induction motor. The personal
computer (Pé) functions as a terminal for developing the ladder diagram and
designing of human machine interface (HMI), and also for downloading the ladder
diagram to PLC and HMI design to HMI. The connection between PC and PLC is
established usimg Ethernet TCP/IP. The system also has a forward/reverse contactor to
accommodate 1bidirecti0nal rotation of the motor. During the operation, PLC handles
all control actibns.

The PLC used in this work has a maximal program size of 60 K steps, 128 K
words memory data and 5120 number of I/O [1]. The digital input output module
(DIOM) provides 32 points of digital input and 32 points of digital output. The rated
input voltage of digital input is 24V DC while for digital output is 12 to 24 V DC. To
control the low voltage forward/reverse relays contactors running at low voltage
(24V) that drive the magnetic contactors two digital output points are used.

The anéllog input-output module (AIOM) consists of an analog to digital
converter (ADC) and a digital to analog converter (DAC). The one channel of analog
input and two channels of analog output are used. The input channel is to measure the

140



analog voltage represents the actual speed while two analog outputs are to send the
manipulated variable, u, to variable speed drive and to specify the load applied to the

induction motor.

3-phase
Dynamometar Induction Motor

Figure A.1 Connection of test rig

With reference to Figure A.1, in order to interface the PLC and the induction
motor a variable speed drive (VSD) is utilized. The VSD requires three-phase supply
on its line side and produces sequences of three-phase PWM on its output side [2],
which is used to drive the three phase induction motor. The VSD is rated at 0.75 kW,
415V line-to-line on its output load side and its frequency is controlled by a 0 — 10V
output analog signal coming from the analog output module of the PLC. That is a
linear relation of 0 — 10V of analog input to the VSD versus 0 — 50 Hz analog output
from VSD to the three phase induction motor. The modulation implemented on the
V8D is a sine pulse width modulation (PWM) that runs on a carrier frequency of 7.5
kHz and operates on a constant V/Hz ratio control. The PLC-based controller, as
being interfaced to an induction motor via the VSD provides an output to the VSD
that depends on the inter-related variables i.e., the error and the rate of change of the
error of the actual speed and the desired speed, the fuzzy rules, and the speed and

torque requirements. Since, the VSD operates on a constant V/Hz ratio control, the
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output of tﬂe VSD, in the form of voltage and frequency supplied to the induction-
motor statoir, depends on the controller’s output signal to the VSD and the V/Hz ratio
relationship!

The pattern of the constant V/Hz control is depicted in Figure A.2. Voltage
boosting is 'applied up to 20 Hz. This aims to maintain the constant torque at low
speed. The Programmable Terminal (PT) provides a user friendly HMI interfacing
between system and operator. It consists of a liquid crystal display (LCD}) and a touch
panel. The PT can either send or display data to or from the PLC and is utilized to
represent several inputs and output functions. The inputs set-up via the PT are the
ON/OFF, STOP/RUN, set-point, load applied, and controller settings while the

outputs are the actual speed, load applied, controller status and controiler settings.

A
400
=300
2
= g
g
)=
T 200 +
3
=
100 /
0 10 20 30 40 50 Freq,
(Hz}
Figure A.2 V/Hz pattern

The dynamometer is mechanically coupled to the motor by a timing belt. The
dynamomete£ consists of a permanent-magnet direct current (DC) machine that
operates as a generator. The mechanically loading is achieved by electronic control of
the generated electric power which is dissipated in load resistor inside the module [3].
In order to elthuire the particular mechanical load, an analog control voltage is
adjusted to provide a voltage that is proportional to the speed as to be provided by the
dynanrlome‘uer.= The analog voltage specifies in this case is 500 rpm/V. This voltage is
then fed to the PLC as the measured process variable. The three-phase squirrel cage

240/415V 50Hz 175W 1395 rpm induction motor is utilized.
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A.3 Programmable Logic Controller

The OMRON CS1-D CPU 65H plays a role as main controller. It has a maximal
program size of 60 K steps, 128 K words memory data and 5120 number of I/O. It is
mounted on a backplane and powered by dual power supply. The number of installed
module can be increased by using an extension backplane. This PLC supports duplex
mode. The installed module on the system are an analog input output module, a
digital input output module, an Ethernet module, a duplex module, CPU module, a
high speed timer module, and a communication module. Figure A.3 depicts the PLC

system [1].

