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ABSTRACT

Magnetic levitation (Maglev) has been a keen area of research,
especially in the field of transportation. Maglev is used in order to
reduce the maintenance cost, increase the efficiency and thereby to
increase the useful life of the system. Maglev has numerous practical
applications in research and industry where friction must be reduced
or eliminated. Some of the more promising applications are
transportation (low and high speed maglev), low friction bearings for
gyroscopes and fly wheel energy storage. Other applications have been
proposed, such as levitation melting of conductive metals.
Applications such as eddy current braking and induction heating that
involve similar physical processes as Maglev can be analyzed using

similar or slightly modified solution techniques.

Eddy current damping is a key technique that improves
levitation performance to increase the diversity of applications of
Maglev systems. Eddy current damping is formed by a conductive
plate placed below the levitating object, which is used to suppress
vibrations and ensure stability. To understand the system behaviour,
it is very important to derive the analytical relation for the eddy
current based force. It is a function of the plate thickness and its
distance to the permagnet. Position control of the Maglev system is
not an easy task. Literature shows several authors have proposed
different controllers to stabilise the position of the object in the air.

The main drawback is that the controllers are designed by neglecting



the eddy current based force due to the motion of the levitated object.
In the present work, Fractional order model reference adaptive
controller, Backstepping fuzzy sliding mode controller, PID controller
based on cuckoo search algorithm are designed for position tracking
of Maglev system; each controller has its own importance in each
case. Literature shows that, the Fractional Order Model Reference
Adaptive Controller (FOMRAC) could make the entire control system
perform better. This is due to FOMRAC controller satisfies five
robustness criteria as compared with classical controller which has to

satisfy three robustness criteria.

In first case, a FOMRAC controller is designed to reduce
vibrations in the object as well as position tracking. The Model
Reference Adaptive System (MRAS) is one of the main approaches to
adaptive control, in which the desired performance is expressed in
terms of a reference model and the parameters of the controller are
adjusted based on the error between the reference model output and
the system output. Using FOMRAC, Maglev system takes very short
interval time to reach its desired position when compared with

conventional controller and same has been shown in simulations.

In the second case, backstepping fuzzy sliding mode controller
is designed for the position tracking of Maglev system. Backstepping
fuzzy sliding mode control approach combines the fuzzy sliding mode
control technique and the backstepping technique to achieve the

position tracking of nonlinear Maglev system. A linear model that

ii



represents the nonlinear dynamics of the Maglev system is derived by
feedback linearization technique. Then backstepping fuzzy sliding
mode control is derived from the proposed linear model based on the
Lyapunov function approach, which is capable of handling nonlinear
systems. Simulation results show the effectiveness of the
backstepping fuzzy sliding mode control scheme for the position

tracking of nonlinear Maglev system.

In third case, PID controller based on Cuckoo search algorithm
is designed for the position tracking of real time Maglev system. The
proportional-integral-derivative (PID) controller and its variants
remain the controllers of choice in many applications, despite the
efforts put in for the development of advanced control schemes over
the past two decades. Maglev systems are highly nonlinear and
unstable systems. In the present work, a noval method of global
optimization algorithm, cuckoo search algorithm is proposed, to tune
the parameters of PID controller. The proposed PID controller is tested
on real time maglev system. Simulation results show the effectiveness
of the cuckoo search based PID controller for position tracking of real

time Maglev system.

Maglev is used in transportation system for high speed trains in
which the vehicle is lifted from roadway by a magnetic field. LIM is
usually preferred since it offers high precision and accuracy of the
controlled acceleration and deceleration thereby reducing the

maintenance cost. They are also used in a vast array of diverse

iii



applications like industries. These applications require machines that
can produce large forces, operate at high speeds and can be controlled

precisely to meet performance requirements.

In the present work, parameters of single sided Linear Induction
Motor (sLIM) are calculated based on rotary induction motor principle
and same has been implemented in the design of prototype sLIM. A
PID controller based on cuckoo search algorithm is designed for the
speed control of sLIM. The computation results show that the
proposed sLIM drive system is appropriate for driving maglev

transportation prototype.

iv



Abstract

Table of Contents
List of Figures

List of Tables

TABLE OF CONTENTS

List of Symbols/Abbreviations

Chapter I

Introduction
1.1 Introduction
1.2 Overview of Maglev System

1.3
1.4
1.5

1.6
1.7

1.2.1 Eddy Current based force

1.2.2 Application of Maglev System

1.2.3 Linear Induction Motor (LIM)

Literature Survey

Problem Formation

Different types of Controllers

1.5.1 Conventional Controller

1.5.2 Fractional order model reference
adaptive controller

1.5.3 Backstepping Fuzzy  Sliding
Mode Controller

1.5.4 PID Controller Based on Cuckoo
search

Scope and Objective of the thesis

Organization of the thesis

xi

Xii-xix

1-24

20

21
22



Chapter II

Chapter III

Analytical model of Eddy current Based

Force in Maglev System

2.1
2.2
2.3

2.4

2.5
2.6

Introduction

Damping force in Maglev system

Eddy-Current based force due to the

motion of the levitated permagnet

2.3.1 System model

2.3.2 Force due to the motion of the
permagnet

Eddy-Current based force due to

change of the electromagnetic current

Analytical results

Conclusions

Fractional order model Reference adaptive

Controller for Maglev System

3.1
3.2
3.3
3.4
3.5

3.6
3.7

3.8

Introduction

Gradient Approach

Fractional Order operations

Fractional Order control Systems

Using Fractional order calculus in

MRAC Scheme

3.5.1 The Fractional order adjustment
rule

Magnetic Levitation System

Fractional order MRAC PID controller

Design

Conclusions

Vi

25-41

25
27
29

29
30

34

36
41

42-55

42
43
44
45
48

48

48
51

55



Chapter IV

Chapter V

Chapter VI

Feedback linearization to Maglev system

4.1 Introduction
4.2  Nonlinear Process Model
4.3 Input-output Linearization
4.3.1 Controller Design
4.3.2 General Design Procedure
4.3.3 Integral control
4.4 Application to Magnetic levitation
system
4.5 Simulation Results

4.6 Conclusions

Backstepping Fuzzy Sliding mode

controller to Maglev system

5.1 Introduction
5.2 Problem formulation
5.3 Application to nonlinear magnetic
levitation system
5.3.1 Design of fuzzy sliding mode
control with backstepping
5.3.2 Design of fuzzy sliding mode
control law
5.4 Simulation results

5.5 Conclusions

PID Controller for Real time Maglev

System based on Cuckoo Search Algorithm

6.1 Introduction

6.2 Real-time Magnetic levitation model

vii

56-73

56
57
60
61
62
64
65

71
73

74-87

74

76

79

81

83

84
87

88-99

88
90



Chapter VII

Chapter VIII

6.3

6.4
6.5

PID Controller Design based on Cuckoo
Search algorithm

6.3.1 Cuckoo Search algorithm
Simulation Results

Conclusions

Design of single sided Linear Induction

Motor
7.1 Introduction
7.2 Concept and equations

7.3
7.4
7.5
7.6
7.7

7.2.1 Concept of current sheet

7.2.2 Power and input phase current
7.2.3 Flux linkage and induced voltage
7.2.4 Equations for sLIM slot geometry
Forces in Linear induction Motor
Equivalent Circuit model of sLIM
Mathematical model of LIM

Results and waveforms

Conclusions

Conclusions and Future Scope

Bibliography

List of Publications from Research Work

Appendix

viii

92

93
95
99

100-121

100
101
102
104
105
107
110
111
116
118
121

122-125

126-151

152-153



Figure 2.1

Figure 2.2

Figure 2.3

Figure 2.4

Figure 2.5

Figure 2.6

Figure 2.7

Figure 2.8

Figure 3.1
Figure 3.2

Figure 3.3

Figure 3.4

Figure 4.1

Figure 4.2

LIST OF FIGURES

Schematic of the levitated object above the plate

Damping coefficient as a function of the permagnet
height from the plate of 1cm thickness

Damping coefficient as a function of the plate
thickness with a height of lcm between the
permagnet and plate

Damping coefficient as a function of the permagnet
height from the plate for different plate thicknesses

Damping coefficient as a function of the plate
thickness with distance varies from lcm to 3cm

Damping coefficient as a function of the permagnet
height from the plate with coil radius 2.5 cm and the
plate thickness of 1 cm

Damping coefficient as a function of coil radius with
height of 5 cm and the plate thickness of 1 cm

Damping coefficient as a function of plate thickness
with height of 5 cm and coil radius of 2.5 cm

Basic model of reference adaptive system
PID controller: from points to plane

Comparison of forces in Maglev, with conventional
and FOMRAC-PID

Comparison conventional and
FOMRAC-PID

of maglev with

All the states of the Maglev system

Error signal, controlled input and new states

ix

Page No.

27

36

37

37

38

39

39

40

42

45

54

54

71

72



Figure 4.3

Figure 5.1
Figure 5.2

Figure 5.3

Figure 5.4
Figure 5.5
Figure 6.1

Figure 6.2

Figure 6.3

Figure 6.4

Figure 7.1
Figure 7.2
Figure 7.3
Figure 7.4
Figure 7.5
Figure 7.6
Figure 7.7

Figure 7.8

Figure 7.9

Position tracking of maglev system using pole
placement

Fuzzy membership functions

Controlled signal

Tracking of error signals €1, &2 and ©3
Tracking of reference position
Tracking of velocity of the system
Real time setup of Maglev system

Comparison of position tracking of Maglev system in
simulation

Comparison of real time position tracking of Maglev
system

Comparison of settling time of response of real time
Maglev system

Single sided linear induction motor geometry
Per phase sLIM equivalent circuit
Implementation of LIM

d-axis primary current

gq-axis primary current

d-axis linear flux

g-axis linear flux

Performance of PID controller based on cuckoo search
algorithm for linear speed of 2m/s

Performance of PID controller based on cuckoo search
algorithm for linear speed of 2m/s

72

84

84

85

86

86

90

98

98

99

107

112

115

118

119

119

119

120

120



Table 3.1

Table 3.2

Table 6.1

Table 6.2

Table 7.1

Table 7.2

LIST OF TABLES

Page No.

Physical parameters of Maglev system 51
Time response specifications of the maglev system 53
Maglev system parameters 96
Comparison of classical and cuckoo search based 97
PID controllers

LIM parameters 115
Comparison of conventional and Cuckoo search 121

based PID controller for speed tracking of sLIM

xi



LIST OF ABBREVIATIONS

ABC - Artificial Bee Colony
BelM - Bearing less motors
BFNNC - Backstepping Fuzzy Neural Network Control

CARIMA - Controlled Auto Regressive Integrated Moving Average

CDM - Coefficient Diagram Method

CS - Cuckoo Search

CSA - Cuckoo Search Algorithm

DLIM - Double Sided Linear Induction Motor
DOF - Degree of Freedom

ECD - Eddy Current Damping

EDS - Electrodynamic Suspension

EMS - Electromagnetic Suspension

ES - Extremum Seeking

FEM - Finite Element Method

FIR - Finite Impulse Response

FODE - Fractional Order Differential Equation
FOPID - Fractional order Proportional -Integral — Derivative
GA - Genetic Algorithm

HTS - High Temperature Superconducting
IAE - Integral Absolute Error

IR - Infrared

ISE - Integral Square Error

xii



ITAE - Integral Time Absolute Error
ITSE - Integral Time Square Error
KVL - Kirchhoff’s Voltage Law

LabVIEW - Laboratory Virtual Instrument Engineering Workbench

LEE - Longitudinal End Effect
LIM - Linear Induction Motor
LQG - Linear Quadratic Gaussian
Maglev - Magnetic Levitation

MATLAB - Matrix Laboratory

MCLEVS - Microprocessor Controlled hybrid magnetic levitation and
propulsion system

MIT - Massachusetts Institute of Technology
MIMO - Multi Input Multi Output

MLS - Magnetic Levitation System

MPC - Model Predictive Controller

MRAC - Model Reference Adaptive Controller
MRAS - Model Reference Adaptive System

NB - Negative Big

Nd - Neodymium

NM - Negative Medium

NMLS - Nonlinear Magnetic Levitation System
NS - Negative Small

PB - Positive Big

PFC - Parallel Feedforward Compensator

xiii



PID - Proportional- Integral-Derivative

PM - Permanent Magnet

PS - Positive Small

PSO - Particle Swarm optimization
RLS - Recursive Least Square

RMS - Root Mean Square

SISO - Single Input Single Output
sLIM - single sided Linear Induction Motor
SMC - Sliding Mode Control

SoS - Sum of Squares

TLIM - Tabular Linear Induction Motor
Z - Zero

Xiv



LIST OF SYMBOLS /ACRONYMS
(For Maglev System)

A - Order of Integrator

U - Order of differentiator

Kp - Proportional gain

K; - Integral gain

Kp - Derivative gain

D - Differentiation

Uy - Relative permeability

Fpy - Force due to Permanent Magnet
M - Mass of the permagnet

C - Magnetic Force constant

g - Gravitational constant

A - Magnetic Vector Potential

o - Conductivity of the Plate

Ho - Permeability of the free space

h - Height of the levitated object from plate
v - Velocity of the permanent Magnet
m - Magnetic dipole moment

r - Radius of the coil

w - Width of the plate

Ji - Current density

Beaay - Eddy current damping coefficient

XV



@]

- Adaptation gain

- order of derivative

- Electromagnet force

- Inductance

- Current amplification gain

- Control voltage gain

- Sensor gain

- Position of the levitated object

- Current in the electromagnet

xvi



LIST OF SYMBOLS /ACRONYMS

(For Linear Induction Motor)

p - Number of poles

f - Frequency

|74 - Synchronous velocity

|78 - Rotor speed

s - slip

R - Stator radius of the rotary induction motor
T - Pole pitch

Ly - Length of the stator

Im - Current sheet strength

m - Number of phases

ky - Winding factor

N, - Number of turns per slot
I - RMS Value of the stator Current
k, - pitch factor

kq - Distribution factor

0, - Coil span

a - Slot angle

") - Slots-per-pole-per-phase
4] - RMS input phase voltage
cos @ - Power factor

P; - Input power

P, - Mechanical output power

xvii



8e
&m

8o

Wt min

Bt max

- Electromagnetic thrust

- Efficiency

- Number of turns

- Flux

- Flux linkage per pole

- Induced voltage per turn

- RMS value of induced voltage

- Average air-gap magnetic flux density
- Width of the stator iron core

- Maximum air-gap flux density

- Effective air-gap

- Physical air-gap

- Magnetic air-gap

- Thickness of the conducting sheet
- Carter’s Coefficient

- Slot pitch

- Slot width

- Tooth width

- Minimum value of tooth width

- Maximum tooth flux density

- Slot depth

- Cross-sectional area of slot

- Area of cross-section of conductor

- Stator current density

xviii



- Yoke height of the stator core

- Linear speed of the rotor

- per-phase stator resistance

- Resistivity of the copper wire

- Length of the copper wire per phase

- Cross-sectional area of the wire

- Mean length of the one turn per phase
- Length of end connection

- per-phase stator slot leakage reactance
- per-phase magnetizing reactance

- per-phase rotor resistance

- Goodness factor

- Resistivity of the rotor conductor outer layer
- Rotor phase current

- d-axis primary current

- g-axis primary current

- d-axis primary voltage

- g-axis primary voltage

- d-axis secondary flux

- g-axis secondary flux

Xix



Chapter - 1

INTRODUCTION

1.1. Introduction

The Magnetic levitation (Maglev) system is an example of
nonlinear, open loop unstable system with fast dynamics, which
makes the modelling and design of controller difficult [1]. However,
Magnetic levitation has numerous practical applications in research
and industry where friction must be reduced or eliminated. Some of
the more promising applications are transportation [2], [3] (low and
high speed Maglev), low friction bearings for gyroscopes [4] and fly
wheel energy storage [5]. Magnetic levitation is a method by which an
object is suspended with no support other than magnetic fields.
Magnetic force is used to counteract the effects of the gravitational
force and any other forces. The two primary issues involved in
magnetic levitation are (i) Lifting forces: providing an upward force
sufficient to counteract gravity, and (ii) Stability: ensuring that the
system does not spontaneously slide or flip into a configuration where

the lift is neutralized.

