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ABSTRACT

This thesis deals with an efficiency optimization method of the induction motor (IM) through the
variation of the different design parameters. To achieve this goal, the flux in the airgap, in the
yoke, in the teeth is modified according to an optimal flux table computed off-line for all possible
operating points. The design of this motor is achieved through a combined approach of design of
experiments (DOE) with one of the optimization algorithms. The design and parameter constraints
are function of the geometry of the motor. The proposed optimization method is implemented, and
optimized motor then tested for the field-oriented control, to show the genericity of the proposed
approach. The validation is carried on an experimental test bench for six induction motors of
different power ratings. The results obtained show the reduction of the losses in the motor, thus an
improvement of the overall efficiency while preserving a satisfactory dynamic behavior.
Consequently, the optimization of the energy efficiency is validated for the six developed motors
for different low power applications i.e., fan application, pump application and electric vehicle
application. In addition to the validation of the simulation results, the proposed approach is
compared to existing conventional standard motors to assess its improvement.

The performance of the induction motor is changed by changing its core length, shape of stator
slots, shape of rotor slots or the diameter of the core, material of the stampings, material of the
casting i.e., aluminum or copper in the rotor, skew angle, and air gap length. In the variable
frequency drive, the first two requirement of high starting torque and low starting current are taken
care by voltage source inverter (VSI). Therefore, this work focuses on the efficiency improvement

of the motor. In this case, the design and construction of induction motors are based on standard



motors with standardized frame sizes and dimensions, however, with modifications for converter
operation.

The utilization of solar photovoltaic (PV) energy in water pumping is conservative particularly
in isolated regions where the transmission of power is either impractical or exorbitant. In this
research work, various topologies for solar PV array fed water pumping are developed using an
induction motor drive. A high efficiency induction motor substantially reduces the size of PV array
and hence its installation cost. Moreover, its high-power factor results in a reduced capacity of the
used voltage source inverter (VSI). Therefore, in this work, mechanical sensorless control of an
induction motor drive is investigated with fast speed control and better stability. The motor flux is
optimized, and the total losses are minimized in partial loading condition. The system is made
simplified and cost-effective by reducing the number of voltage and current sensors and all
parameters are estimated through the sensed DC link voltage and DC link current. The system
possesses a maximum power point tracking (MPPT) of the PV array by introducing a DC-DC
boost converter between the PV array and a VSI, feeding the motor. The work is extended towards
an elimination of a DC-DC converter and a single stage PV array fed induction motor drive is also
investigated for water pumping.

A promising case of interruption in the water pumping due to the intermittency of PV power
generation is resolved by using a single-phase utility grid as an external power backup. A grid
interacted PV array and its control are demonstrated to get a reliable and fully utilized water
pumping with an induction motor such that the pumping is not affected by an intermittency of
solar PV array generation. The power is drawn from the grid in case the PV array is unable to meet
the required power demand. Both unidirectional and bidirectional power flow controls are

implemented for a grid interfaced PV array fed induction motor driven water pump. The
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bidirectional power flow control-based topology offers an additional merit of feeding power to the
utility grid by the installed PV array, in case the water pumping is not required. This practice leads
to a full utilization of installed resources. Moreover, it emerges as a source of earning by sale of
electricity to the utility. The maximum power point (MPP) operation of a PV array, and power
quality (PQ) standards such as power factor and total harmonic distortion (THD) of the grid current
as per IEEE-519 standard, are met by this system.

A single-phase grid fed fan type load profile system operated by a mechanical sensorless
induction motor drive suitable to work in complete speed range is developed and a unidirectional
power flow control for the same is developed and realized through a power factor corrected (PFC)
boost converter. This research work also aims on the power factor correction in the induction motor
drive for fan application with the speed control. A power factor corrected (PFC) boost converter
is utilized for the development of the system. A full speed range of a fan with enhanced power
quality during normal and abnormal grid voltage conditions is achieved by using this system. The
system is simulated and analyzed under variable speed and load conditions, during both the normal
and weak grid, for a fan type load profile.

Hike in price due to limited and rapidly exhausting oil deposition have forced the
automobile industry to find economically feasible alternative sources of energy to drive them
forward. In this context, the use of a battery operated EV’s becomes poignantly significant all over
the world. Not much effort has been taken to counter this crisis, especially in developing countries
such as India due to the non-availability of technology and expert knowledge in this domain. This
research work elaborates the design and development of EV drive motors using die-cast copper

rotor technology and regulating it with an economic and efficient drive controller.
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All the proposed configurations are modeled and simulated using MATLAB/Simulink
platform to demonstrate their performance during starting, dynamics and steady state conditions.
Simulated results are verified through test results obtained from hardware implementation using a
developed prototype in the laboratory. The applicability and commercial potential of proposed
systems are justified by their in-depth analysis based on efficiency, cost, simplicity, and

performance.
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Winding Design Specifications of 0.75kW 4-pole induction motor

