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ABSTRACT

The main focus of this research work lies in developing a reliable and efficient multi-
phase drive for variable speed wind energy conversion system (WECS) and power electronic
interface (PEI) for plug-in electric vehicles (PEVs). Multiphase machine considered in this
work consists of two three-phase sets spatially phase shifted by thirty electrical degrees, i.e., a
six-phase machine. As the angular difference between two consecutive phases is not symmet-
rical, this machine is referred as asymmetrical six-phase induction machine (ASIM). When
compared to a symmetrical six-phase machine, this asymmetrical configuration eliminates
the sixth harmonic torque pulsation when supplied from a voltage source converter. The neu-
trals of both three-phase sets are kept isolated to avoid physical fault propagation between
the two winding sets.

In first part of the thesis, a detailed mathematical modeling of ASIM and six-phase voltage
source converter is developed for simulation purposes. In the later part, three different exist-
ing space vector pulse width modulation (SVPWM) techniques are analyzed for ASIM sup-
plied from two three-phase voltage source converters (VSCs). A modified SVPWM method
is also proposed for the ASIM drive. Harmonic components in the phase currents and phase
voltages are analyzed for all the four different SVPWM schemes.

A simple indirect rotor field oriented control (IRFOC) methodology for the ASIM is
developed, and the satisfactory SVPWM emerged from the previous analysis is utilized. The
main objective of this control is to eliminate the unbalanced currents between two three-phase
sets and asymmetries associated with switching harmonics. Proposed IRFOC also consists
of an additional loop for the resilient speed control under input load disturbances without any
additional PI controllers.

Thereupon the ASIM drive with indirect rotor field oriented control is operated as grid-
connected variable speed generator for wind energy conversion systems. Back to back con-
nected voltage source converters (VSCs) are utilized for interfacing asymmetrical six-phase
induction generator (ASIG) with the grid. Machine side consists of two parallel converters
for IRFOC. Maximum power is extracted at different wind speeds by operating the generator
at a certain optimum speed. IRFOC operates the machine at this optimum speed and maxi-

mum power point tracking (MPPT) with power speed curve of the wind turbine is utilized to



estimate the optimum speed. At grid side, a three-level converter is controlled grid vector-
oriented control (GVOC) for maintaining DC link voltage, and to regulate the flow of reactive
power between grid and generator. A comparative analysis of ASIG with conventional three-
phase induction generator in the same machine frame is performed.

Detailed performance analysis of ASIG in conjunction with other types of wind energy
conversion systems is performed. It targets to emphasize the advantages of considering the
ASIG in stand-alone and grid-connected fixed speed mode. Various aspects such as effi-
ciency, reliability, and productivity are considered while performing the analysis. In stand-
alone mode, reliability and efficiency of self-excited ASIG are ascertained by disconnecting
one of the two three-phase sets connected to a resistive load. In grid-connected fixed speed
mode, two different scenarios are implemented to pursue the applicability of ASIG. In the
first scenario, only one three-phase winding set is connected to the grid and another set is
connected to a local resistive load. In the second scenario, both three-phase windings are
connected to the grid via A/Y — Y three-winding transformer.

Lastly, a power electronic interface is developed for plug-in electric vehicles. It consists
of ASIM drive with IRFOC as propulsion drive and a CuK converter based integrated on-
board battery charger. The proposed bidirectional DC/DC converter is capable of performing
the buck/boost function during all modes of operation. It operates as a power factor correc-
tion (PFC) converter during plug-in charging mode, and a single switch inverting buck/boost
converter in propulsion and regenerative braking modes. Selection of a wide range of battery
voltages and adequate control over regenerative braking can be achieved with the proposed
multi-functional converter. In addition, size, weight and cost of the charger are also reduced,
as it involves the minimum number of components compared to existing buck/boost convert-
ers used in chargers. By utilizing a six-phase induction machine drive in propulsion system,
efficiency and power density of PEI is improved. This drive even allows for further modifi-
cations to the proposed topology.