Eddy currents are induced when a nonmagnetic, conductive
material is moving as the result of being subjected to a magnetic field,
or if it is placed in a time-varying magnetic field. These currents
circulate in the conductive material causing a repulsive force between

the magnet and the conductor. With this concept, eddy current


https://en.wikipedia.org/wiki/Levitation
https://en.wikipedia.org/wiki/Magnetic_field
https://en.wikipedia.org/wiki/Gravitational_acceleration
https://en.wikipedia.org/wiki/Gravitational_acceleration

damping can be used as a form of viscous damping. The eddy current
generates heat which is utilized in various applications like brazing,
hardening and induction furnaces etc., and also used in non-

destructive testing of conductive materials

Kwak et al. [6] investigated the effects of an eddy current
damper on a cantilever beam and their experimental results showed
that an eddy current damper can be an effective device for vibration
suppression. Jae-Sung Bae et al. [7] conducted experiment to study
the characteristics of eddy current damping when a permanent
magnet is placed in a conductive tube. In his experiment, the eddy
current damping appears as the result of a magnet in a copper tube
which is developed from electromagnetics. However, their
investigation, while meaningful, failed to produce a detailed eddy
current damping model. It is easy to understand the eddy current
effects if the analytical models are available. In [8], an analytical
model is presented for a thin conductive plate exposed to a time-
varying magnetic field. Using this, the system can be modelled for
magnetic fields in the direction perpendicular to the plate. This can be

a limitation in most problems.

1.2 Overview of Maglev System

Magnetic levitation or Magnetic suspension is a method by
which an object is suspended with no support other than magnetic
fields. Magnetic force is used to counteract the effects of the

gravitational acceleration and any other accelerations. Maglev system,



using the electromagnetic force to float, can effectively reduce the
mechanical vibration friction and wearing loss caused by contact
operation. However, the parameters in the mathematical model are
related to the permanent magnet geometry, distance and the total
mass. Maglev is used in order to reduce the maintenance cost,
increase the efficiency and thereby the useful life of the system is

increased [9].

Earnshaw's theorem [10] proves that using only paramagnetic
materials (such as ferromagnetic iron) it is impossible for a static
system to stably levitate against gravity. Static stability means that
any small displacement away from a stable equilibrium causes a net
force to push it back to the equilibrium point. Dynamic stability
occurs when the levitation system is able to damp out any vibration-

like motion that may occur.

Magnetic fields are conservative forces and therefore in principle
have no built-in damping and in practice many of the levitation
schemes are under damped and in some cases negatively damped
[11]. This can permit vibration modes to exist that can cause the item

to leave the stable region.

Damping of motion is done in a number of ways:
» external mechanical damping (in the support), such as
dashpots, air drag etc.
» eddy current damping (conductive metal influenced by field)
» tuned mass dampers in the levitated object

3
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» electromagnets controlled by electronics

1.2.1 Eddy current based force

Eddy currents are used in Maglev system to stabilize the

position of the levitated object.

In the Maglev system, the levitated object can be moved in z
direction as well as in x and y directions. By varying the field of
electromagnet [12], object will be moved in z direction and by moving
the electromagnet, object will be moved in x and y directions. Eddy
currents are produced in the plate by the variations of levitated object,
these eddy currents produces magnetic field which opposes the
motion of the levitated object (according to Lenz’s Law). The eddy
current in the plate is linearly proportional to the velocity of the object

and the rate of change of electromagnet current.

1.2.2 Application of Maglev system

In order to appropriately serve the public, a new-generation
transportation system must meet certain requirements such as
rapidity, reliability and safety. In addition, it should be convenient,
environment-friendly, low maintenance, compact, light-weight,
unattained and suited to mass transportation. The Maglev train is one

of the best example to satisfy these requirements [13].

There are three essential parts to achieve Maglev functionality;
levitation, propulsion and guidance in a Maglev. Levitationis a

method by which an object is suspended in air with no support other



than magnetic fields. There are three important types of levitation
technology: electromagnetic suspension (EMS), electrodynamic

suspension (EDS) and hybrid electromagnetic suspension (HEMS).

In electromagnetic suspension, levitation is accomplished
based on the magnetic attraction force between a guideway and
electromagnets. This methodology is inherently unstable due to the
characteristics of the magnetic circuit [14]. Electrodynamic
suspension uses repulsive force for the levitation [15]-[17]. When the
magnets attached on board move forward on the inducing coils or
conducting sheets located on the guideway, the induced currents flow
through the coils or sheets and generate the magnetic field. The
repulsive force between this magnetic field and the magnets levitates
the vehicle. In order to reduce the electric power consumption in EMS,
permanent magnets are partly used with electromagnets in the case of

hybrid electromagnetic suspension [18].

Propulsion is the force that drives the train forward. Maglev
uses a Linear Induction Motor (LIM) to achieve propulsion. A normal
electric rotary motor uses magnetism to create torque and spin an
axle. It has a stationary piece, the stator, which surrounds a rotating
piece, the rotor. The stator is used to generate a rotating magnetic
field. This field induces a rotational force on the rotor, which causes it

to spin. A linear motor is simply an unrolled version of this.



1.2.3 Linear Induction Motor (LIM)

In transportation, LIMs have been implemented as propulsion
systems for transit vehicles in a number of countries [19]. In steel
power plants, for high quality and high productivity, linear induction
motor has been researched and practically used for transporting thin
steel plates during reheating and galvanization process [20].There are
different types of LIMs, among them, single-sided linear induction

motors (sLIMs) are widely used in transportation systems [21]-[24]

Design of single-sided Linear Induction Motors (sLIMs) demands
preparation of data sheet for stator and rotor dimensions. Number of
stator and rotor slots, inner and outer dimensions, tooth and slot
dimensions and conductor size requirement are some of the design
parameters require to manufacture a sLIM [25]. These parameters
affect the performance of the machine in different manners. Increasing
a certain parameter may increase an output, at the same time, it may

decrease another one.

1.3 Literature Survey

R J Wai, et al. [26] implemented a backstepping fuzzy-neural-network
control (BFNNC) for the real time levitated balancing and propulsive
positioning of a hybrid magnetic levitation transportation system. Due
to the use of hybrid electromagnets, suspension power loss is

minimized.



Dan Cho, et al. [27] discussed about sliding mode controller and
classical controller for stabilizing and commanding a single axis
magnetic levitation system and also mentioned that -classical
controller does not provide as much damping as sliding mode

controller.

Sirsendu S. M, et al. [28] designed a Coefficient Diagram Method
based PID controller for Maglev system with time delay. The
parameters of the CDM-PID controller are tuned by using algebraic
based methodologies. Due to the proposed controller, there is an

improvement in the transient performance and error indices.

Bhawna T, et al. [29] discussed the stability analysis of Maglev system
based on a nonlinear controller using Sum of Squares (SoS)
technique. Nonlinear controller must be required to apply SoS

technique to Maglev System.

Rosalia H Subrata et al. [30] designed a PID controller to stabilize
floating objects in Maglev systems. Maglev system has unstable
nonlinear dynamics which should be taken into account. It is a great
extent of controller to stabilize the system by considering nonlinear

dynamics.

A. S. C. Roong et al. [31] designed a model based feed forward PI-PD
controller for position tracking of Maglev system. But this controller

requires a sensor and a model for each disturbance.



R. E. Precup, et al. [32] proposed an evolving Takagi-Sugeno (T-S)
fuzzy models that characterize the nonlinear dynamics phenomena
occurring in the position of Maglev systems. A state feedback control
structure has to design first to stabilize the nonlinear process by a

linearization technique at certain operating points.

B. Singh, et al. [33] proposed an adaptive control algorithm for the
position tracking of real time Maglev system using MRAC technique.
An important problem associated with the MRAC system is to
determine the adjustment mechanism so that a stable system brings
the error to zero. The parameters of PID controller are adjusted

automatically in MRAC technique.

K. H. Su et al. [34] proposed fuzzy and supervisory fuzzy models based
on gradient descent algorithm for the Maglev system. In the proposed
method, mathematical model of Maglev system is replaced with fuzzy
model to achieve the good tracking performance, reduce the chattering

phenomenon and good transient response.

Ahmed El Hajjaji et al. [35] developed a non-linear model for magnetic
levitation system after validation with experimental results and a non-
linear control law based on differential geometry was synthesized and

then implemented in real time.

R J Wai et al. [36] designed a PID controller based on particle swarm

optimization for the Maglev transportation system. The main objective



is to tune the gains of PID controller by implementing particle swarm

optimization technique.

Kim K et al. [37] proposed an indirect method for self-tuning PID
controller gains for a digital excitation system. The proposed method
uses Recursive Least Square (RLS) estimation method to tune the
parameters of PID controller. The loop gain is estimated at a steady-
state condition of the closed loop with a PI controller. Time constants

of the exciter and generator are identified with RLS.

M Shafiq et al. [38] developed a controller based on adaptive finite
impulse response (FIR) filter for the tracking of a ferric ball under the
influence of magnetic force. To improve the stability, an adaptive FIR
filter is added along side the PID controller. The adaptive FIR filters

are inherently stable so the controller remains stable.

Chang. Wu et al. [39] developed a simple implicit generalized
predictive self-tuning control based on Controlled Auto-Regressive
Integrated Moving-Average (CARIMA) model for an active magnetic
bearing system. The proposed control strategy is a new method of
remote predictive control, which combines the advantages of various
algorithms as a whole and guarantees the stability of the open loop

unstable system.

S. Sgaverdea et al. [40] developed a state feedback controller as well as
model predictive controllers (MPCs) for the position control of a sphere

in a magnetic levitation system. A state feedback control structure is



first designed to stabilize the system. In order to ensure the zero
steady-state control errors, the second controller designed based on

MPC in the outer control loop.

M. Ahsan et al. [41] designed different non-linear controllers for
position tracking under the presence of parametric uncertainties and

external disturbances in a magnetic suspension system.

A. Rawat et al. [42] designed adaptive linear and nerocontroller for
Maglev System using feedback linearization and Lyapunov's stability
analysis. The combination of feedback linearizing control law and

adaptive laws ensures that the closed loop system is stable.

[. Mizumoto et al. [43] designed Almost Strict Positive Real (ASPR)
based adaptive PID controller for magnetic levitation system with a
Parallel Feedforward Compensator (PFC). The static PFC shows a
windup phenomenon at transient state and the control performance

deteriorates when the input is saturated.

C. S. Chin et al. [44] designed the prototype microprocessor controlled
hybrid magnetic levitation and propulsion system (MCLEVS) for
conveyance purposes, consisting of a linear synchronous motor and a

hybrid electromagnetic levitation.

C. S. Teodorescu et al. [45] discussed the analytical solutions and
treat systematically feasibility, stability and optimality issues in a
Maglev system. It is very important to understand dynamic behavior of

system.
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J. H. Yang et al. [46] proposed a modeling equipment for Maglev
system and an automatic algorithm for making the 2D lookup table
from the experimentally measured data. Modeling equipment
measures the magnetic force exerted on the levitation object, the coil
current of electromagnet and the distance between the levitation

object and the electromagnet.

Feng Li, K et al. [47] designed a novel PTC method using multi-rate
feedforward control which can be used in non-minimum phase
systems of the discrete time systems. The proposed technique is
applicable to non-minimum phase discrete time systems and the

oscillations between the sampling points are restrained well.

A. Kumar et al. [48] proposed a nonlinear fractional order PID
controller for 5- DOF redundant robot manipulator for joint trajectory
tracking task. To find the parameters of the fractional order PID
controller is a challenging task. The optimal FOPID controller
parameters are tuned using recent Artificial Bee Colony (ABC)

optimization technique.

T. George et al. [49] proposed a hybrid technique for tuning time delay
system with proportional-integral-derivative (PID) controller. Due to
the proposed technique performance and the robustness for a class of
time delay system are improved. The proposed hybrid technique is the

combination of the iterative algorithm and curve fitting technique.
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N. Kanagara et al. [S0] proposed an intelligent fuzzy fractional order
PID Controller for pressure regulating system model. The conventional
control schemes are limited to simple processes with a specified
operating range and not satisfactory for load disturbances and
changes in set-point. The proposed controller overcomes the problem

with conventional controller.

Q. Chen et al. [S1] designed a decentralized PID controller for Maglev
system based on wusing Extremum Seeking (ES) method of
optimization. The proposed controller utilizes the extremum seeking
method to tune the parameters on-line to improve steady state
performance with few oscillations. The ES is implemented in a
decentralized way and the initial value of PID parameters came from

trial-and-error methods.

Xiaojia Li et al. [52] developed a novel superconducting magnetic
levitation method to support the laser fusion capsule by using
permanent magnets. This method can keep the perfect symmetry of
the octahedral spherical hohlraum and has the characteristics in

stability, tunability and simplicity.

J. J. Hernandez Casanas et al. [53] designed a adaptive fuzzy model
reference control for Maglev system. The control law chosen is a
mamdani PD with two microcontrollers, to get a smooth control signal.

Fuzzy controller cannot follow the reference when it is close to zero.
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T.T Salim et al. [54] designed a fuzzy logic controller for the
stabilization of Maglev system. Magnetic levitation is a nonlinear
unstable system and the fuzzy logic controller brings the Maglev
system to a stable region by keeping a magnetic ball suspended in the
air and also made a comparison between the application of a fuzzy

control and a linear quadratic regulator for magnetic levitation.

A. Senba et al. [55] discussed about -characteristics of an
Electromagnetic Levitation System using a bulk superconductor. A
hybrid magnet with pinning flux has a simple structure and the
capability of generating large attractive forces so that it is efficient to
use it for transportation system. The magnetic circuit analysis
indicates that an increase of pinning flux and a decrease of air-gap in

a magnet was important factor to improve levitation capability.

Y. Jin, et al. [56] designed a Maglev device composed of field coil, iron
core and aluminium ring. When the coil current is changed, the
alternating magnetic field generated by the current makes the flux of
the aluminium ring which is placed above the coil is continuously
changing. So the induced eddy current is generated in the aluminium
ring when the current in the coil changes. The negative feedback is
added to the control system, which makes the control of the

aluminium ring height more accurate.

Liwei Jin et al. [S7] discussed about the dynamic effect of Eddy
Current Damping (ECD) on the vibration amplitude and frequency of
the High-Temperature Superconducting (HTS) Maglev system by

13



introducing different thicknesses copper damper underneath the HTS
bulks with different velocities by measuring the displacement and
acceleration signals of an HTS levitator. But it has a weakness of low
damping, which is not beneficial to the systemic stability and security
when the Maglev vehicle is disturbed by external environment such as

crosswind and track irregularity.

Y. Fu et al. [S8] developed a Bearing less Motors (BelMs), which can
realize Maglev rotation with no mechanical contact. In general, in high
speed and high output BelMs, distributed winding structure is
adopted in order to suppress iron loss and neodymium sintered
permanent magnet (Nd sintered PM) is employed to achieve a high
power density. However, output power fall is caused due to long coil
end of the distributed winding structure because a shaft length is
limited by primary bending mode under high speed rotation. Eddy
current loss easily occurs in the Nd sintered PM because of its high
conductivity. It is difficult to achieve continuous high-speed and high-

output operation due to the temperature raising in a rotor.

B. Reutzsch et al. [59] discussed about innovative Maglev system for
linear direct drives. It is exclusively based on Lorentz forces and is
designed in dimensions for application in precision engineering
systems. Permanent magnets are arranged similar to a Halbach array
within the guideway and thereby establish a magnetic field for the
levitation and guidance coils. The comparatively low weight of the

moving part and its lack of eddy currents allow for highest dynamics.
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Moreover, easy and efficient closed loop algorithms can be
implemented because of the linear correlation of Lorentz force and

current.

C. Elbuken, [60] discussed about damped vibrations in a magnetic
levitation of micro objects. Eddy current damping is proposed to
suppress vibrations and increase the precision of magnetic levitation
of tiny objects. Non-contact nature and the ease of the employed
damping mechanism make eddy current damping an optimum
solution for precise control of magnetically levitated miniaturized

objects.

John J. Stickler [61] predicted the reaction forces developed by single-
sided linear induction motors (sLIM’s) with solid iron secondaries. The
model predictions are compared with test results obtained from three
separate sLIM investigations covering a wide range of operating
conditions and sLIM design parameters. The results demonstrate the
basic validity of the model and its applicability for Maglev optimization

and analysis.

L. Zheng et al. [62] designed a long-primary sLIM integrated with HTS
levitation system. Long-primary single-sided linear induction motors
(sLIMs) have unique advantages in some applications such as an
electromagnetic launcher with higher force density and acceleration
due to its lightweight secondary conductive sheet compared with other
types of sLIM having different structures. Furthermore, long-primary
sLIM will have superiorities without any friction loss and guidance

15



control system when it is combined with high temperature

superconducting (HTS) Maglev system.