Lt

Figure A.3 Programmable logic controller system

A.4 Digital Input Output Module

The digital input output module (DIOM) used is OMRON MD261. It provides 32
points of digital input and 32 points of digital output. The rated input voltage of
digital input is 24V DC while for digital output is 12 to 24 V DC. The digital output
performs current sinking. A photo-coupler is operated between PLC and the
input/output device. It is to isolate the electrical signal but not the information. The

internal connection of DIOM is depicted in Figure A.4 [5].
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Figure A .4 Digital input output internal circuit

143



The DIOM is a dedicated module. It does not need an initialization process.
Once the module is powered up, it is ready to use. In this project, two digital output
points are used to control the low voltage forward/reverse relays contactors running at
low voltage: (24V) and finally the relays drive the magnetic contactors. The magnetic
contactor is “nothing but a control device that uses a small control current to energize
or de-energi?e the load connected to it [4]. The consideration behind this ways is all
about numbér of pole and electrical capability issue. In order to provide bi-direction
of rotation, forward/reverse magnetic contactors are connected between inverter and
induction motor. The forward/reverse rotation is accomplished by interchanging any
two of the three main power-line to motorln The schematic diagram of forward/reverse
system is sholwn in Figure A.5. The connection of the relays also provides an interlock

system providing protection against the two relays energized simultaneously.

“ephise power SRR
T Inarier

} Eigita inpal Qutput
Ml

924\’
A0 (Firwsdid)
Al Lﬁévelsm

ey
m...T"—"i
L

i

' Forvad Py Fomweer Ruvarae
Cinetienne ‘Conlaciar Rﬂag Ralay

To Jphges
IrklLagion Malor

Figure A.5 Forward/reverse contactors connection

A.5 Analog Input Output Module
The analog input-output module (AIOM) consists of analog to digital converter
(ADC) and digital to analog converter {DAC). Each converter provides 4 channels.
The photo-coupler is used as isolation between PLC and converter. Resolution
provided is 4006 full scale.

The voltzlige range of input channel and output channel is selectable between 1
to 5V, 0to 5V, ;‘0 to 10V, and -10V to 10V. The input channel can accept industrial

instrument standard analog current, the 4 to 20 mA. Several functions can be done on
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this module such as mean value processing, peak value holding and input
disconnection detection. |

The voltage range of output channel is the same as input channel. Maximum
current provided for each channel is 12 mA. The accuracy offered is + 0.5% of full

scale. Figure A.6 shows the AIOM internal block diagram [6].
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Analog output 3 «+—— Same as above, o
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Figure A.6 Analog input output function block diagram

The unit number of the module is specified as 00. It allocates the I/O area of
CI02000 to CIO 2009 at CPU. In this project, one channel of analog input and two
channels of analog output are used. The input channel is to measure the analog
voltage represents the actual speed while two analog outputs are to send the
manipulated variable (u) to variable speed drive and to specify the load applied to the
induction motor. An initialization of certain function should be done before it is used.
This is done by sending a control word to the respective control register.

An analog signal representing the actual speed of induction motor has range of
0 to 5V DC while the VSD input and load range is 0 to 10V DC. In order to activate
the channel, a control word should be sent to enable the desired channel. Figure 7 and

8 show format of enable disable register and range selection register.
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Bit 15 14 13 12 11 10 09 08 07 08 05 04 03 02

01 00

D(m)

AL Y I R R

] 5 5 = -1 3 3
22 3838 EE
£ £ £ ¥ 3 3 % 8
l HO Q O ©
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1: Used 1: Used

Figure A.7 Enable/disable input channel register format
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. Figure A.8 Range selection input channel register format

A.6 Ethernet Module

The Ethernet module is a part of communication unit family providing high speed
communication using TCP/IP technology. It is used to connect the PLC to Ethernet
network. In this project, The PLC program and data are either downloaded or

uploaded through the network. Figure A.9 shows the font panel display of Ethernet
module [7].

WOBASE-TX
10BASE-T

[

Figure A.9 Ethernet module front panel
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The TCP/IP and mask address should be specified to the module before used. These

addresses must be unique along the network.

A.7 Variable Speed Drive

Figure A.10 depicts the variable speed drive (VSD) that was utilized in the
implementation [8] of this project. The VSD functions as an interface between PLC
and induction motor. The VSD requires three-phase on its line side and produces
sequences of three-phase PWM on its output side. This output side is connected to the
three phase induction motor. The VSD is rated at 0.75 kW at 415V line to line on its

output Joad side.

