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ABSTRACT

This research presents control and implementation of battery fed induction motor drive based
electric drive train system. In this work, five different topologies of induction motor based
drivetrains are developed in which battery is used as primary energy source and solar PV array is
considered as auxiliary energy source. First, to enhance the efficiency of the propulsion induction
motor, optimized reference points based field oriented control is implemented. The speed of the
motor is estimated using second order super twisting sliding mode observer and motor parameters
like stator resistance and rotor time constant are continuously updated online with the help of
model reference adaptive system (MRAS). Secondly, to improve the performance of the induction
motor at various operating speeds, predictive torque control (PTC) is implemented where adaptive
full order observer is used for speed estimation. Comparative analysis is made between the PTC
over conventional torque control methods. Third, to improve the robustness and to reduce the
dependency of model sliding model based predictive torque control and model free predictive
torque control methods are implemented for induction motor. To make the speed estimation robust
against DC-offset present in the measured signal, generalized integrators (GI) based speed
estimation is performed. Further, to improve the robustness of the indirect field oriented control
(IFOC), predictive current control is incorporated. Finally, to reduce the number of current sensors,
current reconstruction is algorithm is implemented to estimate three phase current from the DC-
link current. The presented works are simulated in Matlab / Simulink based software platform and
verified experimentally in dSpace based hardware test bench. The comparative analysis is made

between control and speed estimation algorithms to determine the suitability of control.
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TsfPa fRI%ed (Model Reference Adaptive System) &1 TgTadl ¥ 3T TAR (U< fHar
a1 B IR TRT H, faftsr uf=mes Tifd (operating speeds) TR $8aRM HIeR & UG &I 9gdR
1 & fam Ofsfdea el W@a (Predictive Torque Control) WW mar %‘ GlE\TJ e
3T & o TSP Ba ISR SifesTdr o1 IuaNT fha1 T g | PTC 3R URURS <l dheld
fafirat & s qaTeTe faRas T fasar 7T & 1R ROT , ASTa (robustness) 9@ duT ATSd
R R &7 HA F fore wsfEn mis sk dfsfaea efd st aut Arsa-w dfsfaea
T deld fafdl B geaR Hiex & e an] fosan 7ram 81 |70 7Y Rwrd § IufRd DC-offset
& favg Wie oM &l 3t Aogd s & U SFRAEse IR (Generalized
Integrators) 3eTivg wits HEFIF[FIW BT IuANT fosar T %I W e—ri%rﬁaa, Sﬂ%‘ﬂﬁiﬁ
Bits NUCE Herd (IFOC) ! Holge S & foY Ufsfaea e deia &I afthfed faar
T § | 3fda:, HC YR P AT B! HH H & 3639 I R NebecaRH TR ar farar
a1 8, orad Med ¥ e ¥ dF-Usl Hc Bl STHH T STl § | IRdd I+t Bt &1
R (MATLAB / Simulink)3TeTRA TedtR WehiH R far a1 § Ul dSPACE
MYTRT FEAWR <X 8T R YRS T I FATUa fobar a1 g1 fafta o iR wits
SITHM TENRE & g AT RNl Sxdb 3-1dh SUFadT (suitability) BT FH4RoT faan
g

Vi



TABLE OF CONTENTS

Certificate i
Acknowledgements ii
Abstract v
Table of Contents vii
List of Figures XV
List of Tables xxiii
List of Abbreviations XXiv
CHAPTER-I INTRODUCTION 1-13
1.1 General 1
1.2 State of Art on Electric Vehicles (EVs) 4
1.2.1 History and Development of EVs
1.2.2 Requirements of an Electric Propulsion Drive 6
1.3 Objectives and Scope of Work 8
1.4 Outline of Chapters 10
1.5 Conclusion 13
CHAPTER-II LITERATURE REVIEW 14-36
2.1 General 14
2.2 History of Electric Drive Train Technology 15
2.2.1 History And Development Of Electric Drive Train Technology 16
In India
2.3 Literature Survey 19
2.3.1 Review of Electric Propulsion Motors in Electric Vehicles 19
2.3.1.1 Review on Brushed DC motor drives-based LEV 20
2.3.1.2 Review on Brushless DC motor Drives based LEV 21
2.3.1.3 Review on Permanent Magnet Synchronous Motor 22
Drives Based Light Electric Vehicle
2.3.1.4 Review on Switched Reluctance Motor Drives 23
Based LEV
2.3.1.5 Review on Synchronous Reluctance Motor Drives 24
Based LEV
2.3.1.6 Review of Induction Motor Drive based LEV 25
2.3.2 Review of Induction Motor Drive train Technology in EVs 26