Winding Design Specifications of 1.5kW 4-pole induction motor

Winding Design Specifications of 2.2 kW 4-pole induction motor

Selection of number of rotor slots

Selection of Air-gap Length

Comparison of different optimization algorithm for designing of a 0.75kW 4-
pole three phase induction motor

Optimized single-objective and multi-objective analysis of 0.75kW 4-pole three
phase induction motor by using DOE/PSO combined approach

Optimized slot design of 0.75kW 4-pole three phase induction motor by using
DOE/PSO combined approach

Optimized slot design of 1.5kW 4-pole three phase induction motor by using
DOE/PSO combined approach

Optimized slot design of 2.2kW 4-pole three phase induction motor by using
DOE/PSO combined approach
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Table 3.25

Table 3.26
Table 3.27

Table 3.28

Table 3.29

Table 3.30

Table 3.31

Table 3.32

Table 3.33

Table 3.34

Table 3.35

Table 3.36

Table 3.37

Table 3.38

Table 3.39

Table 3.40

Table 3.41

Table 3.42

Table 3.43

Table 3.44

Comparison of calculations of total ampere turns for 0.75kW 4-pole induction
motor
Comparison of calculations for flux-density for 0.75kW 4-pole induction motor

Comparison of calculations of total ampere turns for 1.5kW 4-pole 220V three-
phase induction motor

Comparison of calculations of total flux-density forl.SkW 4-pole 220V three-
phase induction motor

Comparison of calculations of total ampere turns for 2.2kW 4-pole induction
motor

Comparison of calculations of total flux-density for 2.2kW 4-pole induction
motor

Terminal resistance of the stator winding of the developed three-phase induction
motors at ambient temperature (Cold Resistance)

Terminal resistance of the developed 2.2kW, 1.5kW and 0.75kW three-phase
induction motor after heat-run test (Hot Resistance)

Temperature-rise of the developed 2.2kW, 1.5kW and 0.75kW three-phase
induction motor (ALRT) as per resistance method described in the IEC60034-
1:2017

Parameter monitored during the temperature-rise test of the developed 2.2kW
230V three-phase induction motor (ALRT) ap per the IEC60034-1:2017
(reading after every 30 minutes)

Parameter monitored during the temperature-rise test of the developed 1.5kW
220V three-phase induction motor (ALRT) ap per the IEC60034-1:2017
(reading after every 30 minutes)

Parameter monitored during the temperature-rise test of the developed 0.75kW
230V three-phase induction motor (ALRT) ap per the IEC60034-1:2017
(reading after every 30 minutes)

Parameter monitored during the temperature-rise test of the developed 2.2kW
230V three-phase induction motor (CuRT) ap per the TEC60034-1:2017
(reading after every 30 minutes)

Parameter monitored during the temperature-rise test of the developed 1.5kW
220V three-phase induction motor (CuRT) ap per the IEC60034-1:2017
(reading after every 30 minutes)

Parameter monitored during the temperature-rise test of the developed 0.75kW
230V three-phase induction motor (CuRT) ap per the TEC60034-1:2017
(reading after every 30 minutes)

No-load test performed at different voltage levels of the developed 2.2kW 230V
three-phase induction motor (ALRT) ap per the [IEC60034-1:2017.
Calculations of the friction-windage loss and core-loss of the developed 2.2kW
230V three-phase induction motor (ALRT) ap per the IEC60034-1:2017
No-load test performed at different voltage levels of the developed 1.5kW 220V
three-phase induction motor (ALRT) ap per the IEC60034-1:2017
Calculations of the friction-windage loss and core-loss of the developed 1.5kW
230V three-phase induction motor (ALRT) ap per the IEC60034-1:2017
No-load test performed at different voltage levels of the developed 0.75kW
230V three-phase induction motor (ALRT) ap per the IEC60034-1:2017
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Table 3.45

Table 3.46

Table 3.47

Table 3.48

Table 3.49

Table 3.50

Table 3.51

Table 3.52

Table 3.53

Table 3.54

Table 3.55

Table 3.56

Table 3.57

Table 3.58

Table 3.59

Table 3.60

Table 3.61

Table 3.62

Table 3.63

Table 3.64

Table 3.65

Table 3.66

Calculations of the friction-windage loss and core-loss of the developed 0.75kW
230V three-phase induction motor (ALRT) ap per the IEC60034-1:2017

No-load test performed at different voltage levels of the developed 2.2kW 230V
three-phase induction motor (CuRT) ap per the IEC60034-1:2017

Calculations of the friction-windage loss and core-loss of the developed 2.2kW
230V three-phase induction motor (CuRT) ap per the IEC60034-1:2017
No-load test performed at different voltage levels of the developed 1.5kW 220V
three-phase induction motor (CuRT) ap per the IEC60034-1:2017