Space vector PWM techniques, indirect rotor field oriented control and two different ap-
plications of ASIM drive are verified through simulation and experiments undertaken using
laboratory prototype. The waveforms obtained from the simulation and experiment are pre-

sented in this thesis.
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CHAPTER 1
INTRODUCTION

1.1 Background and Motivation

Development of modern civilization depends on the electrical energy generated and con-
sumed. Over the past few years, growing responsibility in the research community towards
developing a sustainable environment has led to a quest for clean and pure energy. Alternative
energy sources such as solar, wind, tidal wave, geothermal etc., are attracting greater attention
for fulfilling the societies power demand. More concern is directed towards the renewable
and small scale power generation. The European Union (EU) is estimated to produce 14% of
its energy consumption from renewable sources. EUs’ renewable energy directive sets a goal
of producing 27% of energy from renewable sources by 2030 [1]].

Wind energy is the most aspiring source of renewable energy, because of its economic vi-
ability, matured technology and non-polluting nature. It can be combined with other sources
to operate as a hybrid system [2]. Megawatts of electrical energy is already being extracted
from the wind and small hydro turbines all over the world. Wind power generation has ac-
complished exponential progress in the last few years. EU has 131 GW onshore and 11 GW
offshore wind power plants, and it is expected to thrive in the further coming years. When
compared to onshore wind generating stations, offshore wind turbines are being preferred,
because strong and consistent winds are found over oceans and mountain tops [3[]. Availabil-
ity of cheaper land even reduces the installation cost. However, reliability is an important
challenge here, as regular maintenance is laborious.

Traditionally, synchronous machines have been utilized for power generation, but squirrel
cage induction machines are gradually being used these days, since these are inexpensive with
robust and sturdy construction compared to synchronous generator (SG), and it requires mini-
mal maintenance compared to wound rotor induction generator (WRIG) [4]. Other than these
traditional generators, a few novel types of generators, such as brushless DFIGs, multiphase
generators, doubly salient permanent-magnet generators (DSPMGQG), the stator PM generators,

and the superconducting generators, have been proposed by the researchers [[5H7].



Even though the AC power grid consists of three-phase, multiphase induction generators
are also considered for offshore and on-shore grid-connected power generating stations. The
failure of one or two phases does not affect the generation drastically compared to that of
three-phase induction generators.

A sustainable environment also requires sustainability in transportation. Transport sys-
tems have significant impacts on the environment, accounting for between 20% and 25%
of world energy consumption and carbon dioxide emissions. This increased environmental
concern has led to greater attention and interest towards the electrification of transportation
sector. Automotive companies are still concentrating on developing reliable and efficient
internal combustion engines (ICEs) for private transportation. On the other hand, Electrifi-
cation of public transport has been successfully adapted in many developed and developing
nations. Moreover, in recent years, even in private sectors; electric vehicles (EVs), plug-in
electric vehicles (PEVs) and hybrid electric vehicles (HEVs) are being considered as future
means of mainstream transportation [8,9]. They are also a promising solution to curb air
pollution as battery power is used to produce the clean energy for these vehicles [[10]].

Multiphase machines are usually used in high power /high current applications. Increased
power density and reliability are the key points to consider multiphase induction machines
for WECS and EVs. Higher degrees of freedom offered by the multiphase machine can be
beneficial in controlling and maintenance perspective. The concept of multiphase is not new,
multiphase drive system was first proposed in 1969 [11]. However, with the increased scope
towards the applications of multiphase machines and drives, researchers’ attention towards it

increased consistently in the last two decades.
1.2 Literature Review

From the last few decades, the requirement of high-performance electric drives is increasing
in various industrial applications. Because of its rugged construction and low maintenance
requirement, induction motor (IM) drive is the most preferred apparatus for various industrial
applications [12]. High power, high performance IM drive requires converters consisting of
high-voltage and high switching frequency semiconductor devices, which are either expen-

sive or not available due to power rating limitations [13]]. This drawback can be overcome by



dividing power between the semiconductor devices used in converter supplying induction mo-
tor in order to achieve higher output power. It can be accomplished by employing multiphase
drives in high power applications. Multiphase induction motors have several other advan-
tages over their three-phase counterparts such as; reduced amplitude and increased frequency
of torque pulsations, reduced rotor harmonic currents, lower DC-link current harmonics, in-
creased power in the same frame (increased torque/ampere), and higher reliability [[13} 14]].
Recently many research works are being targeted on exploiting the fault tolerance offered by
multiphase machines in various applications [/, 15-H17]]. Moreover, as an existing three-phase
induction machine is reconfigured /converted to operate as a six-phase induction machine,

weight and volume of the machine will remain the same.
1.2.1 Multiphase generators for WECS

A few works of literature can be found on multiphase generators, including six-phase [18-
21]], nine-phase [22], twelve-phase [23)24] and eighteen-phase [25]] in standalone and grid-
connected WECS. Extensive research is going on multiphase induction motor drives and their
applications, whereas research on multiphase induction generators is still in its early stages.
It remains to be an appealing topic, especially for wind power applications.