2.3.2.1 Review On Direct Torque Control (DTC) And 27
Vector Control of IMD

2.3.2.2 Review On Model Predictive Control (MPC) Of 27
IMD

2.3.2.3 Review on Efficiency Enhancement Control of 28
IMD

Vii



24
24

2.3.24 Review on Regenerative Braking Enhancement of
IMD Review on Regenerative Braking
Enhancement of IMD

2.3.25 Review on Field Weakening Control of IMD
2.33 Review on Mechanical Sensor Less Algorithms of IMD
2.34 Review on Electrical Sensor Reduction Methods of IMD
2.3.5 Review on Solar/Photovoltaic Assisted IMD
Identified Research Areas
Conclusions

CHAPTER-III VEHICLE DYNAMICS AND CONFIGURATION OF

3.1
3.2
33

3.4

34
3.6
3.7

IMD BASED DRIVE TRAINS
General
Design Specifications and Requirements
Modelling of Vehicle Dynamic Forces

3.3.1 Aerodynamic Drag Force

3.3.2 Rolling Resistance Force

333 Gradient Resistance

3.34 Acceleration Force

3.3.5 Total Tractive effort and mechanical dynamics of drivetrain

Mathematical Modelling Of Induction Motor

34.1 Flux linkages of Stator and Rotor Windings

34.2 Reference Frame Transformations

343 Voltage Equations

343 State space model induction motor in stationary and synchronous
reference frames

Selection Of Power Rating And Battery Sizing For LEVs

Configurations used for LEVs

Conclusion

CHAPTER-IV CONTROL AND IMPLEMENTATION OF BATTERY

4.1
4.2
4.3

4.4

DRIVEN LEV EQUIPPED WITH A VSI
General
Configuration Of Battery Fed Induction Motor Driven Light Electric Vehicle
Design of Battery Fed Induction Motor Driven Light Electric Vehicle

4.3.1 Selection of Battery

4.3.2 Design of DC-link Capacitor
4.3.3 Design of VVoltage Source Inverter
4.3.4 Design of Battery

Control of Battery fed Induction Motor Driven Light Electric Vehicle

viii

29

29
30
32
33
34
36

37-52

37
37
38
38
38
39
39
39
40
43
44
45
46

47
49
52

53-88

53
54
54
55
55
56
56
56



4.4.1

4.4.2

443

Optimized Reference Points Selection

4.4.1.1 Loss Model of Induction Machine with Saturation
Effect

4.4.1.2 Optimized Steady State References

4.4.1.3 Optimized Steady State Operating Points in
Transients

4.5.1.5 Transient Condition Operating Points

Rotor Field Oriented Control

4.4.2.1 Rotor Flux Position and Speed Estimation

4.4.2.2 Controller Structure

4.4.2.3 Selection of current controller parameters

Online Motor Parameter Adaptation

4.4.3.1 Adaptation of Magnetising Inductance

4.4.3.2 Rotor Time Constant and Stator Resistance
Adaptation

4.5 MATLAB Based Modelling and Simulation of Battery fed Induction Motor

for LEVs

4.6 Hardware Implementation of Battery fed Induction Motor for LEVs
4.6.1 Development of Signal Conditioning Circuits
4.6.2  Control Algorithm Execution on DSP-dSPACE 1202

4.7 Results And Discussion

4.7.1

4.7.2

4.8 Conclusion

CHAPTER-V

Simulated Performances of Efficiency Enhanced FOC of IMD

based Battery

Fed Drivetrain

4.7.1.1 Performance of IMD at Starting and Steady State

4.7.1.2 Performance of IMD at Dynamic Conditions

4.7.1.3 Comparative Analysis of Presented Algorithm with
Existing Methods

Experimental Validation of Optimized Reference Points Based

Field Oriented Control of Induction Motor Drive based

Drivetrain

4.7.2.1 Steady State Performance
4.7.2.2 Dynamic Performance

4.7.2.3 Low speed Operation

4.7.2.4 Parameter Estimation Analysis
4.7.2.5 Comparative Analysis

CONTROL AND IMPLEMENTATION OF BATTERY
DRIVEN EVS EQUIPPED WITH A VSI AND A DC-DC
CONVERTER

57
60

60
62

64
65
67
69
69
71
72
73

73

74
75
77
78
78

78
79
80

82

82
84
85
86
86
88

89-129



5.1
5.2
5.3

5.4

5.5

5.6
5.7

General
Configuration of Battery fed Induction Motor Driven Light Electric Vehicle
Design of Optimum Voltage Battery fed Induction Motor Driven LEVs