Yong-Joo Kim et al. [63] developed an electromagnetically levitated
vehicle, KOMAG-01 with 8 axial flux type electromagnets for levitation
and 2 linear induction motors (LIMs) for propulsion. The levitation
magnets are controlled by 1-4 quadrant PWM choppers using a state
feedback control system and LIMs are controlled by an inverter using
an open-loop control system. The author has designed the magnet
using an analytical method and analysed using the finite-element
method (FEM) to find an optimum configuration. The sLIM is analysed
using a 2D FEM with current and magnetic vector potential to
investigate end/edge effects in three different analysing planes. The
operating characteristics of the machine are in reasonably good

agreement with the analysed data.

K. Wang et al. [64] discussed the relations of the normal and thrust
forces to primary flux and slip frequency in sLIM. The normal and
thrust forces are applied independently to levitate and propel a sLIM
maglev vehicle without additional levitation magnets. Then,
experiments have been carried out on the combined levitation-and-
propulsion sLIM Maglev vehicle with different operation conditions,
during the whole running period, the gap length and speed of the
vehicle follow well with the command ones, the stability and accuracy

are well proved.
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From the Literature, the inferences are drawn and the main problem
in the Maglev system is, relative stability and to control the position of
the levitated object with minimum error. Different types of controllers
have been studied with their merits, demerits and their reliability.
Controller has to adjust the strength of the magnetic field to hold the

suspended object in the desired position.

1.4 Problem Formation

Literature shows many authors have proposed different control
algorithms for position tracking of Maglev system. The main drawback
is that the eddy current based force for position tracking of Maglev
system is neglected. In this work, an analytical relationship is
developed for eddy current based force as a function of the plate
thickness and its distance to the levitated object. The Maglev system
has unstable nonlinear dynamics which should be taken into account.
It is a great extent of controller to stabilize the system by considering
nonlinear dynamics. Controller will adjust the strength of the
magnetic field to hold the suspended object in the desired position. In
the present thesis, three controllers are proposed to stabilize the
levitated object in the desired position and these are implemented in

MATLAB/Simulink environment.

Another application of Maglev system is Maglev trains, in which
propulsion is provided by Linear Induction motor. In the present

thesis, controller has been implemented for speed tracking of Linear
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Induction Motor and simulations are developed in LabVIEW

environment.
1.5 Different types of Controllers

Conventional controllers may not provide satisfactory
performance for nonlinear systems because of these are designed for
linear systems. It attempts to correct the error between a measured
process variable and a desired set point by calculating and then

implementing a corrective action.

Generalized PID controller, which can be called the PI*D*
controller because of involving an integrator of order A and
differentiator of order p, is used. The transfer function of such a

controller has the form

Ge(s) = % = Kp + K;5~* + Kps*, L u>0)

The equation of the PI*D*-controller’s output in the time domain is
u(t) = Kpe(t) + K,D *e(t) + KpD*e(t)

Classic PID controller can be obtain by taking A=1 and p=1. A=1
and p =0, give a Pl-controller. A=0 and p =1, give a PD-controller.

A =0 and p = 0, give a proportional controller.

1.5.1 Conventional controller

The main objective is to control the position tracking of the
Maglev system with minimum error. For this purpose many

controllers such as LQG, H, and input shaping as well as singular
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perturbation, manifolds and output redefinition techniques [65] have
been used. All of the model-based classic or modern controllers suffer
from the lack of an exact simple-enough models of the system.
However, it is nearly always desired to produce a stable state in the
presence of variations in the parameter uncertainty and nonlinear

system, which will be ignored in these approaches.

1.5.2 Fractional order model reference adaptive controller

The Model Reference Adaptive System (MRAS) is one of the main
approaches to adaptive control, in which the desired performance is
expressed in terms of a reference model (a model that describes the
desired input-output properties of the closed-loop system) and the
parameters of the controller are adjusted based on the error between

the reference model output and the system output.

It has been shown in many papers from Yang Quan Chen et al,
[66] that the use of FOPID could make the entire control system
perform better. The FOPID controller is more flexible and provides
improved performance than conventional PID controller due to the

presence of five parameters to be tuned.

1.5.3 Backstepping Fuzzy Sliding Mode Controller

Non-linear systems use specific theories and methods to ensure
stability without regard to the inner dynamics of the system.
Backstepping and Integrator backstepping control are few of the

methods [67]. Backstepping is a technique developed circa 1990 by
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Petar V. Kokotovic and others for designing stabilizing controls for a
special class of nonlinear dynamical systems. These systems are built
from subsystems that radiate out from an irreducible subsystem that
can be stabilized using some other method. Because of this recursive
structure, the designer can start the design process at the known-
stable system and "back out" new controllers that progressively
stabilize each outer subsystem. The process terminates when the final
external control is reached. Hence, this process is known as

Backstepping [68].

A back-stepping integral sliding mode controller whose sliding
surface considers the integrals of the angle error and the tracking
error is designed for the bounded, unmodeled system. The switching
gain should be relatively large to ensure system stability [69]. This will
induce severe chattering, which hinders the precision of the deflection
angle. A fuzzy algorithm whose inputs include the sliding value and
deflection angle is designed to adaptively tune the switching gain of

the sliding mode method.

1.5.4 PID Controller based on Cuckoo Search algorithm

Pallav et al. [70] developed a PID controller with a derivative filter
coefficient for the MLS. Hypiusova and Kozakova [71] proposed a
robust PID controller to stabilize the nonlinear magnetic levitation
system using frequency domain approach. In this approach, the
designed controller does not guarantee the robust stability condition;

if it fails then the controller design has to be repeated. Witchupong
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and Sarawut [72] proposed state PI controller to achieve the control
over the states of the MLS. Kim [73] proposed a robust air-gap
controller considering disturbance force produced by magnetic
suspension for Maglev system. Optimization has gained superior
power and influence in many applications like industrial design and
engineering. The main objective of optimization is to minimize or
maximize the objective function. After an optimization problem is
formulated correctly, the main task is to find the optimal solutions by

some solution procedure using the right mathematical procedure.

Cuckoo search (CS) is one of the latest nature-inspired
metaheuristic algorithms, developed in 2009 by Xin-She Yang [74] of
Cambridge University and Suash Deb of C.V. Raman College of
Engineering. CS is based on the brood parasitism of some cuckoo
species. In addition, this algorithm is enhanced by the so-called Levy
flights rather than by simple isotropic random walks. Recent studies
show that CS is potentially far more efficient than PSO, genetic

algorithm and other algorithms.

1.6 Scope and Objectives of the Thesis

The main objectives of the thesis are as follows:

» To study the dynamic behavior of the magnetic levitation

system.
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» To derive the analytical relation for the eddy current based force
as a function of the plate thickness and its distance to the
permagnet.

» To design a fractional order model reference adaptive controller
to reduce the vibrations in the object as well as position
tracking.

» To derive a linear model to represent the nonlinear dynamics of
Maglev system by using feedback linearization technique.

» To design Backstepping fuzzy sliding mode controller based on
the Lyapunov approach for the nonlinear Maglev system.

» To design PID controller based on Cuckoo search algorithm and
to test on real time application of magnetic levitation system.

» Another application of Maglev system is single sided high speed
LIM is designed based on the rotary induction motor.

» Simulations of sLIM are implemented in LabVIEW.

» Based on the design parameters of SLIM, prototype SLIM is
implemented.

» PID controller based on Cuckoo search algorithm is designed for

speed tracking of LIM.

1.7 Organization of the Thesis
The content of the thesis is organized in eight chapters:
» Chapter I - Introduction

» Chapter Il - Analytical model of eddy current based force in

Maglev System
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» Chapter III - Fractional order model reference adaptive
controller for maglev system

» Chapter IV - Feedback linearization technique to Maglev system

» Chapter V - Backstepping fuzzy sliding mode controller to
Maglev System

» Chapter VI - PID controller for real time maglev system based
on Cuckoo search algorithm

» Chapter VII -Design of single sided Linear Induction Motor

» Chapter VIII - Conclusions and Future Scope.

Chapter I - Includes the introduction to Maglev system and issues
related to it. A detailed literature survey is carried out, and also
presented different controllers for position tracking of Maglev system,

objectives and scope of the thesis.

Chapter II - explains brief and basic concepts involved in Maglev
system and followed by analytical relationship of eddy current based

force as a function of plate thickness and distance to the permagnet.

Chapter III - proposes and implements a Fractional order model
reference adaptive PID controller for position tracking of Maglev

system and results are compared with conventional controller.

Chapter IV - presents the linear model to represent the nonlinear

dynamics of Maglev system using feedback linearization technique.
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Chapter V — proposes and implements a backstepping fuzzy sliding
mode controller for position tracking of Maglev system based on

Lyapunov approach.

Chapter VI - proposes and implements a PID Controller based on
cuckoo search algorithm for position tracking of real time magnetic
levitation system and simulation results are compared with

conventional controller.

Chapter VII - explains the design of single sided Linear Induction
Motor and speed tracking of sLIM using PID controller based on

cuckoo search algorithm.

Finally, Chapter VIII of the thesis presents the overall conclusions
and future scope of the work, at the end of the thesis, references and

publications from the research work are presented
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Chapter - 11

ANALYTICAL MODEL OF EDDY CURRENT BASED FORCE

IN MAGLEV SYSTEM

2.1 Introduction

In recent years there has been a growing interest in the design and
development of manipulator systems to meet the requirements in various
fields. One such system is Maglev system. It has numerous practical
applications in research and industry where friction must be reduced or
eliminated. Some of the more promising applications are transportation
(Low and High Speed Maglev), low friction bearings for gyroscopes and fly
wheel energy storage [75]. Other applications have been proposed, such
as levitation melting of conductive metals. Applications such as eddy
current braking and induction heating that involve similar physical
processes as magnetic levitation can be analyzed using similar or slightly

modified solution techniques.

For high precision applications, system behavior is undesirable. In
[76] a precise magnetic levitation, for eddy current damping is more
important. In [77] H. A. Sodano and J. S. Bae discussed various uses of
eddy current damping in many areas. The eddy currents generate heat
which is utilized in various applications like brazing hardening and

induction furnaces etc. and also used in non-destructive testing of
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conductive materials [78]. Gautam Sinha et.al., [79] proposed a model to
understand the behavior of Maglev on rectangular plate and the
consequences of it. In 1991 Hong song et.al., developed simple
formulation for eddy currents based on constrained eddy currents and

which are applicable to all low frequency applications [82].

Eddy currents are used in Maglev system to stabilize the position
of the levitated object. [81] stated that eddy current damping significantly
improves the levitation performance without changing the controller
algorithm or increasing the cost or complexity of the system enabling the
set-up a potential tool for micro-manipulation and micro positioning
purposes. In [75] Sodano stated that the eddy current damper have an
advantage over other damping systems, due to the noncontact nature of
the damper, it does not change the dynamics of the structure. This
chapter deals with the analytical and explicit structure for eddy current
damping forces on permagnet in steady state, levitated in a field of

electromagnet above the cylindrical plate.

In Maglev system, by placing a conductive plate underneath of the
levitated object, eddy current damping was introduced to suppress
vibrations and to ensure stability of magnetic levitation for high
amplitude step inputs. In previous literatures, most controllers were

designed for Maglev system with permagnet to stabilize positioning of the

26



object in the air by neglecting the effect of eddy current based force due

to the motion of levitated permagnet.
2.2 Damping force in Magnetic Levitation System

Magnetic levitation is a method by which an object is suspended in
the air with no support other than magnetic fields, the fields are used to
reverse or counter act the gravitational pull and any other counter
acceleration, and Maglev can create frictionless, efficient, far-out

sounding technologies.

Electromagnet

- B

it has radius of 'a’, width
of ' and permagnet

width 'w' plate

Figure 2.1 Schematic of the levitated object above the plate

In Fig 2.1, the schematic Maglev system is shown. An
electromagnet, a levitated object which is a permagnet and a conductive
plate are parts of this levitation system. The levitated object can be
moved in z direction by exerting the magnetic field of electromagnet and

in x and y directions by moving the electromagnet.
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The eddy current based force may be generated by the variation of
the position of the levitated object which creates eddy currents in the
conductive plate. This eddy currents generates a magnetic field, opposes
the motion of the permagnet (Lenz’s law). Also, the variation of the
electromagnet current generates eddy currents in the plate which
subsequently generates eddy force on the object. The eddy current in the
plate is linearly proportional to the velocity of the object and the rate of

change of current in electromagnet.

Since the object is a permagnet, the eddy force is proportional to
eddy current in the plate. Hence, the eddy force is a linear combination
of object’s velocity and rate of electromagnet’s current change. So that,
the obtained eddy current based force is generated by each effect
separately and the resultant total eddy force is the sum of these two eddy
forces coming from different sources. Also, to compute eddy forces the
permagnet is considered as a magnetic dipole. If the size of the
permagnet is small with respect to its distance from the plate, the
analytical solution obtained in this work can be used approximately by
assuming the levitated object as a magnetic dipole placed right at its
center. Generally, the levitated object as the sum of magnetic dipoles at
different coordinates and obtain the eddy forces by integrating over these
small magnetic dipole elements. But this increases the complexities. By
calculating these integrals, it is seen that when h, the distance between
the center of the object and conductive plate, is such that d/h <1 and

28



A/h <1, the magnetic dipole approximation is valid with 5% relative
error. In these equations d is the object’s diameter and A is its height. In
most situations h is in the above ranges, so we can avoid these

complexities in our calculations.

2.3 Eddy-Current Based Force due to the motion of the levitated

permagnet

If u., the relative permeability of the plate, is larger than 1, the
plate will pull-in the levitated object toward itself, which is undesirable.
Also, it is shown that using a plate with high conductivity produces a
bigger eddy-current-based force. Hence, it is better to use a high
conductive plate (i.e., many of Aluminum alloys) with a relative

permeability of p,. = 1.
2.3.1 System Model

In magnetic levitation, permagnet material is under the influence
of two opposing forces, namely, the downward gravitational force and the
upward pull of the electromagnet, as shown in Fig. 2.1 Perfect levitation

is achieved once these two forces exactly balance each other.

Dynamic behaviour of Maglev system can be modelled by the study

of electromagnetic and mechanical sub systems.
.. )2
Mx=Mg—c(;) — Fpy ... (2.71)
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where M is mass of the permagnet
¢ is magnetic force constant
g is gravitational constant
x is the displacement

Fpy is eddy current force induced in the permagnet.

2.3.2 Force due to motion of the permagnet

From the quasi-static Maxwell's equations, for linear conductors
we have the following equation for magnetic vector potential in the

conductive plate

24 = yog24
VA = pgo o ... (2.2)

where A is magnetic vector potential, o conductivity of the plate

and p, permeability of the free space.

In the nonconductive places, the right side of this equation
vanishes. Using this equation and boundary conditions the magnetic
vector potential can be obtained in order to find the eddy forces on the

object.

The motion of the permagnet in z direction is considered for
analysis. According to Fig. 2.1, the position of the permagnet as h(t) =
hy +vt, where h, and v are the initial position and velocity of the

permagnet, respectively.
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It is known that a magnetic dipole with a moment m is equivalent
to a coil with a small radius r and a large current I where = wa?l . Hence,
using this conversion the problem can be made similar to the

electromagnet based eddy current problem.

The space current density J, in the cylindrical coordinates is
J(z,p,t) =18(z — h(t))5(p — a)P ... (2.3)

where § is Dirac’s delta function and @ is the angular unit vector in
cylindrical coordinate. By the Taylor series expansion around the point

hy, the current density can be written as
d8(z—h 1=
— 16(p - a) [5(2 — h(®) + vt LE 4 g ((h) )] 5 - (2.4)

In the first order of perturbation to find non-zero eddy force, the
higher order terms of the series expansion can be neglected because of
the small permagnet’s velocity. The first term of (2.4) which is due to a
static dipole cannot generate eddy current, because it is not time
dependent. Thus for analyzing the eddy-current-based force only the

second term is necessary.

Since vector potentials and fields are linear functions of current

sources, a virtual current density J,, can be defined as

Jo = 18(p — a)vts(z — hy)® ... (2.5)
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Hence, the magnetic field generated by is derivative of the virtual
fields, generated by J,, with respect to h,. Hence, the magnetic fields
must be derived first due to current density/,. This current density is
obtained from a coil with radius a positioned at a distance (in parallel to

the conductive plate) carrying a current [, = Ivt.