Reliability and fault tolerance offered by the multiphase induction generator makes it the
best suitable machine for both grid-connected and standalone wind energy conversion sys-
tems. In stand-alone mode, multiphase generators’ extra winding can be used to improve the
voltage regulation, and to maintain the constant frequency operation. A single multiphase
generator in standalone mode can deliver more independent loads. Detailed dynamic, steady-
state modeling and experimental analysis of a self-excited six-phase induction generator for
stand-alone applications have been discussed in [18,[26]. The capacitor value required for
maintaining the excitation of self-excited six-phase generator has been detailed in [27]. The
six-phase output of this configuration can be supplied to two individual three-phase loads or
for a single three-phase load via six-phase to three-phase A /Y —Y three winding transformer.
Among all the multiphase machines, asymmetrical six-phase machine is of greatest practi-
cal interest for very large generators since it permits re-combination of three-phase power

in the step-up transformer bank without the need for increased transformer kVA for phase



shifting. In the study it was found that transformer cost increments (relative to a three-phase
application of same kVA and voltage rating) could be limited to 5% or less [28]].

Resistance and leakage reactance of induction generator is the main source for its poor
voltage regulation. Different methods can be employed for improving the voltage regulation
among which prominent ones are by connecting the additional passive elements, reactive
power compensator, etc. Improving the voltage regulation by connecting series capacitors in
long, short, simple shunt configuration has been proved to be less complex. Series compen-
sation is evaluated in [19]. Voltage and frequency control of self-excited six-phase induction
generator by connecting PWM converters in series or shunt configuration with the load is
discussed in [20,29-31]. Detailed temperature and loss assessment of belt driven multiphase
induction generator for automotive applications have been performed in [32].

Based on the operation, grid-connected induction generators can be classified into fixed
speed and variable speed generators. In fixed speed operation, the generator is directly con-
nected to the grid through a transformer. A dual winding induction generator with a fixed
and an adjustable stator is discussed by Levy in [33]. It manually adjusts the second stator
winding to match torque and speed of the mechanical and electrical parts while keeping the
first winding constant. It eliminates the disadvantages of a three-phase machine, which is
unable to regulate the power flow. The system is capable of supplying power to utility grid
without an interfacing network; however, the output of this configuration is three-phase.

Squirrel cage induction generators (SCIG), doubly fed induction generators (DFIG) and
permanent magnet synchronous generators (PMSG) with back to back voltage source con-
verters are the most preferred topologies in variable speed operation. VSCs with decoupled
DC-link eliminate a limitation to employ only three-phase induction generators. On the other
hand, utilizing multiphase machines can be beneficial in WECS applications.

In a grid interfaced variable speed multiphase generator, machine side converters control
the machine currents to drive it at a certain optimum speed using vector control, direct torque
control (DTC) techniques. By doing so, maximum power can be captured from the current
wind speed. DTC drive is more robust; however, it gets affected when current-model-based
flux estimation is implemented [34]. Vector control techniques are mainly classified into two

groups, based on the measurement or estimation of rotor-, stator, or magnetizing flux-linkage



vector amplitude and position [35]. As the requirement of sensors is minimum in indirect
vector-control, it is generally preferred over the direct vector control. Reference speed for the
vector control is generated by maximum power point tracking (MPPT) technique. A simple
MPPT involves a look-up table with optimum turbine operating points calculated at different
wind speeds [36]]. DC bus voltage will be kept constant by the grid side converter. Grid side
converter also controls the active and reactive power flow between the grid and generator.
Inherent redundancy and additional degree of freedom offered by ASIG improve the system
efficiency. Grid vector-oriented control (GVOC) is applied for grid side PWM converters to
maintain the DC-link voltage, and to regulate active and reactive power transition between
the grid and generator.