5.3.1 Selection of DC-Link Voltage

5.3.2 Selection of Battery

5.3.3 Design of Bidirectional DC-DC Converter

5.3.4 Design of DC-link Capacitor

535 Design of voltage source inverter

Control of Battery fed Induction Motor Driven Light Electric Vehicle

54.1 Direct Torque Control of Battery fed Induction Motor Driven
LEVs
54.1.1 Stationary Reference Frame Induction Motor

Model

54.1.2 Principle of Direct Torque Control
54.1.3 Stator Flux and Torque Estimation
5.4.1.4 Hysteresis Control
54.1.5 Selection of Optimum Voltage Vector
5.4.1.6 Structure of DTC
5.4.2 Predictive Torque Control (PTC) of Battery fed Induction
Motor Driven LEVs
5.4.2.1 State-space Model of Induction Motor
5.4.2.2 Flux, Torque and Speed Estimation
5.4.2.3 Flux and Torque Prediction
54.2.4 Cost Function Evaluation
5.4.2.5 Structure of PTC
5.4.3 Observer Model Based Predictive Torque Control of Battery
Fed Induction Motor Drive
54.3.1 Luenberger Observer Based Predictive Torque

Control
5432 Sliding Model Based Predictive Torque Control
5.4.4 Control of Bidirectional Converter for Optimal Battery Fed

Induction Motor Drive For LEVs
MATLAB Based Modelling and Simulation of Battery fed Induction Motor
for LEVs
Hardware Implementation of Battery fed Induction Motor for LEVs
Results And Discussion
5.7.1 Simulated Performance of Direct Torque Control of Battery fed
Induction Motor Drive based Drivetrain
5.7.1.1 Performance of IMD at Starting, Steady State,
Reverse and Field weakening
5.7.1.2 Performance of IMD at Dynamic Conditions

89
90
91
91
91
93
93
93
94
94

94

96
96
97
98
99
101

104
104
105
107
107
109

109

109
111

111
112
113
113
113

115



5.8 Conclusion

CHAPTER VI

6.1
6.2
6.3

6.4

5.7.2

5.7.3

5.7.4

General

Experimental Validation of Direct Torque Control of Induction

Motor Drive based Battery fed Drivetrain

5.7.2.1 Steady State Performance

5.7.2.2 Dynamic Performance of the Drive train

Simulated Performance of Predictive Torque Control

Algorithms of Induction Motor Drive based Battery fed

Drivetrain

5.7.3.1 Performance of IMD at Starting, Steady State and
Dynamic Conditions

5.7.3.2 Comparative  Analysis of SM-PTC  over
Conventional PTC

Experimental Validation of Predictive Torque Control of

Induction Motor Drive based Drivetrain

5.7.4.1 Performance of IMD at Starting and Steady State

5.7.4.2 Performance of IMD at Dynamic Conditions

5.7.4.3 Comparative Analysis of SM- PTC over C-PTC

AUTOREGRESSIVE EXOGENOUS STRUCTURE
BASED PREDICTIVE TORQUE CONTROL OF SOLAR
PV ARRAY ASSISTED IMD DRIVEN LEVs

Configuration Of Battery Fed Induction Motor Driven Light Electric Vehicle
Design of Battery Fed Induction Motor Driven Light Electric Vehicle

6.3.1
6.3.2
6.3.3
6.3.4
6.3.5
6.3.6

Selection of DC-link Voltage
Selection of Battery VVoltage
Design of Roof Top Solar PV
Design of Boost Converter
Design of DC-link Capacitor
Design of VSI

Control of Battery Fed Solar PV Assisted Induction Motor Driven Light
Electric Vehicle

6.4.1
6.4.2

Control of MPPT Boost Converter
Control of Induction Motor Drive
6.4.2.1 Model Free Predictive Control Of Induction Motor
6.4.2.1.1 Autoregressive Exogenous Structure
6.4.2.1.2 Prediction using  Autoregressive
Exogenous Structure-Based Model
6.4.2.1.3 RLS-Based ARX Parameter
Estimation
6.4.2.1.4 Cost Function Evaluation

xi

117

118
118
120

120

121

125

125
126
127
128

130-164

130
131
132
132
133
133
134
135
135
136

136
138
139
139
140

141

142



6.4.2.2 Generalised Integrator Based Flux Estimation
6.4.2.2.1 SOGI Based Flux Estimation
6.4.2.2.2 Rotor Speed Estimation
6.4.2.2.3 Discrete Representation of DSOGI-
FLL

6.5 MATLAB Based Modelling and Simulation of ARX-PTC Implemented
Induction Motor Drive for LEVs

Hardware Implementation of ARX-PTC Implemented Induction Motor
Drive for LEVs

Results And Discussion

6.6

6.7

6.8 Conclusion

CHAPTER VII

7.1
7.2
7.3

7.4

6.7.1

6.7.2

General

Simulated Performance of solar/PV assisted Battery fed
Induction Motor Drive based Drivetrain