So that, this time dependent current as the sum of harmonic
currents with amplitude [,(w) in different angular frequencies using

Fourier transform below

I,(w) = — [ e/t I (t)dt ... (2.6)

it can be written as

I,(w) = —jé"(w)vl .. (2.7)

The amplitude of vector potential in angular frequency w can be written

as

Ay(w,p,2) = [[ ArJi(kp)e ¥2dk + [ A,J,(kp)eX?dk]| @ .. (2.8)

where J; is the first-order of the first-kind Bessel function

The second term of (2.8) is the vector potential due to the direct
effect of the coil current which is independent of o0 and w. Also, the first
term, which decreases by increasing z, is the vector potential due to eddy
current in the plate. Hence, to obtain the eddy force of the plate on the

permagnet, only the first term should be considered.
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Taking inverse Fourier transform and differentiating with respect
to hy and limiting the coil radius a to zero (in the magnet dipole limit) lead
to an equation for magnetic vector potential in the following form:

lim

—jwt . —k ﬁ ~
50 [ e I@te Zdhojl(kp)dkdww .. (2.9)

Acaay(t,p,z) = a

eddy current based force can be obtained from [83]
Feqay = V(M - Begay) ... (2.10)
Substituting Beqqy = V X Agqqy into (2.10) and using (2.9), the eddy

current force due to the permagnet’s motion can be written as

Feddy PM,z — _bpm,z (h)mzvz .. (2.11)
where by, ,(h) is

1

Bz () = L2 [1 - Wl m? .. (2.12)

641h3
h

The above equation represents the eddy force due to the motion of
the permagnet perpendicular to the plate. This idea can be used to find
the eddy force due to the motion of permagnet parallel to the plate by

replacing the d/ dh, by d/ 9%, in (2.9)

Hence, it can be
Feaay pyp = ~bpm,p(M*v, .. (2.13)

where b, ,(h) is

128mh3

by p(h) = 22 [1_( 1W)3] .. (2.14)



2.4 Eddy-Current Based Force due to change of Electromagnetic

current

In this section, the goal is to obtain an analytical model of eddy
current based force due to change of electromagnet current. An
electromagnet consists of many coils and cores. If the problem is solved
for one coil, can be solved the problem for a complex electromagnet by

summing the effect of each coil.

The coil current is I and is a function of time. To find non-zero
eddy force in the first order of perturbation, we use Taylor series
expansion about the initial time value and disregard the higher order

terms

I(t) = 1(0) + 1(0)t + - ... (2.15)

Using fourier transform, the current can be written as sum of

harmonic currents with amplitude /(w) in different angular frequencies

I(w) = —j8' (w)I(0) + 8(w)I(0) .. (2.16)

A(w,p,z),the amplitude of magnetic vector potential has been

obtained as

A(w,p,2) = [[f,” Are ], (kp)dk + [” A,e**]; (kp)dk] @ ... (2.17)

The second term of (2.17) is the vector potential due to the direct

effect of the coil current. Also, the first term is the vector potential due to
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the eddy current of the plate. Therefore, to obtain the eddy force, only the

first term should be considered.

The eddy force on the object is obtained from (2.10) and is written

in the following form in two directions of z and p

Feddy,coil,z (h; T‘) = bem,z (h; r)mI(O) cee (2 18)
Foady,coitp (B 7) = bey, , (R, 7)mI(0) ... (2.19)

where b, , and b, , are

0 2 _
bemz (1) = [} s e O )y (ka)Jo(kr)dk ... (2.20)
_ [ __ Ho’c - dJo(kr)
bemp(h ) = [ s € O Man (k) S dk L (2.21)

where index "em" in b, refers to electromagnet based eddy force

Since increasing the distance from the symmetry axis results in a
considerable reduction of the magnetic field, for effective damping in the
radial direction, r, the distance of the object from the symmetry axis,
should be small compared to h and a. Therefore, replace the zero order of
the first Kind Bessel function by its Taylor series to obtain the first non-

zero term of eddy force in each direction as follows
2
Jotkry = 1= (5) + 0((kr)®) .. (2.22)

Hence, the integrals can be written as laplace transform of first

kind Bessel function and can be solved analytically as
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Doz (W) = “22[F(D + h + 2w,a) = (D + h,a)] .. (2.23)

where f(x,a) = (x)/Vx? + a? and

T Obem 2
bem,p(h, 1) = 5% .. (2.24)

Also, at small distances r, the second term of (2.17) which leads to

the direct magnetic force on the permagnet,

F eoits(h,7) = mI(0) f” @e—kw—’ﬂa]1 (ka)dk .. (2.25)

2.5 Analytical Results

Fig. 2.2 and Fig. 2.3 show bpm,z, the damping coefficient in direction

(2.12), as a function of h andw. In all of these figures, the plate

conductivity is set to be 30 um - Q1.

T T

0.25 T T T T T T T
Analytical

b_(T.s/Ant)
o
o

pm
o
-

h(cm)

Figure 2.2 Damping coefficient as a function of the permagnet height from
the plate of 1cm thickness
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Figure 2.3 Damping coefficient as a function of the plate thickness with a

height of 1cm between the permagnet and plate

Damping coefficeint Vs permagnet height

(T.s/A.n)

b
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1.6 1.8 2 22 24 26 28
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1 1.2 14

Figure 2.4 Damping coefficient as a function of the permagnet height from the

plate for different plate thicknesses
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Figure 2.5 Damping coefficient as a function of the plate thickness with

distance varies from lcm to Scm

It is seen that by increasing w/h, bpm'z increases until it reaches to

a maximum value which is proportional to h~3; this effect can be seen in
Fig. 2.3 and Fig. 2.5. Equation (2.12) indicates that the damping
coefficient forw > h is greater than 85% of its value for semi-infinite
plate (W/h — ). So a plate with a thickness of the order of the

permagnet distance can be a good choice for practical considerations.
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Figure 2.6 Damping coefficient as a function of the permagnet height from

the plate with coil radius 2.5 cm and the plate thickness of 1 cm
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Figure 2.7 Damping coefficient as a function of coil radius with height of

5 cm and the plate thickness of 1 cm
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Figure 2.8 Damping coefficient as a function of plate thickness with

height of 5 cm and coil radius of 2.5 cm

Fig. 2.6, Fig. 2.7, and Fig. 2.8 show b, ,, the damping coefficient

in the direction in (2.23), as a function of h, a and w. In all of Fig.2.2 to
Fig. 2.8, the plate conductivity is set to be 40 um - Q™! and the distance

between the plate and the coil is set to be 10 cm.

If considered the effect of one coil, bey,, has an insignificant value
(about 107%). But for an electromagnet with a large number of coils and

iron cores, the amount of Feqqyem is in the order of milli-Newton. This
amount is in the order of Feqqypmfor a dipole with velocity 1 cm/s in z

direction.
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2.6 Conclusions

In Maglev system eddy current based force will be generated by the
variation in position of the levitated object (permagnet) and current in the
electromagnet. In this work, an explicit analytical solution has been
presented to calculate eddy current based force as a function of the plate
thickness and its distance to the magnet. The effect of dimensions of the
levitated permagnet on eddy current based force is observed in MATLAB
environment. The simulation results shows variation in the force by

varying the plate thickness and its distance to the magnet.
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Chapter - III

FRACTIONAL ORDER MODEL REFERENCE ADAPTIVE

CONTROLLER FOR MAGLEV SYSTEM

3.1 Introduction

The Model Reference Adaptive System (MRAS) is one of the main
approaches to adaptive control, in which the desired performance is
expressed in terms of a reference model (a model that describes the
desired input-output properties of the closed-loop system) and the
parameters of the controller are adjusted based on the error between
the reference model output and the system output. These basic
principles are illustrated in Fig. 3.1. It is clear from Fig. 3.1 that, there
are two loops: an inner loop which provides the ordinary control

feedback, and an outer loop which adjusts the parameters in the inner

loop.
+
Reference Model 50) >
- error
Output
Input
P Controller >| Plant
Adjustment
—] Mechanism

Figure 3.1 Basic model reference adaptive system
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3.2 The Gradient Approach

The gradient approach to model reference adaptive control is
based on the assumption that the parameters change more slowly
than the other variables in the system. This assumption, which
admits a quasi-stationary treatment, is essential for the computation

of the sensitivity derivatives that are needed in the adaptation.

Let e denote the error between the system output y and the
reference output, y,,. Let 8 denote the parameters to update. By using

the criterion
J(6) =267 .. (3.1)

the adjustment rule for changing the parameters in the direction of

the negative gradient of J is that

a6 _ _ 0 _ 0
at ~ Vo T V%% - 5:2)

If it is assumed that the parameters change much more slowly

than the other variables in the system, the derivative Z—e, i.e., the

sensitivity derivative of the system, can be evaluated under the

assumption that 0 is constant.

There are many variants about the Massachusetts Institute of
Technology (MIT) rules for the parameters adjustment. For example,
the sign-sign algorithm is widely used in communication systems [98];
the PI- adjustment rule is used in [99]. In this work, a new variant of
the MIT rule for the parameter adjustment is introduced by using the
fractional order calculus. In addition, the reference model is extended
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to the fractional order. This chapter deals with fractional order
calculus and the related notion about the fractional order dynamic

systems, which will be very briefly in the next section.
3.3 Fractional Order Operators

Fractional Calculus is a generalization of integration and

differentiation to non-integer (fractional) order fundamental
operator ,D{°, where a and t are the limits and « (x€ R) the order of

the operation. The two definitions used for the general fractional
integro-differential are the Grunwald-Letnikov (GL) definition and

Riemann-Liouville (RL) definition [100, 101]. The GL definition is that
« : -a [t_%] i (¢ :
WD F(©) = limpo R B0 () F(£ = i) . (3.3)

Where [-] means the integer part while the RL definition

DEF() =——L SO __ . (3.4)

F(n—a) dt"’a (t—-t)a—n+1

for (n—1 <r <n) and I'(") is the Euler’s gamma function.

For convenience, Laplace domain notion is generally used to describe
the differential operation [101]. The Laplace transform of the RL
fractional derivative/integral (3.4) under zero initial conditions for

order «, 0 <x< 1 is given by [100]

L{ DE* f(t); s} = s F(s) ... (3.5)
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3.4 Fractional Order Control Systems

In theory, the control systems can include both the fractional
order dynamic system to be controlled and the fractional order
controller. A fractional order plant to be controlled can be described
by a typical n-term linear Fractional Order differential Equation

(FODE) in time domain

anDFry(6) + -+ a;DPy () + apD oy (1) = 0 ... (3.6)

where ai(k =0,1,..,n) are constant coefficients of the FODE,;

Br(k =0,1,...,n) are real numbers. Without loss of generality, assume
that B, > Bn_1 >+ > 1> B = 0.

Consider a control function which acts on the FODE system

(3.6) as follows:

@, DFry(6) + - + e DFy() + agDPoy () = u(t) - (3.7)
A A
2 2
D PID
PD ID _
u=1 p=1
P PI PI
P > —O" >
O A=1 A A=1 A

Figure 3.2 PID controller: from points to plane

By Laplace transform, a fractional transfer function can be

obtained as

. Y(s) . 1
T U(S)  apsBn+e-+agsBitaysho

Gp(s)

... (3.8)
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In general, a fractional order dynamic system can be
represented by a transfer function of the form

__Y(S) _ bypsSm4-4+by;s*14+bys*0
U(s) apsPn+-+a;sPi+aysPo

Gp(s) .. (3.9)

However, in control practice, it is common to consider the
fractional order controller. This is due to the fact that the plant model
may have already been obtained as an integer order model in classical
sense. In most cases, the objective is to apply the fractional order
control to enhance the system control performance. Taking the
conventional PID controller as an example, its fractional order version,
PI*D* controller, was studied in time domain in [103] and in frequency

domain in [102]. The time domain formula is that

u(t) = Kye(t) + T;D; *e(t) + T,D'e(t) ... (3.10)
It can be expected that PI*D* controller may enhance the
systems control performance due to more tuning knobs introduced,

which is illustrated by figure 3.2.

Consider an example, a simple fractional order controller for a
double integrator plant H(s) = A/s? where A is the open loop plant
gain. Suppose a fractional order controller of the form D(s) =s%,
0 <x<1is to be used. The open loop transfer function of the overall

controlled system will be of the form

A
§2—%

F,(s) =D(s)H(s) =
Which is in fact the form of the bode’s ideal transfer function
[104]. It has the following characteristics
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Open loop:
» The bode amplitude plot has constant slope of —(2—)
» The crossover frequency depends only on A
» The phase curve is a horizontal line at —(2—)(1/2)
» The Nyquist curve is a straight line through the origin

with argument —(2—)(1/2).

Closed loop with unity feedback:

» The transfer function of the form F.(s) = ﬁ
» The gain margin is infinity

. . 2—x
» The phase margin is constant @, =1 (1 — T)

» The step response has the expression
y(t) = At>  Ep_o poocs1(—AL*™)

Where E;_« 5-u41(—At>™™) is the Mittag-Leffler function in two
parameters. Assuming A € R*, such a step response exhibits an
overshoot independent of parameter A and dependent on the

parameter .

Clearly, from the above discussion, it is a very desirable
property that the overshoot is independent of parameterA and

dependent only on the fractional order «. This has been explored by

Oustaloup in terms of iso-damping [106].
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3.5 Fractional Order Calculus in MRAC Scheme

In this section, the fractional order calculus is introduced into
MRAC scheme in two ways. One is the use of fractional derivatives for
the MIT adjustment rules and the other one is the use of fractional
order reference models. The modified MRAC schemes are explained

with some simulation illustrations.
3.5.1 The Fractional order Adjustment Rule

As can be observed in (3.2), the rate of change of the parameters
depends solely on the adaptation gain y. Taking into account the
properties of the fractional differential operator, it is possible to make
the rate of change depending on both the adaptation gain y, and the

derivative order «, by using the adjustment rule

a8 _ ﬂ——ea—e 3.11
dt a6 V€% - (3.11)

where « is a real number denoting the fractional order

derivative. In other words, the above parameter updating rule can be

expressed as follows:

0 = —y1*|Z| = — —y1=|e22|; 1* = D= .. (3.12)

3.6 Magnetic levitation system

Magnetic levitation system considered in the current analysis is
consisting of a ferromagnetic ball suspended in a voltage-controlled
magnetic field. Fig. 2.1 shows the schematic diagram of magnetic

levitation system.
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Coil acts as electromagnetic actuator, while an optoelectronic
sensor determines the position of the ferromagnetic ball. By regulating
the electric current in the circuit through a controller, the
electromagnetic force can be adjusted to be equal to the weight of the
steel ball, thus the ball will levitate in an equilibrium state. But it is a
nonlinear, open loop and unstable system that demands a good

dynamic model and a stabilized controller.

The electromagnetic force produced by current is given by the KVL

dL(x)i

= iR
u(t) =iR + T

where u is the applied voltage, i is the current in the coil of
electromagnetic, R is the coil’'s resistance and L is the coil’s
inductance.

Net force acting on the ball is given by newton’s third law of

motion, while neglecting the friction and drag force of the air etc.

)
[
mkzmg—C(;) — Fpy

where m is the mass of the ball, g is the gravitational constant,
x is the position of the ball, C is the magnetic force constant and Fpy is
the eddy current force induced in the permagnet.

Nonlinear model of magnetic levitation system can be described

in terms of following set of differential equations

_dx

V== ... (3.13)

u(t)=iR+%’t‘)" ... (3.14)
(2

mit =mg — C(3) = Fpy ... (3.15)
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(3.14) indicates that L(x) is nonlinear function of ball position x
[107], [108]. Various approximations have been wused for
determination of inductance for a magnetic levitation system. If we
take the approximation that inductance varies with the inverse of
permagnet’s position, that is

L(x) = L+=22 ... (3.16)
where L is the constant inductance of the coil in the absence of ball, L,
is the additional inductance contributed by the presence of the ball, x,
is the equilibrium position.
Substituting Lyx, = 2C then get
i) dx

u(t) = iR+ L5 +C(5)5 ... (3.17)

x2/ dt

The system is linearized around a point x; = Xy
Xo = [*¥o1 X0z Xo03]T
At equilibrium, time rate derivative of x must be equal to zero
i.e, X9, = 0. Also equilibrium current can be evaluated from (3.15) and

it must satisfy the following condition

Xo3 = Xo1 ’% (318)

Parameters taken for the analysis of Maglev system are given in

table 3.1.
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Parameter unit value

m Kg 0.05
g m/s? 9.81
R Ohm () 1

L H 0.01
C -- 0.0001
X01 m 0.012
X02 m/s 0
X03 A 0.84

Table 3.1 Physical parameters of Maglev system

3.7 Fractional order MRAC PID Controller Design

As indicated in preliminary study, we realize that the system is
with typical nonlinear characteristics. Then, a more advanced
controller should be adopted. Although in the model reference
adaptive controller (MRAC), the desired index of performance is given
by the reference model, and the controller can establish robustness
with respect to unmodeled dynamics. It is hard to adjust the
parameters to obtain a good performance, even worse it is very
difficult to make the system stable. From previous study, [109] the
PID controller can be used to control the designed micro-positioning
stage in different working range with different PID parameters. That is
to say, the parameters of the PID controller need to be adjusted on-

line. Many ways can be used to tune the PID parameters, aiming for
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combining the advantages of the MRAC and PID controller, the MRAC

PID controller is adopted in this research.