Variable speed operation of a multiphase generator requires the use of multiple three-
phase converters either connected in series or in parallel. The series connection of the con-
verter boosts the DC-link voltage level and allows for interfacing with the voltage grid di-
rectly. However, this topology requires control to balance the dc-link voltages from drifting
apart, thus complicating the entire system. This configuration of multiphase machine side
converter has been explored in [[37H39]]. Parallel connection improves the fault tolerance and
reliability of variable speed WECS [40-42]. When multiphase machines are operated with
parallel connected converters, unbalanced current can occur between the two three-phase
sets. The viability of parallel connected multi-phase converters is analyzed in [43]] with indi-
rect field oriented control, which sets the x-y reference voltages and currents to zero. When
there is no current flowing in one three-phase set, currents related to switching harmonics
increases and machine tends to be operated with asymmetries [44]. It can be overcome by
treating two windings as separate three-phase windings, and utilizing two sets of d — ¢ current

controllers [45]].
1.2.2 Integrated Chargers for EVs and PEVs

Battery chargers for PEVs can be classified into two; (a) off-board chargers and (b) on-
board chargers. Off-board chargers are designed with large capacity (more than 50 kW) and
mounted outside the PEVs, that charges the battery within 30 minutes [46]. The onboard

battery charger (OBC) is more desired, because they are placed in the vehicle premises; thus



PEVs can be charged anywhere [47]. Typically, OBC has to be in small size, lightweight,
and low cost. In addition, OBC should have the capability to charge the battery with a wide
variation of voltages, i.e., from 100-450 [48,49].

Most PEVs use two individual converters for their onboard battery charger [46,50]. The
first converter is used to convert ac/dc with unity power factor (UPF) operation, i.e. in plug-
in charging mode. The second converter is used for boosting the battery voltage as well to
control the power during propulsion and regenerative braking modes. In this system, a large
number of components are utilized, which has a negative effect on size and weight of the
charger.

The number of components and size can be reduced by utilizing the integrated onboard
chargers. These integrated chargers can be designed by either utilizing inverter and motor
windings in the charging process, or by combining DC/DC front end converter (FEC) with
power factor correction converter. The concept of utilizing motor and inverter parts in the
charging process is not new. Connecting an inverter between the three-phase induction motor
and a rechargeable battery was proposed in [51]]. A three-phase open-end winding induction
machine along with converter has been integrated for charging process in [52]. In this con-
figuration, during the charging process, the converter is connected to one end of the machine
terminals and grid to another. During this, mechanical locking is necessary in order to avoid
the machine rotation. To avoid the mechanical locking, a multiphase with H-bridge converter
is proposed in [53]], however, midpoint needs to be accessed in this topology.

A few integrated charging topologies involving different configurations of multiphase ma-
chines have been proposed in [54-56]. Torque development in a multiphase machine during
the charging process can be avoided through phase transposition [57]]. These topologies can
achieve fast charging by connecting to the three-phase grid, and in order to do so inverter
and motor are involved in the charging process. The battery is charged only when the vehicle
is parked. Motor inductance needs to be considered while developing the control strategies.
However, with the use of machine windings in plug-in charging mode, these topologies can
perform only boost operation, thus using universal power station having voltage range 90-260
V is not possible.

Instead of integrating DC/AC inverter used in propulsion drive for battery charging, the



bidirectional DC/DC converter connected between the battery and AC/DC PFC converter
can be combined to have a converter for all modes. Even these types of integrated converters
reduce the total number of components compared to conventional onboard chargers. As bat-
tery charging does not involve any machine windings, the converter can be designed as per
the requirement of PEV. Authors in [58H60] have proposed the integrated front-end convert-
ers focusing especially on battery charging in all modes of operation. Converters proposed
in [58]] and [59]] do not have buck/boost operation in all modes, thus aforementioned benefits
cannot be obtained. While integrated converter in [60] uses a large number of semiconductor
devices; therefore, it may not be an efficient and cost-effective solution. Both [59]] and [60]
utilize a large passive filter for power factor correction (PFC). Input currents in these two con-
verters are discontinuous in nature which increases the overall weight and cost of the charger.
In [[61] and [62], SEPIC based converters have been proposed for the battery charging using
three inductors, and at least one extra inductor is also required for propulsion and regenerative
braking modes. Thus, the increase of magnetic components has a negative effect on weight,

cost and volume of the charger.
1.2.3 Space Vector pulse Width Modulation for Multiphase Drives