6.7.1.1 Overall Performance of ARX-PTC

6.7.1.2 Comparative Analysis of Overall Performance
6.7.1.3 Comparative Analysis Under Parameter Variation
6.7.1.4 Performance Analysis of Improved Flux Estimation
Experimental Validation of ARX-PTC implemented Induction
Motor Drive

6.7.2.1 Overall Performance of Presented ARX-PTC
6.7.2.2 Dynamic Tracking Error Comparison

CONTROL AND IMPLEMENTATION OF SOLAR PV
ASSISTED LEVs EQUIPPED WITH OPTIMUM
BATTERY VOLTAGE AND ADAPTIVE DC LINK
VOLTAGE CONTROL

Configuration of Battery fed Induction Motor Driven LEV
Design of Solar PV array Battery fed Induction Motor Driven LEVs

7.3.1
7.3.2
7.3.3
7.3.4
7.3.5

7.3.6

Design of DC-link Voltage

Selection of Battery Voltage

Selection of Roof top Solar PV Panel

Design of Inductance in Bidirectional Converter
Design of DC-link Capacitance

Design of Inductance in MPPT Converter

Control of Battery fed Induction Motor Driven LEV

7.4.1

7.4.2

Indirect Field Oriented Control

7.4.1.1 Reference Torque Generation

7.4.1.2 Reference Voltage Generation

7.4.1.3 Pulse Width Modulation

ST-SMO Based Rotor Speed and Rotor Flux Angle Estimation

xii

143
143
146
146

147

148

150
150

151
152
154
154
159

161
161
163

164-199

164
166
167
167
167
167
167

169
169

170
170
171
174
175
177



7.4.3
7.4.5

7.7 Results And Discussion

7.7.1

7.7.2

7.8 Conclusions

CHAPTER
VIII

8.1 General

7.4.2.1
7.4.2.2
7.4.2.3

ST-SMO for Induction Machine
Conventional Flux Estimation Methods
MSTOGI based Flux Estimation

Control of Bidirectional DC-DC Converter

Control of MPPT DC-DC Converter

7.5 MATLAB Based Modelling and Simulation of Solar PV Array Assisted
Induction Motor Drive for LEV

7.6 Hardware Implementation of Solar PV Assisted Induction Motor for LEV

Simulated Performance of Solar Assisted Battery fed Induction
Motor Drive based Drivetrain

7.7.1.1

7.7.1.2
7.7.1.3

Performance of IMD and Battery at Starting and
Steady State

Performance of IMD at Dynamic Conditions
Performance Analysis of MSTOGI Based ST-SMO
with Conventional Methods

Experimental Validation of Solar Assisted Battery fed
Induction Motor Drive based Drivetrain

7.7.2.1

7.7.2.2

7.7.2.3

Starting and Steady State Performance of Solar
Assisted Battery fed IMD

Transient Behaviour of Solar Assisted Battery fed
IMD

Performance of ST-SMO based Speed Estimation
of Solar Assisted Battery fed IMD

CONTROL AND IMPLEMENTATION OF REDUCED
CAPACITY SOLAR PV ASSISTED LEV EQUIPPED
WITH VSI AND DC-DC CONVERTER

8.2 Configuration of Battery Fed Induction Motor Driven Light Electric Vehicle
8.3 Design of Battery Fed Induction Motor Driven Light Electric Vehicle
Selection of DC link Voltage

Selection of Battery Voltage

Selection of Solar PV array

Design of Inductance in Boost Converter

Design of Capacitor Connected Parallel to the Battery
Design of Capacitor Connected at the DC-link