Figure A.10 Omron variable speed drive

The VSD frequency is controlled by a 0 — 10V output analog signal coming
from analog output module. That is the linear relation of 0 — 10V of analog input to
the VSD versus 0 — 50 Hz analog output from VSD to the three phase induction
motor. The modulation implemented on VSD is sine pulse width modulation (PWM).
The modulation runs on carrier frequency of 7.5 kHz. The VSD operates in V/Hz

control,

A.8 Programmable Terminal
Programmable Terminal (PT) provides user friendly interface between system and

operator. It functions as a human machine interface (HMI). It consists of a liquid
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crystal display (LCD) and a touch panel. The PT can either send or display data to or
from PLC. The communication between PT and PLC can be established using either
serial communication (RS-232) or Ethernet communication. The illustration of PT is
depicted in figure A1 [9].

Figure A.11 Programmable Terminal

In this work, PT is utilized to represent several inputs function and output
functions. The input function performed on PT are ON/OFF, STOP/RUN, set-point,
load applied,%controller settings while the outputs are actual speed, load applied,
controller statﬁs and controller settings. Display design of PT is prepared using CX-
Designer program. It also performs uploading/downloading design to PT. The
communication between PT and either PLC or PC can be established on either serial

communication (RS-232) or Ethernet.

A9 Dynamon{eter

The dynamometer is mechanically coupled to the motor by a timing belt. The
dynamometer éonsists of a permanent-magnet direct current (DC) machine which
operates as generator. The mechanically loading is achieved by electronic control of
the generated electric power which is dissipated in load resistor inside the module.
The mechanical load can be set by an analog control voltage. There is the linear
relation of 0 to 3 Nm mechanical-load to 0 — 10V analog control voltage. This analog

control voltage is provided by analog module. Figure A.12 shows the dynamometer

3]. |
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Figure A.12 Dynamometer

The torque or speed can be read on a digital display. The analog voltage
delivering voltage proportional to the speed is also provided by dynamometer. The
analog voltage specifies 500 rpm/V. This voltage is then fed to the PLC as measured

process variable.

A.10 Induction Motor

A three-phase induction motor was utilized as a plant in this project. The induction
motor used is a 3 phase squirrel cage 240/415V 50Hz 175W 1395 rpm. Utilized IM is
shown in Figure A.13. Each phase of the stator winding is independently terminated
and identified on the faceplate. It provides a flexibility to be configured in either delta

or star connection.

Figure A.13 Four pole squirrel cage induction motor
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A.11 Signals on the Test-rig

The PLC receives an analog signal represeﬁting the actual speed and then sends an
analog signal representing the frequency applied to the induction motor and also
another sigxl"ial representing the load applied to induction motor via the dynamometer.
It is also possible that the PLC sends a signal to activate the forward/reverse relay to

control the IM rotational direction. Figure A.13 depicts the signals going to, and
coming out of the PLC.
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Figure A.14 Control signals on the test-rig

A.12 VSD Control Signal

This signal detérmines the voltage applied to the IM. It can be either 2 DC voltage or
a DC current. Iln this set-up, the system uses a DC voltage to control the VSD. The
VSD provides intemal setting for the pattern of voltage and frequency. The setting
specifies the minimum, middle and maximum voltage and frequency at the VSD

output as illustrated in Figure 14. The labels n011 to n017 represent the setting

numbers.
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Figure A.15 Setting of V/Hz pattern

The DC voltage range of the VSD input is 0-10V. A 0 V at the control input
will make the output frequency minimum, 0 Hz, while a 10 V produces the maximum
frequency as specified in setting number n011. The voltage at the VSD output follows
the pattern as specified in Figure 14.

The PLC analog output module, MAD44, has to be able to provide the 0-10V.
Basically the operation range of MAD44 module is programmable. The range can be
programmed either 1 to 5V or 0 to 10V or 0 to 5V or -10 to 10V. The first channel of
MADA44 is assigned to provide the required DC voltage range. This can be done by
specifying the control word to have 0 to 10V as in Figure 8. The DC voltage is
actually representing the controller output that is the crisp value for the fuzzy

controller.