The stator resistance and leakage reactance of ASIM are less when compared to that of the
three-phase machine, which in order reduces the capacity to restrain the stator harmonic
currents. Therefore, when the machine is supplied from a VSC, large harmonic currents flow
through the stator increases the motor losses. A few solutions are proposed to overcome this
situation like adding a harmonic filter, introducing additional mutual inductance, applying
special pulse width modulation (PWM) techniques, etc. Solutions like adding a harmonic
filter or additional mutual inductance increases the size and cost of the system, whereas PWM
techniques can be implemented very easily to the converter supplying induction motor.
PWM techniques can control the harmonic spectrum of output voltage, thereby improving
the output efficiency of an inverter [[63]]. It can also reduce the lower frequency torque pul-
sation. The most popular switching technique is sinusoidal pulse width modulation (SPWM)
as it is very simple to implement, but this technique is unable to utilize the available DC

bus voltage to full potential. To improve the DC bus utilization, this technique can also be



implemented with an injection of appropriate harmonics into the reference signal similar to
third harmonic injection PWM in the three-phase inverter. However, the effect was found
weakened as the number of phases increases [64]].

Space vector pulse width modulation is a popular control scheme for the voltage source
inverters. In SVPWM, a certain number of space vectors are selected to synthesize the output
voltage vector, which has an average value equal to the reference signal. A few space vector
pulse width modulation schemes are found advantageous for multiphase drives with reduced
stator harmonic currents and lower torque pulsation. SVPWM techniques for multiphase
induction machines have been reported in a few literature. SVPWM techniques are utilized
to reduce the common-mode voltage of a five-phase drive. In [65], it is achieved by using
predictive control, and in [66], by developing an admittance transfer function to balance the
DC-bus voltage. A comparative analysis of SVPWM strategies for a five-phase two level
VSI drive has been presented [[67]], and five-phase three-level VSI has been presented in [68]].
These studies suggest that output phase voltage from a five-phase VSI can be improved by
utilizing both medium and large vectors.

For the six-phase machine, a conventional SVPWM, similar to that of the three-phase
SVPWM is reported by Gopakumar et al., in [69]. In this method, two adjacent active vec-
tors of the outer most 12-sided polygon along with two zero sequence vectors are used for
synthesizing the space vector. This method utilizes only two active vectors leading to the gen-
eration of an output voltage with lower order harmonics. Zhao et al. proposed an SVPWM
technique by using vector space decomposition (VSD) method in [70]. In this technique,
the voltage space vector is synthesized by using four active vectors of outer most decagon
along with a null vector. Vector classification technique was proposed by Baksshai et al.,
in [71] which is much simpler than vector space decomposition SVPWM. In this particular
approach, two identical space vectors of three-phase are phase shifted by 30 electrical de-
grees are used as the reference. Space vector modulation techniques for multi-level six-phase
drive have been discussed in [72,[73], and a generalized multi-level multiphase SVPWM
technique is presented in [74]. A few SVPWM methods also focus on reducing the common
mode voltage of a dual stator machine using SVPM techniques [75./76]. In [[77]], generalized

common mode elimination SVPWM for a multiphase drive is presented.



1.3 Authors’ Contribution

In view of the scope of the work revealed by the literature survey made on multiphase in-
duction machines in general and its application for WECS and EV propulsion in particular,
an attempt has been made to make the following contributions during the course of present

research work.

e Development of a detailed mathematical model of asymmetrical six-phase induction
motor drive with the consideration of mutual leakage coupling and cross saturation
coupling between the two three-phase sets. Systematic analysis of different space vec-
tor PWM techniques for ASIM drive in terms of torque pulsation and harmonic content:
three of them are found in literature, the other one is proposed in the present disserta-

tion.

e Development of indirect rotor field oriented control for ASIM drive without any un-
balanced currents or asymmetries associated with switching harmonics. The SVPWM
technique, selected based on the comparative analysis, is utilized in the IRFOC de-
veloped. Speed protuberance during load variation is minimized by introducing an

additional feed-forward loop.

e Development of a variable speed WECS with asymmetrical six-phase induction gener-
ator. Dynamic modeling of wind turbine, grid, and grid side converter. Implementation
of control strategies for smooth grid and generator side operation. Generator side con-
verters are operated for maximum power point tracking and grid side converters for

unity power factor control.