8.4 Control of Battery fed Induction Motor Driven LEV

Control of MPPT Boost Converter

Control of Bidirectional Converter

8.3.1
8.3.2
8.3.3
8.34
8.3.5
8.3.6

8.4.1
8.4.2

Xiii

178
181
183
186
186
187

188
188
188

189

189
192

194

194

195

198

199

200-232

200
201
201
202
202
203
204
204
204
205
207
207



8.4.3

8.4.4

8.4.5

Control of Induction Motor Drive

8.4.3.1 Reference Current Selection

8.4.3.2 Dead beat Predictive Current Control

Rotor Speed and Rotor Flux Angle Estimation

8.4.4.1 Reduced Order Generalized Integrator (ROGI)
Based Flux Estimation

Current Reconstruction

8.4.5.1 Curve Fitting Observer Design

8.4.5.2 Calculation of Correction Vector

8.4.5.3 Three phase Current Reconstruction Based on
Mixed SVPWM

8.5 MATLAB Based Modelling and Simulation of Solar PV Array Assisted
Induction Motor Drive For Light Electric Vehicle

8.6 Hardware Implementation Of Solar PV Assisted Induction Motor For Light
Electric Vehicle

8.7 Results And Discussion

8.7.1

8.7.2

8.8 Conclusion

CHAPTER IX

9.1 General

Simulated Performance of Solar Assisted Battery fed Induction

Motor Drive based Drivetrain

8.7.1.1 Performance of IMD and Battery at Starting and
Steady State

8.7.1.2 Performance of IMD and Battery at Dynamic
conditions

8.7.1.3 Performance Analysis of ROGI Based Speed
Estimation

8.7.1.4 Performance Analysis of Current Reconstruction
Algorithm

Experimental Evaluation of Solar Assisted Battery fed

Induction Motor Drive based Drivetrain

MAIN CONCLUSION AND SUGGESTION FOR
FURTHER WORK

9.2 Main Conclusion
9.3 Suggestions for Further Work

REFERENCES

LIST OF PUBLICATIONS

BIODATA

Xiv

207
208
209
212
213
216
217
218
221
222
222

222
222

223

224

227

229

231

233

234-240

234

235

239

241-252

253

256



Fig.
Fig.
Fig.

Fig.

Fig.

Fig

Fig.
Fig.
Fig.

Fig. 3.10

3.1

3.2

3.3

3.4

3.5

3.6

3.7

3.8

Fig.4.1

Fig.4.2

Fig.4.3

Fig.4.4

Fig.4.5

Fig.4.6

Fig.4.7

Fig.4.8

LIST OF FIGURES

Axle properties of drivetrain
Calculation of total tractive effort
Stator and rotor windings of three phase induction motor

Reference frame transformation: Stationary ‘abc’ axis to stationary (of)
reference frame and rotating arbitrary (dq) reference frame

General schematic of model used in the proposed work

Battery fed IMD for LEV

Battery fed IMD with DC-DC converter for LEV

Battery fed solar PV array assisted IMD for LEV

Battery fed solar PV array assisted IMD with DC-DC converter for LEV

Battery fed reduced capacity solar PV array assisted IMD with DC-DC
converter for LEV

Configuration of battery fed induction motor drive
Equivalent circuit of induction motor with stator and rotor iron loss
Simplified equivalent circuit of induction motor with stator and rotor iron loss

Optimal current trajectory in ig-iq plane (a) Constant torque region (b) constant
power region (c) constant slip region

Steady state optimal operating points for different speed and torque: (a) isd(opt)
(b) isqrop)

Flow chart of optimal operating point selection
Schematic diagram of RFOC of induction machine

Bode plot of Ginv(s) (Approximated transfer function of the inverter and PWM
delay in current control loop)

XV



Fig.4.9

Fig.4.10
Fig.4.11
Fig.4.12
Fig.4.13
Fig.4.14
Fig.4.15
Fig.4.16

Fig.4.17

Fig.4.18
Fig.4.20
Fig.4.21

Fig.4.22

Fig.4.23

Fig.4.24

Fig.4.25

Fig.4.26

Fig.4.27

Fig.4.28

d axis current control loop of FOC of induction motor

g axis current control loop of FOC of induction motor

Bode plot for current controller transfer function

Magnetising characteristics of induction machine

Block diagram of MRAS and ST-SMO based estimation

Picture of experimental prototype

(a) Circuit diagram of voltage sensor circuit (b) voltage sensor circuit
Circuit Diagram of current sensor circuit (b) Current sensor circuit

Amplification and Isolation Circuits: (a)The schematic diagram of opto-
isolation (b) opto-coupler board.

Architecture of dSSPACE 1202 (b) dSPACE 1202 CLP 200
Starting behaviour of optimum operating points based FOC
Field weakening behavior of optimum operating points based RFOC

Transient behavior of optimum operating points based RFOC (a). At rated load
condition (b). At 14.28% rated load

Power consumption comparison of constant flux based RFOC with optimum
flux based RFOC: (a) At rated load torque (b). At 14.28% of load

Comparative analysis: Acceleration performance (a) Algorithm givenin [], (b)
Presented algorithm.

Comparative analysis: Deceleration performance (a) Algorithm given in [], (b)
Presented algorithm.