The basic structure of a model reference adaptive control system
is shown in the block diagram in Fig.3.1. The reference model is
chosen to generate the desired trajectory for the plant output to
follow. The tracking error represents the deviation of the plant output
from the desired trajectory. According to the tracking error, output of
the controller and the output of the plant, the adjustment mechanism
automatically adjusts controller parameters so that the behavior of
the closed-loop control plant output closely follows that of reference
model. Structures of the reference model and the adaptive gains are

chosen, which are based on the requirements of control performance.

The adjustment mechanism of MRAC system constructs by a
MIT rule for computing the approximated sensitivity function. The

algorithms for MIT rules can be derived by tracking error:
e=Yp—Vm ... (3.19)
Cost function: J(0) = %9(9)2

From the MIT rule, the change rate of 6 is proportional to

negative gradient of | as follows:

dé aJ de

ac -~ 'ag ‘o0

where e denotes the model error and 6 is the controller

de e s . .
parameter vector. The components of g are sensitivity derivatives of
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the error with respect to 8. The parameter y is known as the adaption
gain. The MIT rule is a gradient scheme that aims to minimize the

squared model cost function.

Large force is required for immediate position tracking of maglev
system. From Fig. 3.3, FOMRAC provides a large force in a transient
period. Fig. 3.4 shows the position tracking of level height with
FOMRAC and conventional controllers. Fig. 3.4 shows improvement in
the response of Maglev system when compared with conventional
controller for the parameters K, = 8.41464, K; = 15.82332, K; = 0.07195
and fractional integrator =fractional derivative=0.9. Table 3.2 shows
the performance specifications of the Maglev system with FOMRAC

and conventional controller.

Rise time | Peak time | Settling time Max. Peak
Controller
(Sec) (Sec) (Sec) overshoot (%)
FOMRAC 0.370 0.56 0.79 7.43
Conventional 0.94 1.5 2.32 15.84

Table 3.2 time response specifications of the maglev system
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Figure 3.4 Comparison of maglev with conventional and FOMRAC-PID

54



3.8 Conclusions

In this chapter, Fractional order PID controller is combined with
the model reference adaptive system is designed for position tracking
of Maglev system. Fractional order model reference adaptive PID
controller for Maglev system with permagnet not only reduces the
vibration in the object (permagnet) to achieve the stable positioning
and also reduce the effect of eddy current-based force due to the
motion of the levitated object. To show effectiveness of the proposed
controller, the responses are compared with conventional controller.
Simulation results indicate the superiority of the proposed controller

over the conventional controller.
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Chapter - IV

FEEDBACK LINEARIZATION TO MAGLEV SYSTEM

4.1 Introduction

The basic task of synthesis of a nonlinear system is to propose
control algorithm, which ensures that the nonlinear system will
behave according to desired goals of control, wither stabilization of
system or system trajectory. Many nonlinear systems can be
controlled by classical PID controllers, which ensure desired quality of
regulation. However, there are systems with large range or with
nonlinearities, which can not be linearized and PID control algorithm
is not sufficient for such dynamic systems. In such a case, nonlinear
synthesis methods, like gain scheduling method, control design by
Lyapunov function, exact linearization method, etc., are used. The
analysis and synthesis of the nonlinear systems require knowledge of
mathematical disciplines such as differential geometry and also these
methods have limited use in practice, with development of computer

technology.

In this chapter, the basic theory of feedback linearization is
presented and issues of particular relevance to process control
applications are discussed. Two fundamental nonlinear controller
design techniques, input output linearization and state space
linearization are discussed in detail. The theory also presented for

linear systems to facilitate understanding of the nonlinear results. A
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survey of process control strategies and applications show that a
variety of nonlinear control design techniques are based on input

output linearization have been presented.

This chapter differs from existing reviews of feedback
linearization by providing a balanced discussion of theoretical issues

of interest to process control engineers.

4.2 Nonlinear Process Model

There are several types of finite dimensional, nonlinear process
models available in literature [110] & [111]. This work focuses on

continuous time, state space models of the form

x=f(x)+g@u ... (4.1)

y = h(x)

where x is an n-dimensional vector of state variables, u is an m-
dimensional vector of manipulated input variables, y is an m-
dimensional vector of controlled output variables, f(x) is an n-
dimensional vector of nonlinear functions, g(x) is an (nXm)-
dimensional matrix of nonlinear functions and h(x) is an m-
dimensional vector of nonlinear functions. The single input, single
output (SISO) case where m=1 will be emphasized to facilitate
understanding of the basic concepts. The model (4.1) will be modified
as necessary to describe more complex nonlinear processes, such as

those with measured disturbances or time delays.
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Consider the Jacobian linearization of the nonlinear model (4.1)

about an equilibrium point (uy, xg, ¥o)

. _ [0f(x0) | 29(xo)
x= [ fa;co + ”0] (x = x0) + g (x0) (u — uo) .. (4.2)

. dh(x,)
Yo = Ox (x — xo)

Using deviation variables, the Jacobian model can be written as
a linear state space system, with obvious definitions for the matrices
A, B and C.
X = Ax + Bu ... (4.3)
y =Cx
It is important to note that the Jacobian model is an exact
representation of the nonlinear model only at the point (xy,ug). As a
result, a control strategy based on a linearized model may yield

unsatisfactory performance and robustness at other operating points.

In this chapter, a class of nonlinear control technique that can
produce a linear model which is an exact representation of the original
nonlinear model over a large set of operating conditions is presented.
Here, local feedback linearization is considered (i.e. the coordinate
transformation and control law may be only locally defined) to avoid

complications associated with the global problem.

The feedback linearization method basically consists of two
operations. Nonlinear change of co-ordinates and nonlinear state

feedback.
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After feedback linearization, the input-output model is linear,

which is given by
§ = Af + By . (4.9

w = C¢
where ¢ is an r- dimensional vector of transformed state
variables, v is an m- dimensional vector of transformed output
variables and the matrices A, B and C have a very simple canonical
structure. If r <n, an additional n—r state variables must be
introduced to complete the coordinate transformation. The integer r is
called the relative degree and is a fundamental characteristic of a

nonlinear system.

Most feedback linearization approaches are based on input-
output linearization or state space linearization. In the input-output
linearization approach, the objective is to linearize the map between
the transformed inputs (v) and the actual outputs (y). A linear
controller is then designed for the linearized input-output model,
which can be represented by (4.4) with r <n and w =y. However,

there is a subsystem that typically is not linearized,

n=q®%) ... (4.5)

where 7 is an (n —r)-dimensional vector of transformed state
variables and q is a (n —r)- dimensional vector of nonlinear functions.
Input-output linearization techniques are restricted to systems in

which zero dynamics are stable.
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In the state space linearization approach, the goal is to linearize
the map between the transformed inputs and the entire vector of
transformed state variables. This objective is achieved by deriving
artificial outputs (w) that yield a feedback linearized model with sate
dimension r = n. A linear controller is then synthesized for the linear
input state model. However, this approach may fail to simplify the
controller design task because the map between the transformed
inputs and the original outputs (y) generally is nonlinear. As a result,
input-output linearization is preferable to state space linearization for
most process control applications. For some processes, it is possible
to simultaneously linearize the input state and input-output maps
because the original outputs yield a linear model with dimension

r=n.

4.3 Input-output Linearization

An input output linearizing controller is designed for SISO
version of the linear system (4.3). This illustrates the basic controller
design procedure employed in the nonlinear case. That the system can
be transformed into the following normal form via a linear change of

coordinates [¢T,nT]T = Tx,
5'1 =&
5;2 =$3

... (4.6)

& =RE+Sn+ku
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where r is the relative degree. The static state feedback control law,

V—R¢-S
o = UoRE=Sn

: . (4.7

changes the r-th equation in (4.6) to ¢, = v. The transformed input v is
the designed to stabilize the ¢ subsystem, as

V== — Qg §pog — o — g6y .. (4.8)
In the original coordinates, the complete control law has the form,

—CA"x—a,CA" 1x——a,Cx
u= ... (4.9
(49)

The proposed control law yields the following characteristic equation

for the ¢ subsystem, is as follows
S"ta s et aystay =0 ... (4.10)

Nominal stability of the ¢ subsystem, and therefore boundedness of
the output, is ensured if the controller tuning parameters «; are
chosen such that (4.10) is hurwitz polynomial. The closed loop system
is internally stable if and only if the eigen values of the matrix Q are in
the open left half plane. Hence, the proposed controller design

technique is restricted to linear systems which are minimum phase.

4.3.1 Controller Design

In order to illustrate the basic concepts, consider the following
two dimensional nonlinear system,
X1 = f1 (%1, %2) + g1 (31, X2)u
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Xy = f2(x1,%2) ... (4.11)
y=x1

If the nonlinear function g, is non-zero in the operating region

of interest, the static feedback control law,

y = Lohtats) .. (4.12)

g1(x1,x3)

changes the first equation (4.11) to x; = v. Thus, the control law
exactly linearizes the map between the transformed input v and the
output y. Consequently, a linear controller can be designed to satisfy
control objectives such as setpoint tracking. It is important to note
that the x, dynamics remain nonlinear. Asymptotic stability of these
zero dynamics is a necessary condition for nominal closed loop

stability.

4.3.2 General design Procedure
Now consider the design of an input output linearizing
controller for the n-th order nonlinear system (4.1). The systems (4.1)

can be transformed into normal form via a diffeomorphism

(£, 071" = @ (x)
if the relative degree r is well defined. The ¢ coordinates are defined

as,

§e = Pp(x) =Lfth(x), 1<k<r ... (4.13)
and Ny = ®4(x), 1<k<n-r , where L;®x(x) =0. The normal form

can be written as,
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51:'52

Séz =¢&3
... (4.14)
& = b n) +aEnu
n=q¢mn
y=¢
The static feedback control law
y = 22Em ... (4.15)

a(é.n)

changes the r-the equation of (4.14) to &, = v. As a result, the map
between the transformed input v and the output y is exactly linear.
Thus, a linear state feedback controller can be synthesized to stabilize
the ¢ subsystem. For instance, the pole placement design (4.17) yields
the characteristic polynomial for the linear sub system. When
expressed in the original coordinates, the two control laws have the

following form,

v—Lh(x)
o LgL’7 h(x)

.. (4.16)
v = —a, L h(x) — ay_1 L *h(x) — - — a;h(x) .. (4.17)

Hence, the complete state feedback control law can be written as

"= _L;h(x)—arL;_lh(X)—“r—lL?_zh(x)_m_alh(x) (4 18)

LgLy ' h(x)
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4.3.3 Integral Control

In most process control applications, the objective is to
maintain the output at a non-zero setpoint despite unmeasured
disturbances and plant/model mismatch. It can be achieved by using
the integral control and the state feedback control law with integral

control is given as

TG — @ LG — @y LG — <~ k() + ag Iy |y, — n)| dr
B LgLi™ h(x)

... (4.19)
where q is an additional controller tuning parameter associated
with the integral term. The integral control law (4.19) yields the

following characteristic equation for the § subsystem

sty as"++as+ay,=0 ... (4.20)

By choosing the controller parameters a; in terms of single tuning
parameter €, the following closed loop transfer function is obtained for

setpoint changes if y(0) = y;, (0)

r+1
yis) _ _Fstt
Ysp(s) (es+1)r*1

... (4.21)

The objective is to find conditions which ensure that the origin
is a locally or globally asymptotically stable equilibrium point of input-

output linearized system

Consider the closed loop system comprised of the nonlinear

system (4.1) and the input-output linearizing controller (4.19). The
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closed loop system has the transformed coordinates. If the controller
tuning parameters «; are chosen such that the characteristic
polynomial (4.10) is hurwitz, then the linear state variable ¢ converge
exponentially to the origin for any initial state £(0) for which the

control law (4.15) remains well defined.
4.4 Application to Maglev system

In this section, proposed approach is applied to a non-linear
Maglev system. The Maglev system consists of a ferromagnetic ball

suspended in a voltage controlled magnetic field.

A free body diagram of the levitated object being suspended
vertically by balancing the force generated by the electromagnet f(p,i)
and the gravity force mg. The force experienced by the levitated object
f(p,i) is a function of the air-gap or distance below the electromagnet p
and the current supplied to the magnet is found by direct application

of both ampere’s law and faraday’s laws

N _ _i*dL(p)
fo, ) ===~ ... (4.22)

The total inductance, L(p) is a nonlinear function of the position in
the electromagnetic field. A typical approximation is to assume that
inductance varies in an inverse relationship with respect to the

position as
L(p) = L, +L°% ... (4.23)
where L. is the constant inductance of the electromagnet in the

absence of the levitated object, L, is the additional inductance
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contributed by the presence of the object and p, is the equilibrium

position.
Lopo
£( i)z_fd(l'c-l_ p )ZLOPOE
P 2 dp 2 p?
i\ 2
fp,i)=c (i) where ¢ = L"% ... (4.24)

Application of newton’s third law of motion for this suspended object

yields
. i)?
mp=mg-—c (E) ... (4.25)
The dynamic model of the system can be written as

dp _
dt

(
4 Ri+<(L(p,D) =e .. (4.26)
(= me 3

where p denotes ball position, v is the ball’s velocity, i is the current
in the coil of the electromagnet, e is the applied voltage, R is the coil’s

resistance, L is the coil’s inductance, g is the gravitational constant, C

is the magnetic force constant and m is the mass of the levitated ball.

Let the states and control input are chosen as x; =p, X, =V, X3 =1,
u=-e and x = (X; X, X3)T is the state vector. Thus the state-space model

of the Maglev system can be written as

X1 =Xy
. _ C X3 2
X2 = g_;(x_l) ... (4.27)
Ry 2(mu) 1
kX3— LXZ_i_L(Xl)_*_Lu
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Let the measurable output of Maglev system be given as

y=x,=[1 0 0][xx X2 Xs]T ... (4.28)

The assumption for use of the input-output feedback linearization

method is nonlinear system written in state space representation

{J'c(t) =f(x,t) + g(x, 1) *u(®) ... (4.29)

y(t) = h(x,t)

where x € R" is state vector, u(t) is control input, y(t) is system

output, f(x,t),g(x,t) and h(x,t) are smooth nonlinear functions.

The stepwise procedure followed for linearization of nonlinear
system (4.25) using input-output feedback linearization method in

given below:

» Calculation of first derivation:
. dh dh
y = Ef +oogu= Leh(x) + Lgh(x)u ... (4.30)

> If valid Lgh(x) # 0 then substitution y = v to determine the resulting

input transformation

u= @(—th(x) +v) ... (4.31)

> But if valid Lgh(x) = 0 then continue derivative of the outputy
¥ = Le2h(x) + LgLeh(x)u ... (4.32)

> If valid LgLsh(x) = 0, then continue derivative of the outputy

» Derivative of the output continues until LgLfr_lh(x)u # 0 is valid.
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> If LgLfr_lh(x)u = 0, then substitute y" = v to determine the resulting
input transformation,

U= ——— (=L h(x) + v) ... (4.33)

T LgLmth(x)
» To determine state transformation z = T(x)
z=T(x) = [h(x),Lrh(x), ..., Ly h(x)] ... (4.34)

» Nonlinear system (4.27)can be transformed into linear form
0 1 0 0
=19 0 1 0fz+|0fv ... (4.35)
0 O 0 1

» For the above systems (4.28), it is necessary to propose feedback
control law by linear method of synthesis, to ensure the desired
behavior of the system in case of change of the reference trajectory

or to compensate disturbance.

