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ABSTRACT

Permanent magnet brushless (PMBL) motors are finding wide applications in heating
ventilation and air conditioning (HVAC), washing machines, adjustable speed pumps,
refrigerator compressors, fans drives and electric vehicles due to their advantages of
high efficiency, robust (brushless) construction, high power density, compact size etc.
The use of these motors in place of conventional induction and DC motors results in a
drive of lightweight, gives precise control, needs lower controller rating and above all it
effects energy conservation. In view of these attractive features and scope of
applications, the proposed research work makes an attempt to design, develop and
implement improved controllers to give enhanced dynamic response, and facilitates the
reduction in the sensors with a view to reducing the size and the cost of the drive.
Moreover, these drives are fed from the AC-DC converter supplying current controlled
voltage source inverter to obtain an effective control of the winding currents, the
torque, speed and position of PMBL motors. It is also desired to improve the power
quality at the AC mains using active and passive wave shaping techniques of AC-DC
converter to meet the recently introduced harmonic standards and to reduce losses in
AC distribution system by improving the overall power factor.

In this work two types of PMBL motors are considered for investigation with a view to
select a suitable controller to give improved performance of the drive system. These
motors, namely, PMBLDCM (Permanent magnet brushless DC motor) and PMSM
(Permanent magnet synchronous motor) differ in their construction, waveform of back
emf and thus their current control and sensor requirements etc. The PMBLDC motor
has flux and emf close to trapezoidal waveform, thus requiring a quasi-square winding

current to develop the unidirectional ripple free torque. However, PMSM has sinusoidal
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flux distribution and back emf and it requires sinusoidal winding currents to produce
the smooth torque.

The simulated response of both types of PMBL motor drive system have been obtained
using standard d-q model for the PMSM and the phase variable model for the
PMBLDC motor, respectively. The modeling of each component of the drive system is
carried out and the set of modeling equations so obtained are combined together and
solved by using Runge Kutta method. The response of the drive system is obtained for
different operating conditions, such as, starting, load perturbation and speed reversal.
The simulated results are validated using test results from the DSP based
implementation. The scope of the investigation has been widen by putting emphasis on
the closed loop speed control, sensorless control and power quality improvement
aspects of the drive system.

A closed loop controlled motor drive system has speed and current control loops for its
control. In such a drive system, the transient response is greatly affected by the
structure of these controllers. Four different types of speed controllers namely, the
proportional integral (PI) controller, sliding mode controller (SMC), fuzzy logic
controller (FLC) and fuzzy pre-compensated PI (FPCPI) controller have been
considered in this work, and their effectiveness have been examined with a view to
selecting an appropriate controller for the given application. The experimental and
simulated results given in this study show that the FPCPI speed controller results in an
improved performance compared to PI, SMC and FLC speed controllers.

The closed loop control of a drive system can be practically implemented in two ways-
using the dedicated hardware system or by a combination of hardware and software
system. The latter has advantages such as reduced size and adaptability to advanced

control algorithms. The digital signal processors (DSP), which have been especially
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developed for power electronics applications are finding increasing applications in
motion control because of their fast computational capabilities and high speed input-
output interface. The investigations reported in this thesis deal with the implementation
of PMBL motor drive system using a dedicated DSP developed by Texas Instruments
(TT) namely TMS320F240.

The use of position and speed sensors has disadvantages such as increased number of
connection, their sensitivity to environmental conditions (prohibiting the use of the
motor in hazardous conditions) and increased complexity and cost of the drive system.
The reliability of the drive system is also lowered due to the use of mechanical sensors.
These limitations of sensors have led to research efforts for sensorless control of PMBL
motors. In this study, a position and speed sensorless scheme of PMBLDC motor drive
has been implemented using a digital signal processor. The position signal pulses are
obtained by comparing the back emf signals. The speed is estimated from the position
signals. The proposed (position sensorless) scheme has been implemented with a single
current sensor in DC link. The test results with single current sensor and without using
position and speed sensors have been presented to validate the working of the sensor
reduction scheme.

Similarly, the mechanical sensorless control of PMSM using voltage and current model
based sensorless control algorithms have been investigated and the simulated responses
for both transient and steady state operating conditions show the effectiveness of
sensorless control schemes of PMSM.