Steady state performance analysis at various speed with 1Nm load (a-b) 150
rad/s, (c-d) 41.88 rad/s

Steady state performance analysis at various load at 73.3 rad/s: (a) At 8 Nm
load torque, (b) At 13 Nm load torque

Dynamic performance analysis at rated load: (a) Deceleration performance,
(b) Acceleration performance

XVi



Fig.4.29

Fig.4.30

Fig.4.31

Fig.4.32

Fig.4.33

Fig.5.1

Fig.5.2

Fig.5.3

Fig.5.4

Fig.5.5

Fig.5.6
Fig.5.7

Fig.5.8

Fig.5.9

Fig.5.10

Fig.5.11

Dynamic performance analysis at 28.57 of rated speed: (a) Abrupt load
addition (25% of rated to rated), (b) Abrupt load removal (rated to 25% of
rated)

Performance analysis of induction motor at zero speed: (a) 5rad/s to 0 rad/s &
0 rad/s to 5 rad/s (b) 5rad/s to 0 rad/s & O rad/s to -5 rad/s.

Fig.4.31 Estimation of parameter at different speed: (a) Acceleration operation
(b) Deceleration operation

Fig.4.32 Comparative analysis of steady state loss minimization method

Fig.4.33 Comparative analysis of transient response: (a) Maximum dTe/dt
method [7] (b) Implemented instantaneous torque method

Configuration of optimal Battery Voltage fed Induction Motor drive based
drive train

Space vectors of stator flux linkage, rotor flux linkage, stator current space
vectors

Hysteresis controllers (a). Flux hysteresis Controller (b). Torque hysteresis
controller

Voltage vectors with switching sequences and sectors

Fig. 5.5 Selection of voltage vectors; (a) when stator flux vector in Sec 1 (b)
(a) when stator flux vector in Sec 2

DTC based control architecture for battery fed IMD drivetrain
Adaptive full order observer based speed and flux estimation

Timing sequence diagram of controller: (a) ideal case (b) with time delay (c)
with time delay compensation

PTC based control architecture for battery fed IMD drivetrain

Starting performance of DTC implemented IM drive (a-b) Motor parameters
(c) Battery parameters

Performance of DTC implemented IM drive (a) Reverse operation (b) Field
weakening

XVii



Fig.5.12

Fig.5.13

Fig.5.14

Fig.5.15

Fig.5.16

Fig.5.17

Fig.5.18

Fig.5.19

Fig.5.20

Fig.5.21

Fig.5.22

Fig.5.23

Dynamic response of DTC implemented battery fed IM drive under step
change speed (a-b) During acceleration (c) During deceleration

Dynamic response of DTC implemented battery fed IM drive under step
change in load: (a-b) At operating speed of 150.79 rad/s (c-d) At operating
speed of 20 rad/s

Performance indices during steady state operation. (a) Rotor speed at 500 rpm.
(b) Rotor speed at 700 rpm. (c) Rotor speed at 1000 rpm

Performance indices during dynamic operation of the vehicle with DTC. (a)
Acceleration of the vehicle from 400 rpm to 1200 rpm. (b) Acceleration of the
vehicle from 300 rpm to 700 rpm and 700 rpm to 1200 rpm. (c) Deceleration
of the vehicle from 1200 rpm to 500 rpm. (d) Deceleration of the vehicle from
1200 rpm to 700 rpm and 700 rpm to 500 rpm

Various performance of SM-PTC implemented IM drive (a). Starting
Performance (b). Reverse operation (c). Field weakening operation (d) Low
slew rate starting

Comparison of dynamic response of 1M under step change in load torque. (a-
b) Performance of SM — PTC and conventional PTC with sudden load
increase.(c-d)Performance of SM — PTC and conventional PTC with sudden
load decrease

Comparison of acceleration performance of IM (a) SM — PTC implemented
(b) Conventional PTC implemented

Comparison of deceleration performance of IM (a) SM — PTC implemented
(b). Conventional PTC implemented

Performance indices during steady state operation. (a) Rotor speed, flux,
torque and stator current at 15% rated load (b) Rotor speed, flux, torque and
stator current at 85% rated load.

Performance during dynamic condition (a) Acceleration of EV from 21 rad/s
to 73.3 rad/s and 73.3 rad/s to 150.8 rad/s (b) Deceleration of EV from 150.8
rad/s to 73.3 rad/s and 73.3 rad/s to 21 rad/s.

Performance during dynamic condition (a) Reverse operation from 52.36 rad/s
to -52.36 rad/s (b) Reverse operation from -52.36 rad/s to 52.36 rad/s.