e Performance analysis of asymmetrical six-phase induction generator in self-excited and
grid-connected fixed speed operation. Single hardware setup is transformed into differ-
ent configurations based on the requirement. Analysis of various aspects during steady-
state and transient conditions. Examined practical feasibility of ASIG in wind/small

hydropower plants.

e Development of a power electronic interface for plug-in electric vehicles involving

asymmetrical six-phase induction motor as propulsion drive, a CuK based integrated
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converter for battery charging. CuK based bidirectional DC/DC converter, is capable

of performing the buck/boost function during all modes of operation.

e Development of a laboratory prototype with a field programmable gate array (FPGA)
based controller. Simulation results are validated through experimental results obtained

from the laboratory prototype.

1.4 Thesis Organization

Apart from this Chapter, the thesis is organized into five more chapters and an Appendix. The
works included in each chapter and Appendix are briefly structured as follows:

Chapter 2 presents the prototype consisting of asymmetrical six-phase induction ma-
chine used for the experimental tests. The goal of this chapter is to show the system develop-
ment required for the research work. All the main units of the setup are detailed: the machine,
the power converter, the interface boards and the development control board.

Chapter 3 deals with the development of an advanced indirect rotor field-oriented con-
trol (IRFOC) for ASIM drive with reduced speed disturbances during load variation, and
complete removal of unbalanced currents between two three-phase sets. It also focuses on
developing a dynamic model of asymmetrical six-phase induction for simulation purposes. A
comprehensive comparative study, based on simulation and experimental results of four dif-
ferent space vector pulse-width modulation techniques for voltage source inverter fed asym-
metrical six-phase induction machine drive, is also performed.

Chapter 4 presents the grid interfacing of asymmetrical six-phase induction generator in
variable speed WECS using the developed IRFOC. Back to back PWM converters decoupled
with DC-link are utilized for grid interfacing of ASIG. Maximum available power in the
wind is extracted by using MPPT control, and supplied to the grid with unity power-factor
operation. Additionally, performance of asymmetrical six-phase induction machine in self-
excited and grid-connected fixed speed wind energy conversion system is analyzed. Various
aspects such as efficiency, reliability, and productivity are considered while performing the
analysis.

Chapter 5 proposes a novel power electronic interface with CuK based integrated DC/DC

converter, and IRFOC controlled ASIM drive for PEVs. Integrated onboard charger de-
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signed is capable of performing buck/boost function during all modes of vehicle operation. It
also contains minimum number of components compared to other onboard integrated battery
chargers. ASIM drive is utilized in propulsion system of the PEV.

Chapter 6 summarizes the conclusions drawn from the exhaustive simulation and exper-
imentation carried out in the present research work. This chapter also presents the scope of

future work in this field.
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CHAPTER 2
SYSTEM DEVELOPMENT

2.1 Introduction

The laboratory setup used for experimental tests is described in this chapter. A single asym-

metrical six-phase machine is utilized for two different applications;

i. Grid interfacing of asymmetrical six-phase induction generator for variable speed wind

energy conversion systems.

ii. Asymmetrical six-phase induction machine with an integrated onboard single-stage

battery charger for plug-in electric vehicles PEVs.

This chapter explains the structure and development of both systems.
2.2 Schematic

In both systems, the asymmetrical six-phase induction machine is operated with indirect rotor
field-oriented control. ASIM is coupled with a 2.5-hp variable speed drive (VSD) functioning
as a prime mover in torque mode. DR-2112, a rotary torque encoder and ROD-436, a speed
encoder are coupled with ASIM for sensing the torque and speed.

In the first configuration, three IGBT SEMIKRON converters are utilized for grid interfac-
ing of ASIG. Two three-phase IGBT converters are connected to two sets of ASIG windings.
A grid side IGBT converter is connected in parallel to two generator side converters sharing
a common DC-link.