A.13 Load Control Signal

This signal determines the load applied to the IM by the dynamometer. The sensitivity
of this signal to specify the load is 0.3 Nm/V. The maximum load that can be
provided by the dynamometer is 3 Nm, thus the maximum voltage of load control
signal is 10V. The second channel of the analog module is set to provide this control

signal. The second channel is set to have the range of G-10V.

A.14 Actual Speed Signal
The dynamometer provides a DC signal representing the actual speed. The amplitude
of this signal is proportional with the actual speed and it has a sensitivity of 500

rpm/volt. The PLC uses this signal to represent the actual value through analog input
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module first channel, The PLC need to be initialized to specify the analog input
module from 0 to 10V.

A. 15 Foerwd/Reverse Control Signal

The digital 6utput module provides current sinking for the connected output devices.
The intemal‘.‘transistor on DIO, OMRON MD261, performs current sinking process by
conducting between collector and emitter pins, while the emitter pin is connected to
neutral. In tﬁe forward/reverse relays, the relays coil receives 24V DC power supply
and the current sinking is performed by the DIO. The forward/reverse relays are
connected to'bit 0 and bit 1, respectively. The MD261 does not need an initialization

process because it is a dedicated input output module.

The sources of information in this appendix have been cited from the following

bibliographieé:
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Appendix B: Data Set Used to Verify the Model
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Appendix C: PLC Ladder Diagram
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Figure C.1 Ladder Diagram of Hybrid Fuzzy PID Control (continued)
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Figure él Ladder Diagram of Hybrid Fuzzy PID Control (continued)
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Figure C.1 Ladder Diagram of Hybrid Fuzzy PID Control (continued)
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Figure dl Ladder Diagram of Hybrid Fuzzy PID Control (continued)
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Figure C.1 Ladder Diagram of Hybrid Fuzzy PID Control (continued)
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Figure C.1 Ladder Diagram of Hybrid Fuzzy PID Control (continued)
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Appendix D: Simplified Simulation Block Diagram
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Figure D.1 Simplified simulation block diagram of PID control
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Figure D.2 Simplified simulation block diagram of fuzzy control
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Figure D.3 Simplified simulation block diagram of modified fuzzy control




Appendix E: Operating Manual

This system runs on 240V, 50 Hz. Figure E.1 shows the display on Programmable
Terminal (P’t) after powered up. The PT display consists of an LCD and a touch
panel. It dispiays and senses the touching at the surface. As shown in Figure D.1, PT
displays the slystem block diagram. There are seven buttons grouped in two functions
i.e. ON/OFF 'button and function menu buttons. One LED is used to indicate the
system status, The LED will be red when the system is ON. The ON/OFF button is
used to chanée the system status. At the bottom, there is 5 functions menu buttons.

They are used to go to a specific menu display.

ON/OFF ‘Iindicator ON/OFF button

lincremental
___PID

Functions Menu Buttons
Figure E.1 ON/OFF menu
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Controlling the motor operation is specified in Motor Control Submenu.
Figure E.2 depicts the display of Motor Control submenu. The display is divided into
2 groups, i.e. upper half and lower half. The upper half group consists of the motor
control, direction of rotation, type of fuzzy logic and hybrid. Each of the function has
an indicator and a button to activate. The motor control subgroup has a Run and stop
button and an indictor of motor status. The direction subgroup has 2 buttons and 2
indicators. Once the motor runs, the motor direction can not be change. Changing the
direction can only be done when the motor stops. The type of FLC subgroup
determines the type of Fuzzy Controller. The hybrid switch determines whether the

controller is either in the hybrid or the normal Fuzzy.

Figure E.2 Motor Control Interface Design

The reference speed, load applied to motor, and input output gain are specified on the
lower half group. It also shows the actual motor speed and load applied to motor. The
unit of load applied to the motor is in mili-Nm. The input and output gain unit is in

percent.
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Figure E.3'illustrates the inputs membership functions. The error membership

function has seven fields to be set while change of error input has five fields. The unit

for error and change of error is in rpm.

Figure E.3 Input Membership Functions Interface Design

The three PID parameters, K, T; and 7y are specified in the PID function menu. The
proportional gain is specified in percent, while Ti and Td are in millisecond. The last
field is threshold value in rpm. It is the value to change the switch position of

accumulator inﬁut. The display of PIC} submenu is illustrated in Figure E.4.

Figure E.5 shows the submenu Output MF display. The output membership function

|
has seven fields to be specified. The unit of output membership function is in rpm.
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Figure E.5 PID Parameters Interface Design
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