Calculations of the friction-windage loss and core-loss of the developed 1.5kW
220V three-phase induction motor (CuRT) ap per the IEC60034-1:2017
No-load test performed at different voltage levels of the developed 0.75kW
230V three-phase induction motor (CuRT) ap per the IEC60034-1:2017
Calculations of the friction-windage loss and core-loss of the developed 0.75kW
230V three-phase induction motor (CuRT) ap per the IEC60034-1:2017
Calculations of the loss components of the developed 2.2kW 230V three-phase
induction motor (ALRT) ap per the IEC60034-1:2017

Load curve at different loads of the developed 2.2kW 230V three-phase
induction motor (ALRT) ap per the IEC60034-1:2017

Calculations of the loss components of the developed 1.5kW 220V three-phase
induction motor (ALRT) ap per the IEC60034-1:2017

Load curve at different loads of the developed 1.5kW 220V three-phase
induction motor (ALRT) ap per the IEC60034-1:2017

Calculations of the loss components of the developed 0.75kW 230V three-phase
induction motor (ALRT) ap per the IEC60034-1:2017

Load curve at different loads of the developed 0.75kW 230V three-phase
induction motor (ALRT) ap per the IEC60034-1:2017

Calculations of the loss components of the developed 2.2kW 230V three-phase
induction motor (CuRT) ap per the IEC60034-1:2017

Load curve at different loads of the developed 2.2kW 230V three-phase
induction motor (CuRT) ap per the IEC60034-1:2017

Calculations of the loss components of the developed 1.5kW 220V three-phase
induction motor (CuRT) ap per the IEC60034-1:2017

Load curve at different loads of the developed 1.5kW 220V three-phase
induction motor (CuRT) ap per the IEC60034-1:2017

Calculations of the loss components of the developed 0.75kW 230V three-phase
induction motor (CuRT) ap per the IEC60034-1:2017

Load curve at different loads of the developed 0.75kW 230V three-phase
induction motor (CuRT) ap per the IEC60034-1:2017

Lock rotor test measured for developed 2.2kW 230V three-phase induction
motor (ALRT)

Lock rotor test measured for developed 1.5kW 4-Pole three-phase induction
motor (ALRT)

Lock rotor test measured for developed 0.75kW 4-Pole three-phase induction
motor (ALRT)
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Table 3.67

Table 3.68

Table 3.69

Table 3.70

Table 3.71

Table 3.72

Table 3.73
Table 3.74
Table 3.75
Table 4.1
Table 4.2
Table 4.3
Table 4.4
Table 4.5
Table 4.6
Table 4.7
Table 4.8
Table 4.9
Table 4.10
Table 4.11
Table 4.12

Table 4.13

Table 5.1
Table 5.2

Table 6.1
Table 6.2

Table 7.1
Table 7.2

Lock rotor test measured for developed 2.2kW 4-Pole three-phase induction
motor (CuRT)

Lock rotor test measured for developed 1.5kW 4-Pole three-phase induction
motor (CuRT)

Lock rotor test measured for developed 0.75kW 4-Pole three-phase induction
motor (CuRT)

Starting Current measured for developed high efficiency three-phase induction
motor

Stating Torque measured for developed high efficiency three-phase induction
motor

Comparative data for loss component of 0.75kW 4-pole three-phase induction
motor

Comparative data for loss component of 1.5 kW 4-pole induction motor

Comparative data for loss component of 2.2 kW 4-pole induction motor
Comparative starting performance data

PV Array design (Simulation Data)

PV Module (Simulation Data)

Calculation for Boost Converter

Calculation for DC Link Capacitor

Calculation of DC Link Voltage

Calculation of VA rating of VSI

PV Array Design for Single Stage System (Simulation Data)

PV Module (Simulation Data)

Calculation for DC Link Capacitor

Calculation of DC Link Voltage

Calculation of payback of incremental investment for improved design motor

Calculation of direct saving in costs by using improved design motor and
hardware in two stage standalone PV array fed water pumping system
Calculation of direct saving in costs by using improved design motor and
hardware in single stage standalone PV array fed water pumping system
Calculation of payback of incremental investment for improved design motor

Calculation of direct saving in costs by using improved design motor and
hardware in unidirectional grid interfaced solar PV array fed water pumping
system

Calculation of payback of incremental investment for improved design motor

Calculation of direct saving in costs by using improved design motor and
hardware in bidirectional grid interfaced solar PV array fed water pumping
system

Calculation of DC Link Voltage

Calculation of DC Link Capacitor
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Table 7.3 Calculation of VSI

Table 7.4 Power quality performance of the utility grid
Table 7.5 Calculation of payback of incremental investment for improved design motor
Table 8.1 Calculation of DC Link Capacitor