When input-output feedback linearization method is used with
relative order of nonlinear system r < n, the state variables are divided
into two vectors ¢ =[zy,2y,..,z.|]Tand 7 =[z,2,..,2]’. For state
variables of the vector ¢ proceed as in case when r = n. Variables from
n are chosen so as to be mutually independent. Thereafter, control is
proposed, that linear dynamic is dictated only output and first r state
variables. The other state variables do not contain input of the system
u, so they are not controlled, but require that they are limited and do

not exceed specified limits.
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To transform the above system coordinates into new coordinates by

using feedback linearization, let the choice of variables be made as

71 =Xq

Z; =Xy
L _E(X_3)2 ... (4.36)
3 =87 %

The dynamic model of the Maglev system in the new co-ordinate
system can be written as

71 =7y
{ 7, =73 ... (4.37)
z3 = f(z) + g(z)u

where f(z) = 2(g — z3) ((1 - ﬁ)z_j-l_ %)

Lz,/ z

-2 |C
8() =1 [ (8= )

It should be noted that the function f(z) and g(z) with z € R3
corresponds to original co-ordinates, to the following functions

respectively

2C 2C\ x,x5 Rx%
oo =—((1-o0) 2R+ o
1) m < Lx,/ x? = Lx?

2Cx
gi1(x) =— 23
mx;
Let the output of the system be
y=12; =X ... (4.38)

Using (4.27) - (4.34), the relationship between the input and output of

the system can be found as
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y = f(x) + gx)u ... (4.39)
After substitution of ¥ = w, the resulting input transformation has

the following form

1

U= (—f,(x) +w) ... (4.40)

And corresponding state transmission z = T(x) can be determined as

A y
zZ= IZZI = H .. (4.41)
Z3 y

After the application of the input transformation u and state
transformation z, it is possible to transform the nonlinear system to

the following form

0 1 0 0
z=10 0 1|z+|0|w ... (4.42)
0 0 O 1

Based on the matrix of the state space, suitable chosen roots

p = [p1, P2, P3], the state feedback control law in the form
w=—Kz+ Ny, ... (4.43)
where K is the vector gains and N is the feedforward gain.

The resulting input transformation and state transformation
together with control law are implemented for control of Maglev

system.
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4.5 Simulation Results
Since the magnetic levitation system is unstable in open loop,

physical analysis of the simulation model was carried in a feedback

control structure with defined reference signal y,.
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Figure 4.1 All the states of the Maglev system

Fig. 4.1 shows the stabilization of all the states by using feedback
linearization techniques. Fig. 4.2 shows the error signal, corresponding

to controlled input as well as transformed states of the magnetic

levitation system.
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Figure 4.3 Position tracking of maglev system using pole placement

72



4.6 Conclusions

In this chapter, input-output linearization method is
successfully applied to Maglev system with the relative degree of
nonlinear system r <n. A linear model is developed to represent the
nonlinear dynamics of Maglev system. Control Law has been derived
for the Maglev system. By using the control law, pole placement
technique has been implemented for the position tracking of Maglev
system. Simulation results indicate large transient variations in the
levitated object with pole placement technique. These variations may

lead to the levitated object attract towards electromagnet or fall down.
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Chapter -V

BACKSTEPPING FUZZY SLIDING MODE CONTROLLER
TO MAGLEV SYSTEM

5.1 Introduction

The control of complex nonlinear systems appears generally
difficult, particularly in the case of ill-defined models and when these
systems are subject to unidentified noise or disturbance for which the
only available information is the amplitudes of the uncertainties

resulting in the definition of the model.

In the past few years, researchers have paid attention to control
and have proposed different kinds of control methods such as linear
and adaptive PID control, dynamic inversion control, feedback
linearization control, model predictive control, backstepping control,
sliding mode control, LMI based linear control, observer based control,
adaptive control and nonlinear control, just to numerate a few.
Recently, with the development of intelligence control theory, some
advanced or modified controllers, which combine the aforementioned
basic methods with intelligent control methods, such as fuzzy control
and switching topology, have been presented for a few complicated

tasks.

Feedback linearization is one of the important approaches for
nonlinear control [118], [119]; the reason is that whenever a nonlinear

system is linearizable, nonlinearities can be exactly cancelled so that
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the control techniques are now feasible to linear systems as well as
nonlinear systems. The conditions for feedback linearization of
nonlinear systems are restrictive and it is of practical interest to
investigate situations where these conditions fail but do so only
slightly [120]. In 2010, Ting-Li Chien, et al., [121] developed the
feedback linearization design for the control of a MIMO cancer model
system to improve the cancer load. Jing Lei et al., [122] proposed the
output feedback predictive control to solve the realization issues of
future states; a high gain observer is constructed as a predictor. L Yan
et al., [123] and T. R. Oliveira, et al., [124] introduced tracking sliding
mode control designs for single-input single-output (SISO) uncertain
linear and nonlinear plants with unknown control direction and
arbitrary relative degree. John Hauser, et al., [120] presented an
approach for the approximate input—output linearization of nonlinear
systems, particularly those for which relative degree is not well

defined.

Shaocheng Tong, et al., [125] proposed observer based adaptive
fuzzy output feedback control approach for a class of uncertain
stochastic nonlinear systems with unmeasured states. It has been
designed based on the principle of the adaptive backstepping
technique, although it can solve the problem of the unmeasured
states and guarantee the stability of the close-loop system.

Backstepping is a recursive procedure for systematically selecting the
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control Lyapunov functions that allows the design of adaptive

controllers for a class of nonlinear processes.

This chapter is organized as follows: Sections 5.2 describes the
problem formulation, Section 5.3 describes the application to
nonlinear Maglev system and simulation results are presented in

Section 5.4.
5.2 Problem Formulation

Let us consider a general n'" order dynamical system with following

description:
X1 = F1(x1) + Gy (%)%,

'X:Z = Fz(xl, xZ) + GZ(Xl,XZ)X3 v (51)

X, = Fn(xl,xz_ xn) + Gp (X1, X3, oo XU

where xq, %, ...x, represents the states of the n**

order system, u is
the scalar input and F;(x;), G;(x;) for i = 1,2,...n — 1, are linear functions

of the system states where as F,(x,), G,(x,) are non-linear functions. x

is the vector representing states [126], [127].

The objective of the controller is to make x; track a desired

trajectory x;4. The first tracking error is defined as

€1 = X1 — X4 (52)
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The dynamics of e; can be described by
él = Fl(xl) + Gl(xl)xZ - xld e (53)

Then x,4 is chosen as virtual control input to drive e, to zero so that

x, can track x;4
X2q = Gy '(—F; — Kyeg + %14) ... (5.4)
The above control results in the following error dynamics
e; = —Keq ... (5.9)

Now the next step is to make x, track x,,;, which ensures existence

of convergence dynamics (5.5). So defining the second tracking error as
€y = Xy — Xog ... (5.6)

The dynamics of e, can be described by
€z = F5(x1,x3) + G (X1, X2)X3 — X2q .. (8.7)

To stabilize dynamics in (5.7), x34 is chosen as virtual control to

drive e, to zero so that x, can track x,,
X3q = Gy ' (=F, — Kyey + %,4) ... (5.8)
The above control results in following error dynamics:
e, = —K,e, ... (5.9)
Proceeding similarly, define (n — 1) tracking error as

en_l == xn_l - x(n_l)d e (5.10)
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The corresponding dynamics of the (n— 1) tracking error can be

described by
bn1=Fn1(x1, %2, .. Xp_1) + Gpoq (X1, X3, oo Xp_1) X5, — X(n—1)a ... (5.11)
where x,4 is chosen to drive e,_; to zero and is given by
Xnd = Gpoq  (—Fpo1 — Kn_1€n_1 + m-1ya) . (5.12)

The above control results in the following error dynamics:

én1=—Kn_1€p_1 ... (5.13)
Let the sliding surface is chosen as

S =Xy — Xng ... (5.14)

The control input u is computed using SMC design to bring s to zero in

finite time. The dynamics of s can be described by
S = F(xq, x5, . Xp) + Gp(xq, X5, oo Xp)U — Xpg ... (5.19)
The equivalent control is chosen as
Up = Gp () H(—E (%) + Xpgq) ... (5.16)

In the procedure presented through above equations, Ki, K,, ... K,are
controller parameters and their values are constant to be selected

appropriately. In order to satisfy sliding mode condition given as

~=(s?) < —1ls| ... (5.17)
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the following discontinuous switching term is added to equivalent

control u,

us = —k sgn(s) ... (5.18)

where sgn(.) is a standard sign function and k is the switching gain.

The control action then becomes

U= Uy + U ... (5.19)

If all the tracking errors ey, e,, e;,...e,_1 are driven to zero as t — oo,
then x; will converge to x5 ,x, will converge to x,; and so on and
hence asymptotic regulation of system states to desired states can be

achieved.

5.3 Application to Non-Linear Magnetic Levitation System

In this section, proposed approach is applied to a non-linear
Maglev system. The Maglev system consists of a ferromagnetic ball
suspended in a voltage controlled magnetic field. The dynamic model of

the system can be written as

dp_
( E—V
J Ri+ = (L(pi)) =e .. (5.20)
dv i\2
Lma =mg— C(;)

where p denotes ball position, v is the ball’s velocity, i is the
current in the coil of the electromagnet, e is the applied voltage, R is

the coil’s resistance, L is the coil’s inductance, g is the gravitational
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constant, C is the magnetic force constant and m is the mass of the
levitated ball [128]. Let the states and control input are chosen as
X1 =P X, =V, X3=1, u=e and x = (x; X, X3)T is the state vector. Thus

the state-space model of the Maglev system can be written as

I{ X1:X2

2
4 Xz=g—%(§—f) ... (5.21)
o= B ) 4 2

Let the measurable output of Maglev system be given as

y=x,=[1 0 0][X1 Xz X3]" ... (5.22)

To transform the above system coordinates into new coordinates

by using feedback linearization, let the choice of variables be made as

Zl = Xl
ZZ = XZ
) _g(x_3)2 .. (5.23)
Z3 =8 Xl

The dynamic model of the Maglev system in the new co-ordinate

system can be written as

7 = 7o
{ Zz =73 (524)
73 = f(2) + g(2)u

LZ1 Z1

where f(z) = 2(g — z3) <(1 - £)Z_Z + %)

-2 |(C

g(z) = L_Z1 a(g_ Z3)
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It should be noted that the function f(z) and g(z) with z € R3
corresponds to original co-ordinates, to the following functions

respectively

2C 2C\x,x5 Rx3
feo=—((1-57) 2%
109 m ( Lx,/ x? * Lx?

2Cx5

2

g1(x) = —

Let the output of the system be

y=17; =Xq ... (5.29)

Using (5.13) - (5.17), the relationship between the input and output of

the system can be found as

¥ =f(x) + g(x)u ... (5.25a)

5.3.1 Design of sliding mode control with backstepping

The control objective is to design a controller u so that the
outputy converges to its desired trajectory y,.. The tracking error is
given by

€1 =Y —Vr ... (5.26)
The time derivative of e; is given by

€ =X, — Vr ... (6.27)
Let X9 = —Kyeq + y; ... (5.28)
where x,4 is the desired signal of state variable x,
The time derivative of e, is given by
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Let x34 be the desired signal of state variable x; and is given as
X394 = —Kye, + Xyq ... (5.30)
where X,4 = —K;e; + ¥, ... (5.31)
For designing a SMC for the system, switching surface is
required to be designed.
Let the switching surface s be
S =2Z3— X34 ... (5.32)
The choice of switching surface guarantees that z; — x3; converges to
zero as t = o when sliding surface s = 0.
U = g1 () (= f1(%) +X34) ... (5.34)
A switching term discontinuous across the surface ug; = —Kzsgn(s) is
added to equivalent control u, as per (5.19) to get control action
The control action becomes
U = + s = 81 (0 (=/1(0) + x30) — Kzsgn(s) .- (5.35)
Differentiating (5.32) with respect to time
S =73 —X3q4 ... (5.39)
Substituting (5.24) and (5.35) in (5.36)
$ = f1(0) + 81081 ()T (—=f2(x) + x34) — Kzsgn(s)] — Xaq .- (5.37)
s = —K3sgn(s) ... (5.38)
The dynamics in (5.37) guarantees the finite time reachability of
s to zero from any given initial condition s(0) provided that the
constant K; is chosen to be strictly positive. The dynamics in (5.37)
guarantees that ss < 0 (the condition needed to guarantee switching.
Since s is driven to zero in finite time, the output y = z; is governed

after such finite amount of time by s =0. Thus the output will
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converge asymptotically to zero as t - o because K;and K,are positive
scalars. Since z; converges to zero, then z, and z; will converge to zero
as t » o thus x;, x, and x; will also converge to their desired values
ast — oo,

When the control action applied to the magnetic levitation system,

asymptotically stabilizes x;, x, and x; to their desired values as t — oo.

5.3.2 Design of Fuzzy sliding mode control law

Fuzzy sliding mode system, in which a fuzzy logic inference
mechanism is used to mimic the hitting control laws is developed in

this section.

Mamdani type fuzzy reaching control term is proposed to have the

following form

Where Ky is the normalizing factor. The output fuzzy variable uy, is

continuously adjusted using fuzzy if-then rule base with respect to s.

The membership functions corresponding to the normalized
input and output fuzzy sets of s and u; are presented in Fig.5.1 where
PB, PM, PS, NB, NM, NS and Z stands for positive big, positive
medium, positive small, negative big, negative medium, negative small

and zero respectively.
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Figure 5.1 Fuzzy membership functions

Corresponding to the seven membership functions for each

input variable, 7 if-then rules are tabulated.

5.4

Input |INB| NM [NS| Z | PS | PM | PB

Output |PB| PM |PS| Z |NS|NM | NB

Table 5.1 Fuzzy Rules

Simulation Results

Numerical simulations are performed for the fuzzy sliding mode

controller with backstepping, desired trajectory of the output of the

system and tracking error between output of the system and desired

value

of the output.
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Position tracking
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Figure 5.5 Tracking of velocity of the system
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Fig 5.2 shows that control signal produced in backstepping fuzzy
sliding mode control of Maglev system, Fig. 5.3 shows the tracking of
error signals of all the statets, Fig.5.4 shows that position tracking of
Maglev system with Backstepping fuzzy sliding mode control and Fig.

5.5 shows that tracking of second state of the Maglev system.

5.5 Conclusions

In this chapter, a fuzzy sliding mode controller for position
tracking problem of a Maglev system is proposed in a backstepping
manner, based on the nonlinear system model. In this method, Maglev
system is described based on dynamic model and the nonlinear system
is translated into local linear model by input-output feedback
linearization method, not only make the system stable and avoid the
chattering effect of sliding mode control. Simulation results indicate
that the proposed control schemes works well when applied to the

Maglev system.
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Chapter - VI

PID CONTROLLER OF MAGLEV SYSTEM BASED ON CUCKOO

SEARCH ALGORITHM

6.1 Introduction

Magnetic levitation is the process by which an object is
suspended in air against the direction of the gravitational force with
the help of a magnetic field [129] [130]. Controlling the position of the
levitated object is not an easy task. Conventional controllers fail in
producing perfect performance when the systems are nonlinear and
uncertain. Zhenyu Yang et al, [131] designed an automatic PID
controller using Non dominated Sorting Genetic Algorithm (NSGA-II)
for one dimensional Nonlinear Magnetic Levitation System (NMLS).
Pallav S K et al, [132] developed a PID controller with a derivative filter
coefficient for the MLS. Marria Hypiusova et al, [133] proposed a
robust PID controller to stabilize the NMLS using frequency domain
approach. In this approach, the designed controller does not
guarantee the robust stability condition; if it fails then the controller
design has to be repeated. Witchupong W et al, [134] proposed state PI
controller to achieve the control over the states of the MLS. Chang-
Hyun Kim [135] proposed a robust air-gap controller considering

disturbance force produced by magnetic suspension for MLS.

Optimization has gained superior power and influence in many

applications like industrial design and engineering. The main objective
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of optimization is to minimize or maximize the objective function.
Hongpo Wang et al, [136] designed a controller using optimizing the
control algorithms for the MLS based on the state observer. R. J. Wai
et al, [137] proposed PSO PID controller to control the Maglev
transportation system. I. Ahmad et al, [138] designed PID controller
for MLS based on method of tuning control parameters using Genetic
Algorithm (GA). Literature shows that cuckoo search algorithm
satisfies the global convergence requirements when compared with
other optimization techniques, so it can guarantee the global
convergence properties [139]. Civiciglu, P et al, [140] and Dhivya, M et
al, [141] have shown cuckoo Search algorithm is very efficient for the
applications of data fusion and wireless sensor networks and also
proved that the cuckoo search algorithm produces more robust

results when compared with other algorithm, PSO, ABC etc.