A three-phase current controlled voltage source inverter (VSI) is used to feed both
PMBLDCM and PMSM drives. The DC link voltage for VSI is obtained from a single-
phase diode-bridge rectifier. The power electronics (PE) converters (rectifier and VSI)

draw highly distorted current from the AC mains, which is a potential cause of mal



operation of other loads. To reduce the impact of PE converter on the supply system,
attempts are made to improve the power quality in terms of improved PF, reduced crest
factor (CF) and total harmonic distortion (THD) of AC mains current. For this, both
passive and active waveshaping techniques are investigated, which results in reduction
in losses in supply system, interference with the neighbouring consumers and rating of

the converters.

vi




TABLE OF CONTENTS

Certificate
Acknowledgements
Abstract

Table of contents
List of figures

List of tables

List of symbols

CHAPTER-1

INTRODUCTION

1.1 General

1.2 Development in PMBL motors

1.3 Permanent magnet brushless motor drive system
1.3.1 Drive motors
1.3.2  Sources of excitation
1.3.3 Choice of controllers

1.4 Some important aspects of this investigation
1.4.1 Controllers

1.4.2 Modeling and simulation

1.4.3 DSP based Implementation
1.4.4 Sensor reduction in PMBL motors
1.4.5 Power quality

1.5 Main contributions of this investigation

1.6 Outline of thesis

CHAPTER-II
LITERATURE REVIEW
2.1 General

2.2 Development of permanent magnet materials

2.3 Development of permanent magnet brushless motors

vii

Page No.

ii

iii
vii
Xiv
Xviii

Xix

00 0 NN N N W W e e

—
[

11
11
13
14
15

18
18
18
19



24
2.5
2.6
2.7
2.8

Review on closed loop controllers for PMBL motor drives

Review on sensor reduction in PMBL motor drives

Review on power quality improvement in PMBL motor drives

Recent trends and potential applications of PMBL motor drives

Conclusions

CHAPTER-1II

ANALYSIS AND IMPLEMENTATION OF PERMANENT MAGNET

BRUSHLESS DC MOTOR DRIVES

3.1
3.2

3.3

General

Details of the PMBLDC motor drive system

3.2.1 Components of the drive system
3.2.1.1 Power circuit

3.2.1.2 Control circuit

3.2.2 Sensor requirement of closed loop speed controlled PMBLDC motor

drive system
3.2.2.1 Position sensing
3.2.2.2 Speed sensing
3.2.23 Current sensing
3.2.3 Types of speed controllers
3.2.3.1 Pl speed controller
3.2.3.2 Sliding mode controller
3.2.3.3 Fuzzy logic based speed controllers

3.2.3.3.1 Fuzzy logic speed controller

3.2.3.3.2 Fuzzy pre-compensated PI controller

Modeling of PMBLDCM drive system
3.3.1 Modeling of PI controller

3.3.2 Modeling of sliding mode controller
3.3.3 Modeling of fuzzy logic controller

3.3.4 Modeling of fuzzy pre-compensated PI speed controller

3.3.5 Modeling of reference current generator

3.3.6 Modeling of current controlled voltage source inverter

3.3.7 Modeling of motor back emf

viii

22
24
28
29
31

32
32
34
35
35
35

36
38
39
39
40
40
41
42
43
43
43
44
45
48

48
49
51



34

3.5

3.6

3.3.8 Modeling of PMBLDC motor
DSP based implementation of PMBLDC motor drive system
3.4.1 Details of hardware of DSP based implementation
3.4.2 Details of software of DSP based implementation
3.4.2.1 Configure, interrupt setting and the input module