Table 8.2 Calculations for VSI Rating
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EEC
MEC
FEM
GA
PSO
QNA
DOE
CAD
ALRT
CuRT
AT
PV
EV
PMSM
DC
BLDC
MPPT
VSI
PQ
THD
IEEE
PD
SVM
VSC
PFC
MNRE
BIS
IEC
CEC
M
PMSM
SRM

LIST OF ABBREVIATIONS

Electrical Equivalent Circuit

Magnetic Equivalent Circuit

Finite Element Method

Genetic Algorithm

Particle Swarm Optimization

Quasi Newton Algorithm

Design of Experiments

Computer Aided Design

Aluminium Rotor

Copper Rotor

Ampere Turns

Photovoltaic

Electric Vehicle

Permanent Magnet Synchronous Motor
Direct Current

Brushless DC

Maximum Power Point Tracking
Voltage Source Inverter

Power Quality

Total Harmonics Distortion

Institute of Electrical and Electronics Engineers
Positive Displacement

Space Vector Modulation

Voltage Source Converter

Power Factor Correction

Ministry of New and Renewable Energy
Bureau of Indian Standards
International Electrotechnical Commission
Clean Energy Council

Induction Motor

Permanent Magnet Synchronous Motor

Switched Reluctance Motor
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SyRM
P&O
CSC
MRAS
EMF
PI
FOC
AC
BES
IMD
IGBT
DSP
DSO
CPU
ADC
DAC
SPS
DTC
SOC
UVT
STC
LPF
PLL
DRAM
SOGI

Synchronous Reluctance Motor
Perturb and Observe

Canonical Switching Cell

Model Reference Adaptive System
Electromotive Force

Proportional Integral
Field-Oriented Control

Alternating Current

Battery Energy Support

Induction Motor Drive

Insulated Gate Bipolar Transistor
Digital Signal Processor

Digital Signal Oscilloscope
Central Processing Unit

Analog to Digital Converter
Digital to Analog Converter

Sim Power System

Direct Torque Control

State of Charge

Unit Vector Template

Standard Temperature and Pressure
Low Pass Filter

Phase-Locked Loop

Dynamic Random-Access Memory

Second Order Generalized Integral
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Vmpp D) Vmp

1 mpps 1 mp
Voca, Voc

Lsca, Ise
Vv, Loy
Nser, Npar
Pup

D
Js

Tow

L;

Al

Vi, 1L

VD, Vsw
Cc

Ve, Vacr
Lac

a

ia

Vo, Vi-L
m

Vst, Ivst
Ky and K;
K

P

wsi, We and wp
Oref

va, Vb and ve
Va, VB

la, I

Ya, VB, Ys

War, Ypr, Yr
Lr, Ls, Lm
L, Lis

LIST OF SYMBOLS

Solar PV voltage (V) of one module and one array at MPP
Solar PV current (A) of one module and one array at MPP
Open-circuit voltage (V) of one module and one array
Short-circuit current (A) of one module and one array
Solar PV array voltage (V) and current (A)

Number of series and parallel modules

Solar PV power of one array at MPP

Duty ratio

Switching frequency of boost inductor

Time period of VSI

Boost inductor

Ripple allowed in converter current

Boost inductor voltage (V), inductor current (A)

Diode voltage, switch voltage in boost converter

DC link capacitor

DC link voltage, maximum ripple allowed in DC link voltage
DC link current

Overloading factor

Motor phase current

Phase voltage, line voltage of induction motor
Modulation index

Voltage rating of VSI, current rating of VSI

Voltage safety factor, current safety factor

Pump constant

Rated power of induction motor

Slip speed, synchronous speed and motor speed in rad/s
Reference speed

Phase voltages (V) of induction motor

Voltages in a-f domain

Motor currents in a-f domain

Fluxes in a-f domain, resultant flux

Rotor fluxes in stationary reference frame, resultant flux
Rotor inductance, stator inductance and mutual inductance
Rotor leakage inductance, stator leakage inductance
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Ry, Rs

*
des R des

lds lds
s

Rotor resistance, stator resistance
Reference voltage (V)
Reference d-axis flux (Wb), actual d-axis flux (Wb)

Reference d-axis current (A), actual d-axis current (A)

Reference g-axis current (A), actual g-axis current (A)

Reference developed torque (Nm), estimated developed torque (Nm)

Number of poles

Pump torque (Nm)

Efficiency (%)

Battery voltage

Fundamental frequency (rad/s)

Switching frequency of PFC boost converter
PFC boost inductor

Ripple allowed in PFC boost inductor current
Resistance () and capacitance (uF) of RC filter
Switching time of PFC boost converter

Grid voltage (V), grid current (A) of single-phase utility grid
Interfacing inductor

Winding Pitch

Pole Pitch measured as slot pitch

Slot per pole per phase

No of total phases

Current Density for the stator windings (A/mm?)
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