Cuckoo search is one of many nature-inspired algorithms used
extensively to solve optimization problems in different fields of
engineering. It is a very effective in solving global optimization because
it is able to maintain balance between local and global random walks
using switching parameter. The switching parameter for the original
cuckoo search algorithm is fixed at 25% and not enough studies have
been done to assess the impact of dynamic switching parameter on
the performance of cuckoo search algorithm [145]. This chapter
mainly concentrates on position tracking of the MLS, by using cuckoo

search based PID controller. Section 6.2 describes the real time
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Maglev system. Section 6.3 describes the design of PID controller
based on cuckoo search algorithm. Section 6.4 describes the
effectiveness of cuckoo search based PID controller for position

tracking of Maglev system.

6.2 Real Time Magnetic Levitation Model

The Magnetic Levitation System mainly consists of suspended
steel ball, position Infra-Red sensors, controller and actuator. The
steel ball is mainly controlled through current in the electrical circuit.
The force acting on the steel ball is due to the current flowing in the
coil and distance y between coil and centre of the steel ball [130]. Fig.

6.1 shows the experimental setup of MLS.

Figure 6.1 Real time setup of Maglev system

The non-linear model of Maglev system, which relates to the
current i‘ flowing in the coil and the position y of the steel ball is

expressed as
. i2
my=mg—Kﬁ ... (6.1)

where K is constant which depends on parameters of coil, m is mass

of the ball, g is gravitational constant.
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The Maglev system expressed in (6.1) is nonlinear in nature, it
is linearized for the analysis and design of controller is about the

equilibrium point iy = 0.8 A and y, = 0.009 meters.

F(i,y) = Ky— ... (6.2)
The linearized model of maglev system is

Ai + 24
di

i0,Yo

Ay = (aféii.y)

_ Ah) ... (6.3)
lo,Yo

obtained by calculating the partial derivative and taking Laplace

transform on both sides of (6.3),

Ay ki
Al s2-ky

... (6.4)

where k; and k, are the constant values for the MLS and are

expressed as

k=22, =22 ... (6.5)

lo Yo

In the electrical circuit of Maglev system, the current flowing in

the circuit is proportional to the control voltage V
i =kV ... (6.6)

where k; is proportionality constant. Now the transfer function

would be

Ay _ —kiki
Y = S .. (6.7)

where AV is small change in control voltage around its mean

value.
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By considering the sensor gain, the overall transfer function of the

Maglev system is

Ayso _ Zkikaki ... (6.8)

AV s2—ky
where, Ay, is the sensor output voltage

The open loop transfer function of the Maglev system is a
second order system. The closed loop response of the Maglev system is
oscillatory in nature i.e., either the metal ball attracted towards the
electromagnetic coil or it may be fallen down. Therefore, there is a
requirement of a controller which can effectively achieve the desired

setpoint.

6.3 PID Controller Design based on Cuckoo Search Algorithm

In general, the parameters of PID controller are searched in a
certain space. If those parameters satisfy the system performance
indices, then they are optimal parameters of PID controller. These
parameters searching space can extend on the base of results

obtained by Z-N method.

In order to get optimal parameters of PID Controller, nature
inspired metaheuristic algorithm is required i.e. Cuckoo search
algorithm. Cuckoo search uses levy flights rather than standard
random walks for its global search, so that it can explore the search
space more efficiently. The steps involved in finding the optimal

parameters of PID controller are as follows.
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Cuckoos are a family of birds with unique reproductive strategy
more aggressive compared to other bird’s species. Some of cuckoo
bird’s species like Ani and Guira lay eggs in communal nests;
however, they may remove others’ eggs to increase the hatching
probability of their own eggs. Other species use brood parasitism

method of laying their eggs in the nests of other birds or host nests.

6.3.1 Cuckoo Search Algorithm

Step 1: Confirm the objective function f(x),x = (x1,%, ..., Xng)7,

where nd is the number variables.

Generate the set of values for each variable in the objective
function, i.e., x;(i = 1,2, ..., m) randomly, and set the related parameters
associated with the algorithm - population size, dimension nd,
maximum detection probability P, and maximum number of iterations
a;

Step 2: According to objective function, confirm the fitness
function p(x), x = (X1,Xy,...,Xnq) ", calculate the fitness value for each

value of the variable, and record it.

Fitness function = Sum(b * ISE + a * System overshoot)

where ISE is Integral square error and System overshoot is

Maximum/(y)-yref; y is the position of the levitated object;

Step 3: Keep the best fitness value of each parameter value in
each generation, using objective function in Step 1 to update the other

suboptimal values.
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Step 4: Compare the most recent best parameter value with the
best one of last generation, keep the better one to be the optimal

value.

Step 5: Set the number of consecutive iterations a =5, if the
fitness value did not change or it changes less than a value 0.05 in
five consecutive iterations, then execute step 6, Otherwise, execute

step 7.

Step 6: The cuckoos could search the best parameter value and
the worst parameter value during iteration, then use an optimal
parameter value generated during the previous iteration replace the
worst one, form an intermediate group. Mutate the optimal parameter
value by fitness value obtained in step 2, regard the parameter values
except the optimal one as suboptimal parameter values and mutate

the suboptimal parameter values by step 3.

Compare the current fitness value and historical optimal value.
If the current one is better, then indicate the mutation is successful,
set num = 0, update the optimal solution, execute step 8, otherwise,
mutate again. If within the prescribed maximum number of times the
variation is still not successful, then choose the optimal variation,

execute step 8;

Step 7: After the update, compare maximum detection

probability P, with a random number re€ (0,1): if r> P, change

(a+1)

X;

randomly. If there is no change, then keep the best group
parameter values.
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Step 8: To judge terminate condition: meet the maximum
numbera of iterations or reach the minimum error €. If do not
attained, then return to step 2. Otherwise output the global optimal

value.
6.4 Simulation Results

In this chapter, a PID controller is designed for Maglev system
to levitate the metal ball in the air-space. The Maglev system consists
of electromagnetic coil, mounted on top of the box. The IR sensor is
fixed on opposite sides of the box, so that it may easily sense the
position of the metal ball. The metal ball gets attracted when it is near
to the electromagnetic coil and otherwise fallen down due to the

gravitational force.

The purpose of the PID controller is to maintain an equivalent
electromagnetic force, so that the metal ball is levitated. The response
of the MLS is undamped and therefore, to control such an oscillatory
system, the controller should be fast and capable of improving the
design requirements. The parameters of the PID controller k, =
4.0,k; = 0.05 and kg = 0.2 are obtained using Ziegler-Nichols method.
The other parameters used in simulations as well as in real time

application are given in table 6.1
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Parameter Value observation

m 0.02 kg Mass of the levitated ball
Yo 0.009 m Equilibrium Position

iy 0.8 A Equilibrium current

k; 24.5250 N/A Current amplification gain
kq 0.1 A/V Control voltage gain

k, Aprox. 3333 V/m Sensor gain

Table 6.1 Maglev system parameters

The cuckoo search algorithm optimizes the parameters of the
PID controller while minimizing the performance indices like ISE, IAE,
ITAE and ITSE. In this work integral square error (ISE) performance
index is chosen to optimize the parameters of PID controller. The
search space for the cuckoo search algorithm is selected on the basis
of the parameters tuned using Z-N rule and it will act as a leader for
the first iteration. The other wolves are selected randomly around
alpha by a suitable guess. The search space should be defined

properly to obtain a global optimum solution.

The optimized parameters of PID controller are obtained by
searching for the global optimum solution for around 30 iterations.
The comparison of response of the Maglev system with PID controller
tuned using cuckoo search algorithm and Z-N Method are shown in
Fig. 6.2. For the same parameters of the PID controllers has been

implemented for real time Maglev system shown in Fig. 6.3.
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Table 6.2 shows the performance characteristics of Classical

and Cuckoo search based PID controllers for position tracking maglev

system.
Rise time in | Settling time Steady state
Sec in Sec error
Classical 0.335 0.397 11%
Cuckoo Search 0.164 0.274 8%

Table 6.2 comparison of classical and cuckoo search based PID

controllers

Fig. 6.4 shows the settling time variation of MLS for different
values of mass of the ball. Conventional controller produces large
variation in settling time as increasing the mass of the ball from
minimum to maximum. As compared with conventional controller,
cuckoo search based PID controller produces small variation in
settling time as increasing the mass of the ball from minimum to
maximum. Conventional controller needs to change the design
parameters, if there is any variation in the system parameters. Cuckoo
search based PID controller do not need any variation in the design
parameters. The parameters obtained with cuckoo search algorithm

are as follows K, = 2.276367, K; = 0.054108, and K; = 0.1173.
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6.5 Conclusions

An optimized PID controller is designed to levitate the metal ball
of the Maglev system. The parameters of the PID controller are
optimized by using a cuckoo search algorithm. The cuckoo search
optimization technique ensures the improvement of the time domain
specifications by minimising the performance indices of the system.
The effectiveness of the proposed techniques is validated by

comparing the results with the classical design technique.
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Chapter - VII

DESIGN OF SINGLE SIDED LINEAR INDUCTION MOTOR

7.1 Introduction

The principle of operation of a LIM is the same as that of a
rotary induction motor. A linear Induction motor is basically obtained
by opening the rotating squirrel cage induction motor and laying it
flat. This flat structure produces a linear force instead of producing
rotary torque from a cylindrical machine. LIMs can be designed to
produce thrust up to several thousands of Newtons. The winding

design and supply frequency determine the speed of a LIM.

The basic principle of LIM operation is similar to that of a
conventional rotating squirrel-cage induction motor. Stator and rotor
are the two main parts of the conventional three phase rotary
induction motor. The stator consists of a balanced poly-phase winding
which is uniformly placed in the stator slots along its periphery. The
stator produces a sinusoidally distributed magnetic field in the air-gap
rotating at the uniform speed 2w/p, with w representing the network
pulsation (related to the frequency f by w = 2rnf) and p the number of
poles. The relative motion between the rotor conductors and the
magnetic field induces a voltage in the rotor. This induced voltage will
cause a current to flow in the rotor and will generate a magnetic field.
The interaction of these two magnetic fields will produce a torque that

drags the rotor in the direction of the field. This principle would not be
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modified if the squirrel cage were replaced by a continuous sheet of

conducting material.
7.2 Concept and equations

From the induction motor principle explained above, a linear
motor is obtained if imagine cutting and unrolling the motor, causing

the motor to have a linear motion.

Instead of rotating flux, the primary windings now create flux in
a linear fashion. The primary field interacts with the secondary
conductors and hence exerts a force on the secondary. Generally, the
secondary is made longer than the primary to make maximum use of

the primary magnetic field [159].

As stated earlier, there should be relative motion between the
conductor and the magnetic lines of flux, in order for a voltage to be
induced in the conductor. That is why induction motors, normally
operate at a speed V, that is slightly less than the synchronous
velocity V;. Slip is the difference between the stator magnetic field
speed and the rotor speed. Slip is the relative motion needed in the

induction motor to induce a voltage in the rotor, and it is given by

s=5" . (7.1)

Vs
The sLIM synchronous velocity Vg is the same as that of the
rotary induction motor, given by

20wR

Vo =—-=2ft .. (7.2)
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where, R is the stator radius of the rotary induction motor. It is
important to note that the linear speed does not depend upon the

number of poles but only on the pole pitch.

The parameter 7 is the distance between two neighboring poles on the

circumference of the stator, called pole pitch, defined as [160]

2TR
r=22 .. (7.3)

The stator circumference of the rotary induction motor, 2nR, in (7.3) is
equal to the length of the SLIM stator core, L;. Therefore, the pole

pitch of a SLIM is

=L .. (7.4)

If the velocity of the rotor is I}. then the slip of sLIM can be defined as

VsV
Vs

... (7.5)

The air-gap is the clearance between the rotor wall and the sLIM of

stator.

7.2.1 Concept of Current sheet

As mentioned earlier, the stator of an induction machine
consists of several coils, each having many turns of wires — the
windings — embedded in slots of laminated iron. The current carried
by the windings can be replaced by a fictitious and infinitely thin layer
of current distributed over the surface of the stator facing the air gap.

This current is called the “current sheet”. The current sheet produces
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the same sinusoidal magneto motive force (mmf) in the air gap as that

produced by the conductors.

The current sheet strength, i.e., the amount of current per unit
stator length (L) in a current sheet of a sLIM, can be calculated as in

[161] as follows:

2v2mk,, NI
Jm = T“ ... (7.6)

In (7.6), J,, is the current sheet strength (amp/meter); m is the
number of phases of the motor; k, is the winding factor, defined
below; N, is the number of turns per slot; I; is the RMS value of the
input current; Lg is the length of one section of the stator of the LIM,
which is equivalent to the circumference of a rotary motor,

namely, L; = 2nR = pr.

The winding factor, k,,, is defined as the product of pitch factor

k, and the distribution factor kg
ke = kyy kg . (7.7)
where k,, is the pitch factor of the coil, which is given by
; 6
k, = sin (71’) ... (7.8)

where 6, is the coil span in electrical degrees. In (7.7), k4 is the

breadth or distribution factor given by
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sin(M)

kg = 2 ... (7.9
d q1 sin(%) ( )
where « is the slot angle in electrical degrees given as
a=— ... (7.10)
mdq,

One pole pitch is equal to 180 electrical degrees. So, in a full
pitch coil where the coil span is equal to one pole pitch, the pitch
factor becomes one. Therefore, the winding factor for the fundamental
harmonic of a full pitch coil can be obtained by substituting (7.10) in
(7.9) resulting in (7.11) [162].

LG

q1 sin(L)
2mqq

. (7.11)

In (7.11), q; is the number of slots-per-pole-per-phase in the

stator iron core.
7.2.2 Power and input phase current

The electrical power input to the stator windings is converted
into useful mechanical power by the principle of electrical induction,
as explained before and the expressions relating to the power balance

are derived as follows.
The power input to the stator windings is given by

P, =mV;l, cos® .. (7.12)
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where m is the number of electrical phases, V; and I; are the
RMS input phase voltage and current, respectively, and @ is the power
factor angle, which is the phase angle between V; and I;. Included in
this input power is a component for the copper losses in the stator
windings and a component for the iron losses in the stator core and
teeth. The remaining input power is transferred to the rotor through
the magnetic field of the air-gap. Neglecting the rotor conductor losses
and friction and windage losses, the power transferred to the rotor can
be equated to the mechanical power developed by the rotor. The total

mechanical power developed by the rotor of the sLIM is given by
Py = EV, ... (7.13)

where F; is the electromagnetic thrust generated on the rotor by
the stator, and, as stated before, V, is the speed of the rotor. The sLIM

efficiency 7 is calculated from

_PO — FSVT'
Pl mV111COS®

... (7.14)

From (7.14), assume initially a suitable operating value for

ncos @ and then the rated input phase current can be estimated from

FgVy
mVyn cos @

I, = ... (7.15)

7.2.3 Flux Linkage and Induced Voltage:

Consider a coil of N turns carrying a current of I amperes and

let ¢ be the resulting flux linking the coil. Assuming that the flux
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density ¢ in the air-gap is purely sinusoidal, then it can be expressed
as

¢ = ¢, sinwt ... (7.16)

where ¢, is the amplitude of the flux linkage per pole. By flux linkage,
it mean the product of flux in webers and the number of turns with
which the flux is linked. The induced voltage per turn in the above coil
due to a change of flux is given by the first derivative of the above

equation, (7.16) and is represented as

d¢
e=E=w¢)pcoswt . (7.17)
The RMS value of e is
E, =j—§f¢p = V2rfo, ... (7.18)

If the coil has N; turns per phase and a winding factor k,,, (7.18)

becomes

Ey = 21f @,k N, ... (7.19)

Magnetic flux density is found by dividing the flux by the cross

sectional area. Hence, the average air-gap magnetic flux density, Bguyg

can be determined as

Opp
Bgayg = # ... (7.20)

where, W; is the width of sLIM stator iron core and L, is the length of

stator and p is the number of poles. Assume that the flux produced in
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the air-gap is sinusoidal, having a maximum of Bgn.x. Hence, the

average value of the rectified magnetic flux density is

2
Bgavg = = Bg max .. (7.21)

7.2.4 Equations for sLIM slot Geometry

Router outer Router inner steel

Aluminium wall wall

sLIM slotted stator

Figure 7.1 Single sided linear induction motor geometry

The air-gap is a very important parameter in a machine. The effective
air-gap, g.of the sLIM is different from the physical air-gap, gm
because of the slotted structure of the stator, as shown in Fig. 7.1
According to [163]

g. = k.g ... (7.22)

where g, is the magnetic air-gap, given by

80 =8m +d ... (7.23)
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where d is the thickness of the conducting layer on the surface of the

rotor, and k. is known as Carter’s coefficient, given by

_ A
A-vgo

.. (7.24)

c

The parameter A in (7.24) is the slot pitch, which is the distance

between the centers of two consecutive teeth, given by

1=— ... (7.25)

mq,

The quantity y in (7.24) can be expressed as

y = 212 aretan (ZW—S) —In |1+ (&)2] ... (7.26)

Slot pitch is the sum of slot width and tooth width and hence the slot

width can be calculated with
wy =A1—w; ... (7.27)

where, w; is the tooth width. To avoid magnetic saturation in the
stator teeth, there is a minimum value of tooth width w;,,;,, which
depends on the maximum allowable tooth flux density, B;mac- The

quantity w; ,in can be determined from [158]

EB, e —— .. (7.28)

Wt min = 5, Pgavg Br max

The stator slot depth hg shown in Fig. 7.1, can be calculated from

hy =2 ... (7.29)

Wg
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where, A; is the cross-sectional area of a slot. Generally, 30% of the
area of the slot is filled with insulation material. Therefore, A; can be

calculated from

2n.A, ... (7.30)

As=7

where N, is the number of turns per slot, determined from

Ny
N, =—

= ... (7.31
pPqa ( )

The variable 4,, in (3.30) is the area of cross section of a conductor

winding without insulation, which can be obtained with

4,==2 ... (7.32)
J1

where, I; is the rated input phase current defined in (7.15), and J; is
the stator current density. The value of J;, which depends on the
machine output power and the type of cooling system, is assumed to
be 6A4/m? at the beginning of the program and later modified

appropriately

The yoke height of the stator core h, [31] is the portion of the core
below the teeth, as shown in Fig. 7.1. If it is assumed that the flux in
the yoke is one-half of the flux in the air-gap, then it can be expressed

as [159]

h, = —22

= — ... (7.33
y 2 By maxWs ( )

109



7.3 Forces in Linear Induction Motor

The main forces involved with the LIM are thrust, normal force,
and lateral force. The normal force is perpendicular to the stator in
the z-direction. Lateral forces are undesirable forces which are

developed in a sLIM because of the orientation of the stator.