3.4.2.2 Interrupt service routine
3423 Speed controller

3.42.4 Current controller

3.4.3 Testing of DSP based implementation

Results and Discussion

3.5.1 Response of the PMBLDC motor drive system during starting

3.5.2 Response of the PMBLDC motor drive system during load
perturbation

3.5.3 Response of the PMBLDC motor drive system during speed reversal

3.5.4 Comparison of experimental and simulated results

3.5.5 Response of the PMBLDC motor drive system during four quadrant
operation

3.5.6 Comparison of various types of speed controllers

3.5.7 Steady state performance

Conclusions

CHAPTER-1V
SENSOR REDUCTION IN PERMANENT MAGNET BRUSHLESS DC
MOTOR DRIVES

4.1
4.2

4.3

44

General

Mechanical sensor reduction

42.1  Position sensing

422  Speed sensing

Current sensor reduction

4.3.1  Current sensing in any two phases
43.2 DC link current sensing

Single current sensor based mechanical sensorless control of PMBLDC motor

ix

52
55
56
58
58

58

59

60
60
60
61

68
77
82
82

82
83
83

87
87
88
89
89
89
90
90



4.5

4.6

drive

44.1 Position sensing algorithm

442  Starting from standstill

4.4.3  Speed sensing

444  Speed controller

4.4.5  Current controller

Results and Discussion

4.5.1  Response of the PMBLDC motor drive system during starting

452  Response of the PMBLDC motor drive system during load
perturbation

4.5.3  Response of the PMBLDC motor drive system during speed reversal

Conclusions

CHAPTER -V
LINE POWER QUALITY IMPROVEMENT FOR PMBLDC MOTOR
DRIVES

5.1
52

5.3

General
Types of AC-DC converters for feeding inverter fed PMBLDC motor drives
5.2.1  Single-phase diode bridge rectifier
5.2.2  Single-phase diode rectifier followed by a power factor correction
system
Analysis and design of input power quality converters
53.1  Conventional diode rectifier
53.2  Improved rectifier
5.3.3  Improved rectifier with compensating capacitor
534  Power factor corrected (PFC) boost converter
5.3.4.1 DC link voltage controller
5.3.4.2 Reference inductor current
5.3.4.3 PWM current controller of PFC converter
5.3.4.4 Boost PFC converter
5.3.5  Buck converter for power factor correction (PFC)
5.3.5.1 Source current control
5.3.5.2 Buck PFC converter

90
92
98
99
99
100
100
101

102
103

104
104
105
105

107
110
110
111
112
112
113
114
114
114
115
116
116



5.4 Simulation of power quality converters
5.5 Results and discussion
5.5.1  Response of conventional rectifier
552 Response of improved rectifier
553 Response of improved rectifier with compensating capacitor
5.54  Response of the drive system with boost converter
5.5.5  Response of the drive system with buck converter
5.6 Comparison of front end converters

5.7 Conclusions

CHAPTER -VI
ANALYSIS AND IMPLEMENTATION OF PERMANENT MAGNET
SINE MOTOR DRIVES
6.1 General
6.2 Details of the PMSM drive system
6.2.1  Components of the drive system
6.2.1.1 Power circuit
6.2.1.2 Control circuit
6.2.2  Sensor requirement of closed loop speed controlled PMSM drive
system
6.2.2.1 Position sensing
6.2.2.2 Speed sensing
6.2.2.3 Current sensing
6.2.3  Types of speed controllers
6.3 Modeling of permanent magnet brushless sine motor drive system
6.3.1  Field weakening control
6.3.2  Modeling of speed controller
6.3.3  Modeling of reference currents
6.3.4  Modeling of current controller
6.3.5  Modeling of voltage source inverter
6.3.6  Modeling of PMSM
6.4 DSP based implementation of PMSM drive system
6.4.1  Details of hardware for DSP based implementation

xi

117
117
118
119
122
125
130
130
133

135
135
135
136
137
137

138
138
141
141
141
142
142
143
143
144
144
145
148
148



6.5

6.4.2  Details of software for DSP based implementation
6.4.2.1 Reference speed
6.4.2.2 Position sensing
6.4.2.3 Speed sensing
6.4.2.4 Speed controller
6.4.2.5 Reference current generation
6.4.2.6 Current sensing
6.4.2.7 Current controller
6.43  Testing of DSP based implementation
Results and discussion
6.5.1  Response of the PMSM drive system during starting
6.5.2  Response of the PMSM drive system during load perturbation
6.5.3  Response of the PMSM drive system during speed reversal
6.54  Comparison of simulated and test results

6.5.5 Comparison of various types of speed controllers

6.6 Conclusions

CHAPTER-VII
SENSOR REDUCTION IN PERMANENT MAGNET SINE
MOTOR DRIVES

7.1
7.2

7.3

7.4

General

Sensor reduction techniques for PMSM drive

7.2.1  Position information from terminal voltages and currents
7.2.2  Position information based on arbitrary rotor position
7.2.3  Position sensing based on Kalman filtering

7.2.4  Position based on state observer

7.2.5  Position estimation from inductance variation

Modeling and simulation of mechanical sensorless PMSM drive system
7.3.1  Voltage model-based sensorless control algorithm

7.3.2  Current model-based sensorless control algorithm

7.3.3  Simulation of mechanical sensorless PMSM drive
Results and discussion

7.4.1  Response of voltage model based sensorless control

xii

150
150
150
151
151
151
151
151
152
152
154
160
169
170
170
175

176
176
177
177
177
178
178
179
179
181

183

185

185

186



7.42  Response of current model based sensorless control

7.5 Conclusions

CHAPTER-VIII

MAIN CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK

8.1 General

8.2 Main conclusions

8.3 Suggestions for further work
REFERENCES

APPENDICES

LIST OF PAPERS

BIO-DATA

xiii

186
187

190

190

190

192

194

207

241

242