Performance during dynamic condition (a) Abrupt load increase from 2 Nm to
12 Nm (b) Abrupt load decrease from 12 Nm to 2 Nm

XViii



Fig.5.24
Fig.5.25
Fig.6.1
Fig.6.2
Fig.6.3
Fig.6.4

Fig.6.5

Fig.6.6
Fig.6.7

Fig.6.8

Fig.6.9
Fig.6.10

Fig.6.11

Fig.6.12

Fig.6.13

Fig.6.14

Fig.6.15

Fig.6.16

Fig.6.18

Comparison analysis of dynamic operation. (a) C-PTC (b) SM-PTC
Comparison analysis of steady state performance. (a) C-PTC (b) SM-PTC
Configuration of solar/PV battery assisted IMD

Flow chart of adapted P&O algorithm

Control diagram of ARX-structure based predictive torque control
Flowchart of RLS algorithm

Discrete Structure of DSOGI-IFLL based Flux Estimation: (a) « axis
component (b) p axis component (c) IFLL structure

Starting behavior of ARX-PTC
Steady-state and transient behaviours of ARX-PTC

Comparative Analysis (a)Standard Deviation in Torque (b). Standard
Deviation in Flux (c). % Stator Current THD

Comparative analysis (a) C-PTC (b) ARX-PTC
Comparative analysis (a) C-PTC (b) ARX-PTC

Estimated flux trajectories with time: (a) Pure integrator (b) SOGI-FLL (c)
DSOGI-FLL

Performance IM with superimposed voltage bias: (a)SOGI-FLL (b) DSOGI-
FLL (c) DSOGI-IFLL

Performance IM with superimposed current bias: (a)SOGI-FLL (b) DSOGI-
FLL (c) DSOGI-IFLL

Dynamic tracking analysis of resonant frequency:(a) Acceleration
Performance (b) Magnitude acceleration tracking error(c) Deceleration
Performance (d) Magnitude deceleration tracking error

Starting Performance of ARX-PTC algorithm-based IM

Predicted flux and current components of ARX-PTC algorithm, (a) at 52.35
rad/s (b) at 125.67 rad/s

Performance analysis of ARX-PTC based IM with sudden change in load
torque. (a) Increase in load torque (b) Decrease in load torque.

XiX



Fig.7.1
Fig.7.2
Fig.7.3
Fig.7.4
Fig.7.5
Fig.7.6
Fig.7.7
Fig.7.8
Fig.7.9
Fig.7.10
Fig.7.11
Fig.7.12
Fig.7.13

Fig.7.14

Fig.7.15

Fig.7.16
Fig.7.17

Fig.7.18

Fig.7.19

Fig.7.20

Configuration of solar PV assisted battery fed induction motor drive
Block Diagram of overall control algorithm

Control Architecture of IFOC with SVPWM

The tractive effort components

Switching sequence and corresponding voltage vectors of 3¢ 2 level inverter
Structure of ST-SMO based speed estimation

Structure of low pass filter

Structure of SOGI

Structure of MSTOGI

Frequency response analysis of MSTOGI for various resonant frequencies
Comparative analysis of MSTOGI with other integrators

Control diagram of bidirectional DC-DC converter.

Flow chart of incremental conductance algorithm

Starting characteristics: (a) Performance indices if IM (b). Performance
indices of battery

Performance of induction motor while integration of solar: (a) Performance
indices of IM (b) Performance indices of battery

Performance of induction motor at various speed conditions
Comparative analysis of various speed estimation techniques

The 2D representation of estimated rotor flux using different integrators (a)
Pure integrator (b) LPF (c) MSTOGI -1

The comparative analysis of speed error while variation in the measured
voltage (a) Pure integrator (b) LPF (c) MSTOGI

The comparative analysis rotor flux position estimation during variation in
measured voltage

XX



Fig.7.20

Fig.7.21

Fig.7.22

Fig.7.23

Fig.7.24

Fig.7.25

Fig.7.26

Fig.7.27

Fig.7.28

Fig.7.29

Fig.8.1

Fig.8.2
Fig.8.3
Fig.8.4
Fig.8.5
Fig.8.6
Fig.8.7

Fig.8.8

The comparative with injection of DC-offset (a) Pure integrator (b) LPF (c)
SOGI (d) MSTOGI-I

Performance characteristics of induction motor during steady state (a) At rated
speed (b) 28.71% of rated speed

Performance characteristics of induction motor: (a) Reverse operation
(b)Stator currents during reverse performance.

Performance characteristics of induction motor (a) Transition from 14.21%
load to 85 % load (b) Transition from 85% to 14.21% load torque

Acceleration characteristics of induction motor (a) Primary performance
indices &(b) Secondary performance indices

Performance characteristics of induction motor (a) Currents during
acceleration (b) stator currents during braking

Braking characteristics of induction motor (a) Primary performance indices
(b) Secondary performance indices

Performance during solar insolation change (a) Characteristics of solar PV (b)
Characteristics of battery

Performance characteristics ST-SMO based speed estimation : (a) Starting
Performance (b) Steady-state performance

Performance characteristics ST-SMO based speed estimation (a) Deceleration
characteristics (b) Acceleration characteristics

Configuration of battery fed reduced capacity solar PV assisted induction
motor drive based drive train