Thrust:

Under normal operations, the LIM develops a thrust
proportional to the square of the applied voltage and this reduces as
slip is reduced similarly to that of an induction motor with a high
rotor resistance. From (7.13), the amount of thrust produced by a LIM

is as follows:

)
Fo=1 ... (7.34)

where P, is the mechanical power transmitted to the rotor or the

output power and V, is the linear speed of the rotor.

Normal Forces:

In a double-sided linear induction machine (DLIM)
configuration, the reaction plate is centrally located between the two
primary stators. The normal force between one stator and the reaction
plate is ideally equal and opposite to that of the second stator and
hence the resultant normal force is zero. Therefore, a net normal force
will only occur if the reaction plate (secondary) is placed
asymmetrically between the two stators. This force tends to center the

reaction plate. In a sLIM configuration, there is a rather large net
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normal force between the primary and secondary because of the
fundamental asymmetrical topology. At synchronous speed, the force
is attractive and its magnitude is reduced as the speed is reduced. At
certain speeds the force will become repulsive, especially at high-

frequency operation.

Lateral forces:

Lateral forces act in the y- direction, perpendicular to the
movement of the rotor. Lateral forces make the system unstable.
These occur due to the asymmetric positioning of the stator in a LIM.
Generally, small displacements will only result in very small lateral
forces. These forces are a matter of concern in high frequency
operation (>>50Hz) where they increase in magnitude. A set of guided

mechanical wheel tracks is sufficient to eliminate a small lateral force.

7.4 Equivalent circuit model of sLIM

For the analysis and design of a sLIM having negligible end-
effects, the per phase conventional equivalent circuit shown in Fig 7.2
may be used. The circuit components are determined from the SLIM
parameters. The sLIM performances to be determined are thrust and

efficiency.

The approximate equivalent circuit of a LIM is presented as
shown in Fig. 7.2. This circuit is on a per phase basis. The core losses
are neglected because a realistic air-gap flux density leads to

moderate flux densities in the core and hence, rather low core losses.
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Skin effect is small at rated frequency for a flat linear induction motor
with a thin conductive sheet on the secondary. Therefore, equivalent
rotor inductance is negligible [164]. The remaining non-negligible
parameters are shown in Fig 7.2 and are discussed below.

I R4 X I,

Figure 7.2 Per phase sLIM equivalent circuit
i) Per-phase stator resistance R;:

This is the resistance of each phase of the sLIM stator windings. R1 is

calculated from

lw
Ri = put ... (7.35)

where, p, is the volume resistivity of the copper wire used in the
stator winding, [, is the length of the copper wire per phase, and 4,,
is the cross-sectional area of the wire as given in (7.32). The length of

the copper wires [, is calculated from
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where, [,,; is the mean length of one turn of the stator winding per

phase and [, is the length of end connection.

L, =2(W, +1,) ... (7.37)
Qp
lce = FT (738)

ii) Per-phase stator-slot leakage reactance X;:

The flux that is produced in the stator windings is not completely
linked with the rotor conductors. There will be some leakage flux in
the stator slots and hence stator-slot leakage reactance X;. This
leakage flux is generated from an individual coil inside a stator slot
and caused by the slot openings of the stator iron core. In a sLIM
stator having open rectangular slots with a double-layer winding, X;
can be determined from [165]

 2ug fn[(/ls(1+%)+/1d)%+)lelce]N2

X, = . ... (7.39)

where,

_ hs(1+3kp)

12wy

A .. (7.40)

k, is the pitch factor given by (7.8), also

Ae = 0.3(3k, — 1) .. (7.41)
5(8e
4= 5+SV(V§V_) ) .. (7.42)
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iii) Per-phase magnetizing reactance X, :
The per-phase magnetizing reactance, X, is shown in Fig 7.2 and is
given by

_ 24poTf WsekywNiT
n2pge

X ... (7.43)

where k,, is the winding factor defined as in (7.7), g, is the equivalent

air gap given by (7.22) and W, is the equivalent stator width given as
Wee = W, + g .. (7.44)
iv) Per-phase rotor resistance R,:
The per-phase rotor resistance R, is a function of slip, as shown in

Fig. 7.2. R, can be calculated from the goodness factor ¢ and the per-

phase magnetizing reactance X, as

R, = XTm ... (7.45)

where the goodness factor, G is defined as [1635]

G = ST L (7.46
@) (7.40)

In (7.46), p, is the volume resistivity of the rotor conductor outer layer,

which is aluminium.

From the equivalent circuit shown in Fig. 7.2, the magnitude of

the rotor phase current I, can be seen to be

I =—2—1], ... (7.47)



By substituting the value of R, from (7.45), the rotor phase

current I, becomes

Xm

I, = ... (7.48)
Symbol Parameter Value Symbol Parameter Value
(units) (units)
p No. of 4 Wy Width of stator 12.67mm
poles
f Frequency S0Hz Ry Stator resistance 0.9098 Q
per phase
T Pole pitch 50 mm X Stator reactance 0.0676 Q
per phase
Wy Sheet Smm R, Rotor resistance 0.0619 Q
thickness per phase
8e Airgap Smm Xm Magnetizing 0.8135 Q
length reactance per
phase
m No. of slots 12 G Goodness factor  13.1337
Ly Length of 120mm
stator

Table 7.1 LIM parameters

7.3 Implementation of LIM
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7.5 Mathematical model of LIM

The dynamic model of the linear Induction motor can be
expressed in the dq synchronously rotating frame. On the primary
side, it is composed of three phase windings and laminated steel
cores. Moreover, the combination of aluminum sheets (nonmagnetic
conductors) and back irons (magnetic conductors) is used to form the
secondary side. In addition, the dynamic model of the LIM modified
from the traditional model of a three-phase, Y-connected induction
motor in a synchronous rotating reference frame can be described by

the following differential equations [155].

LmRr PLmﬂ'
¥ Par + Loh darvr +Vgs ... (7.49)
v
2
— ol Zvgiqe —| R+ -1 | Ry |i
digs 1 s, Velds S r |lgs
dt  olg
PLmw7z LmR
- L:T;] ¢drVr+ T2r¢qr +Vqs (750)
v

dg, LmRy . R T T
Yar _LmRr; L_:¢dr +[_ve_p_vrj¢qr

a L oo h .. (7.51)
d¢qr _ LmRr . w T Rr
Fe:Kf(¢driqs—¢qrias):MVr+DVr+FL cen (7.53)
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where R is the winding resistance per phase; R, is the
secondary resistance per phase referred primary; L, is the
magnetizing inductance per phase; L, is the secondary inductance
per phase; Ly is the primary inductance per phase; v, is the mover
linear velocity; h is the pole pitch; P is the number of pole pairs; @4,
and @, are d-axis and g-axis secondary flux; iz and i, are d-axis and
g-axis primary current; V;; and Vs are d-axis and g-axis primary

voltages;

L
Secondary time constant ¢ :R_r ;
r

2
L
leakage coefficient o =1- ﬁ ;
s r
3PnL
Force constant Ky = T om
2hL,

F, is the electromagnetic force; F; is the external force disturbance; M
is the total mass of the moving element and D is the viscous friction
and iron-loss coefficient.

In an ideally LIM drive, the secondary flux linkage axis is forced to

align with the d-axis. It follows that

Dgr =0,Pgr =0 .. (7.54)

Using (7.52) and (7.54), the desired secondary flux linkage is

Oar = —rlas .. (7.55)
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where s is the Laplace operator,

by using (7.51) and (7.55) the feed forward slip is

= fhm_; .. (7.56)

v
sl Ty Bar qs

Since the secondary time constant T, is sensitive to different

operating conditions.

The transversal parameters of the equivalent circuit of the LIM
have been computed by using required aspects. The parameters which

are used for simulation as well as design are shown in table 7.1.

7.6 Results and wave forms

Simulations related to LIM are implemented in LabVIEW
environment. Fig. 7.3 shows the implementation of LIM. In all the
figures x-axis represents the time in Seconds and y- axis represents

the correspond parameters, i.e., Current in amps and flux in webers.

Fig.7.4 & Fig. 7.5 show the d-axis and g-axis primary currents,
Fig.7.5 shows the primary current of the LIM when using the speed

reference and linear flux.
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Figure 7.4 d-axis primary current
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Figure 7.5 g-axis primary current

From Fig. 7.6, it can be observed that d-axis linear flux becomes
less than the reference speed, due to increasing of the end effects

caused by the increased speed as shown in Fig. 7.8.
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Figure 7.6 d-axis linear flux
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Fig.7.6 and Fig. 7.7 show the d-axis and g-axis linear fluxes, it is

observed that g-axis linear flux will be zero.
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Figure 7.8 Performance of PID Controller based on Cuckoo Search

algorithm for linear speed of 2m/s

Fig. 7.8 and Fig. 7.9 show the performance of the PID controller
based on cuckoo search algorithm for speed tracking of LIM. Several
design techniques of PID controllers were mentioned in literature. The
most used are the Ziegler-Nichols method and the poles assignment
method. But their disadvantage is that they require prior knowledge of
the various parameters of the Linear Induction Motor. The cuckoo

search algorithm has been used to tune the parameters of PID

controller.
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Figure 7.9 Performance of the PID controller based on CSA for linear

speed of 5m/s
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Table 7.2 shows the comparison of PID controller based on
cuckoo search algorithm over the conventional controller for speed

tracking of sLIM.

Rise time Peak time | Settling time | Steady state

in Sec in Sec in Sec error
Conventional 0.1763 0.2063 2.916 8.12%
Cuckoo Search 0.1938 0.228 0.994 1.38%

Table 7.2 comparison of conventional and cuckoo search based PID

controller for speed tracking of sLIM

The simulation result show that the introduction of PID controller
based CSA led to an improvement in the speed regulation of the

Linear Induction Motor.

7.7 Conclusions

The air-gap plays a very important role in the performance of the
LIM. The air-gap needs to be as small as possible to have a better
thrust and efficiency. Another crucial design parameter is the
thickness of rotor outer layer which is aluminium. As the thickness of
the aluminium sheet increases thrust also increases along with the
length of magnetic air-gap which is undesirable. Small variations in
the linear flux were observed as shown in Fig. 7.5 and Fig. 7.6. These
variations are due to the end effects. Fig.7.7 & Fig.7.8 show the
effectiveness of the cuckoo search based PID controller for speed

tracking of LIM.
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Chapter -VIII

CONCLUSIONS

8.1 Conclusions

In this thesis, the research work carried out broadly touches the
different aspects of the Maglev system such as eddy current based
force, which is used to stabilize the levitated object, forces acting on
the levitated object, conventional controller, fractional order model
reference adaptive controller, feedback linearization technique,
backstepping fuzzy sliding mode controller and PID controller based
on Cuckoo Search algorithm for position tracking of Maglev system.
From the comprehensive literature review inferences the research

work, objectives and methodology has been presented in detail.

Modelling and simulation of Maglev system has been developed
in MATLAB environment. The characteristics of the eddy current
based force are drawn for different plate widths and heights of the
levitated object from plate. Eddy currents are generated in the plate
placed underneath of the levitated object due to the variation in
current flowing through the electromagnetic coil. The eddy currents in
the plate is linearly proportional to the velocity of the levitated object

and rate of change of electromagnet current.

The analytical relationship was developed for the eddy current
based force as a function of the plate thickness and distance between

center of the levitated object to the plate placed underneath of the
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levitated object. It is shown that, magnetic levitation system utilises

the eddy current based force to stabilize the levitated object.

Fractional order model reference adaptive controller was
implemented for position tracking of nonlinear Maglev system. Model
reference adaptive system uses with fractional order PID controller to
achieve the desired performance and the parameters of the controller
are adjusted based on the error between the reference model output
and the actual system output. An important problem associated with
the model reference adaptive control system is to determine the
adjustment mechanism so that a stable system brings the error to
zero. Simulation results show that the efficacy of the FOMRAC PID

controller over the conventional controller.

Linear model has been developed to represent the nonlinear
dynamics of Maglev system by using feedback linearization technique.
Simulation results show that the dynamic errors of all the states
converge to its neighbourhood of zero. So that stable system is

achieved.

Backstepping fuzzy sliding mode controller has been developed
for position tracking of a Maglev system. Backstepping technique is a
powerful tool for adjusting the error dynamics to neighbourhood of
zero. Small change in the control voltage produces large variations in
position of the levitated object. Due to this object will be attracted to
electromagnet or fall down. Therefore backstepping fuzzy sliding mode
controller is not suitable for real time application of Maglev system.
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Simulation results show the effectiveness of backstepping fuzzy

sliding mode controller for the position tracking of Maglev system.

Further PID controller based on cuckoo search algorithm has
been implemented for the position tracking of Maglev system. The
parameters of the PID controller are tuned by using Cuckoo search
algorithm. The proposed controller reduces the peak overshoot and
settling time when compared with conventional controller. The
proposed controller stabilizes the levitated object if there is any
variation in the mass of the levitated object. Simulation results show
the effectiveness of proposed controller over the conventional

controller.

The proposed controller has been tested practically on Maglev
system in laboratory to validate the obtained results. The results are
compared with the conventional controller results. It is proved that
the proposed controller gives better performance when compared with

conventional controller.

Moreover the proposed controller is implemented for speed
tracking of single sided linear induction motor. Simulations related to
the sLIM are implemented in LabVIEW environment. Simulation
results show that the proposed controller produces a satisfactory

performance for speed tracking of sLIM.
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In conclusion, it can be observed that the PID controller based
on cuckoo search algorithm gives improved performance in the

considered Maglev system in real time.

8.2 Future Scope

As a result of extensive investigation carried out in this thesis in
the area of Maglev systems, the following suggestions for future

research seem to be worth pursuing.

In this thesis, FOMRAC, conventional controller, backstepping
fuzzy sliding mode controller and PID controller based on cuckoo
search algorithm are considered for position tracking of Maglev
system. With the advancements in controllers, like Backstepping

neuro fuzzy controller can be used for further investigation.

In this thesis, in order to tune the parameters of the PID
controller, cuckoo search algorithm has been considered. With
advancements in optimization techniques, like Gravitational search
algorithm, grey wolf optimization and Bacteria foraging optimization

can be used for further investigation.

In this thesis, Linear Induction parameters are designed based
rotary induction motor and PID controller based on cuckoo search
algorithm has been considered for speed tracking of linear induction
motor. Optimization algorithm can be used to design the parameters

of LIM so that improved efficiency and power factor may be obtained.
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