Flow chart of modified perturb and observe algorithm
Control diagram of bidirectional DC-DC converter control
Control architecture of DPCC incorporated IFOC

Voltage control based reference current selection algorithm
Control architecture of DPCC

The structure of ROGI-FLL based stator flux estimation

Multi-layer ROGI

XXi



Fig.8.9

Fig.8.10

Fig.8.11

Fig.8.12

Fig.8.13

Fig.8.14

Fig.8.15

Fig.8.16

Fig.8.17

Fig.8.18

Fig. 8.19

Fig.8.20

Fig.8.21

Fig.8.22

Voltage vectors and their corresponding switching sequence of 3phase 2 level
inverter

Observer architecture of three phase current estimation

Starting characteristics battery fed IMD: (a) Performance indices if IM (b).
Performance indices of battery with solar PV

Dynamic characteristics of IMD: (a) Acceleration characteristics (b)
Deceleration characteristics (c) Various load conditions.

Dynamic characteristics of battery fed IMD: (a) Characteristics of motor (b)
Characteristics of solar PV with battery

Dynamic characteristics of battery fed IMD with solar insolation change: (a)
Characteristics of solar PV with battery (b) Characteristics of motor.

Frequency response analysis of ROGI-I

Performance analysis of ROGI based speed estimation at various speed
conditions. (a) Rated Speed (150.79 rad/s) (b) Half the rated speed (75 rad/s)
(c) Negative speed condition (-75 rad/s)

Performance analysis of ROGI based speed estimation: (a) With injected DC
bias Avs, = Avig = +20 V at 0.4 s measured voltage (b) With injected DC bias
Ais =2 A at 0.4 s at measured current

Performance Characteristics of Induction motor: (a) Starting (b) steady state
operation

Performance Characteristics of Induction motor: Deceleration characteristics
(d) Acceleration characteristics

Performance characteristics of induction motor: (a) Increase in load torque (b)
Decrease in load torque

Analysis of ROGI based speed estimation: (a) Steady state condition
(b)Estimated flux components (c) Acceleration performance (d) Braking

Analysis of estimated currents: (a) Steady state condition (b) Acceleration
performance (c) Deceleration performance

XXii



Table 3.1
Table.3.2
Table 5.1
Table 5.2
Table 5.3
Table 5.4
Table 5.5
Table 5.6
Table 6.1
Table 6.2
Table 6.3
Table 6.4
Table 6.5
Table 6.6
Table 6.7
Table 7.1
Table 8.1
Table 8.3
Table 8.4

LIST OF TABLES

Specification details of the different types of LEVs
Required ratings of propulsion motor of various LEVs
Calculation of Bidirectional DC-DC Converter Components
Calculation of DC link capacitor

Calculation of ratings of voltage source inverter

Switching Vector Selection Lookup Table

Comparison of C-PTC and SM-PTC

Comparison of C-PTC and SM-PTC

Calculation of DC-link Voltage

Specification of PV array system

OPAL-RT Specifications

Comparative Analysis under Parameter Variation (Lm=0.5 pu; Rs =1.5 pu)
Comparison with DC-Drift in Measured Voltage
Comparison With DC-Drift in Measured Current

Harmonic Analysis of Estimated Flux

Seven segment sequence of sectors

Specification of PV Array System

DC-link current corresponding to the active voltage vectors

Modified Seven segment switching sequence for current estimation

xxili



LIST OF ABBREVIATIONS

AC Alternating Current

ADR Adaptive Disturbance Rejection

AFO Adaptive Full order Observer

ARAI Automotive Research Association Of India
ARX Auto Regressive Exogenous

DC Direct Current

DOD Depth of Discharge

DSOGI Dual Second Order Generalised Integrator
DSP Digital Signal Processing

DTC Direct Torque Control

EMF Electro Motive Force

FLL Frequency Locked Loop

FOC Field Oriented Control

Gl Generalised Integrator

IFOC Indirect Field Oriented Control

IGBT Insulated Gate Bipolar Transistor

LEVs Light Electric Vehicles

LPF Low Pass Filter

LUT Lookup Table

MIMO Multi Input Multi Output

MPC Model Predictive Control

MPPT Maximum Power Point Tracking

MTPL Maximum Torque per Power Loss
MVSVPWM Mixed Vector Space Vector Pulse Width Modulation
OOP Optimized Operating Points

PCC Predictive Current Control

PO Perturb and Observe

PTC Predictive Torque Control

XXiv



PV Photo voltaic

RLS Recursive Least Square

SCFO Sinusoidal Curve Fitting Observer
SD Standard Deviation

SMO Sliding Mode Observer

SOC State of Charge

SVM Space Vector Modulation

THD Total Harmonic Distortions

VSI Voltage Source Inverter

XXV