The general block schematic of ASIG for variable speed wind energy conversion system
is depicted in

For the second set of configuration, ASIM is utilized as a power electronic interface for
PEVs. In this setup, the six-phase induction machine is integrated with the CuK converter.
SEMIKRON IGBT switches are utilized in developing the bidirectional DC/DC converter,

and two SEMIKRON converter modules connected in parallel are utilized for driving ASIM.
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The general block schematic of ASIM integrated with bidirectional DC/DC converter for
PEVs is depicted in[2.2]

In both the configurations, grid voltage, battery voltage, DC-link voltage, output bat-
tery current and machine currents are measured using voltage and current sensors. All the
waveforms are recorded in Agilent Technology DSO1014 oscilloscope. The grid current and
power quality are measured through FLUKE power quality analyzer. Control algorithms are
implemented and tested with a FPGA based dSPACE DS1104 system plugged into a personal

computer.
2.3 Experimental Setup

To evaluate the performance of ASIM for two different applications, an experimental setup is
developed in the laboratory. Actual picture of the developed prototype is shown in Fig.
Prototype mainly consists of five major components with other supplementary equipment.

1. Asymmetrical six-phase induction machine, ii. The power electronic converters, iii.

Prime mover, iv. Signal conditioners, v. The dSPACE DS1104 controller board.
2.3.1 Asymmetrical six-phase induction machine

Asymmetrical six-phase induction machine is developed by splitting the phase belt of a three-
phase, six-pole, 36-slots induction machine. All the 72 stator terminals are taken out on a
connection plate outside of the machine casing so that several winding schemes can be real-
ized with varying number phase and pole configurations. The stator of ASIG is composed of
two star connected three-phase sets (abc and xyz) with a phase displacement of 30 electrical
degrees. Neutral point of two three-phase sets (star connection) are kept isolated in order to
prevent physical fault propagation and to prevent the flow of triplen harmonic current. All
the 72 terminals can be identified in the ASIM prototype shown in Fig.[2.4]

During the performance analysis, the three-phase machine is realized by reconnecting
the stator terminals of test machine used as ASIM. Connection diagram of six-phase and

three-phase induction machines are shown in Figs. [2.5|and [2.6|respectively.
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2.3.2 Prime mover

The test machine is coupled with a 2.5-hp induction motor. The motor is supplied by a
TOSHIBA VFE-A7 high-performance inverter, thus operating as a variable speed drive (VSD).
The prime mover system is shown in Fig. It can be operated in speed control mode, and
also torque control mode. When VSD is operated in speed control mode, the motors rotating
speed is controlled with higher accuracy, even in low-speed ranges. The motor torque can
be controlled in the torque control mode. The motor speed is determined by the relationship
between the load torque and motor torque. In this work, VSD is operated in torque control

mode.
2.3.3 Power Electronic Converters

During grid integration of ASIG, three SEMIKRON converter modules are utilized. Each
module consists of three legs and each leg has two IGBT switches. DC capacitor bank is
connected to the inverter by laminated bus-bars. Each module has three drivers, a driver is an
interface unit between the power module and controller. Each driver drives two switches of
the respective module. Three-phase inverter module utilized for the experiment is presented
in Fig.[2.84]

For implementing PEI for PEVs, two SEMIKRON converter modules are interfaced with
a CuK converter developed by utilizing SEMIKRON IGBT switches with SKYPER 32 R
Pro driver circuit. A single set constitutes of an adapter board, a driver board and an IGBT
half bridge with two switches. Adapter board can be customized by allowing adaptation and
optimization to the used IGBT module. The SKYPER 32PRO driver core constitutes an in-
terface between the IGBT modules and controller. Functions for driving, potential separation
and protection are integrated into the driver. A half-bridge IGBT set with adapter and driver
board is shown in Fig.

2.3.4 Signal conditioners

Signal conditioners are sensors and encoders utilized to detect, process and redirect the in-
formation to controller board. In this setup, four types of signal conditioners are utilized:

1. Voltage Sensor, ii. Current Sensor, iii. Speed Encoder, iv. Torque Encoder.
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2.3.4.1 Voltage Sensor

The AC and DC voltages are measured with AD202JN isolation amplifier. It is supplied
from a +15V DC supply. Small size, high accuracy and minimal power consumption make
AD202JN a preferred candidate in the experimental setups. Fig shows circuit diagram
of the voltage sensor. It also consists of two potentiometers and two resistances. The scaled
output from the sensor is at terminal 19, and it is fed to ADC board in dSPACE for further
processing. The PCB layout and actual sensor are shown in Figs. and|c

2.3.4.2 Current Sensor

Currents are measured with hall effect TELCON HTP25 sensor. The current sensors provide
the galvanic isolation between the high voltage power circuit and a low voltage control circuit.
It requires a nominal supply voltage of the range pm12 to pm15V. A dual supply base LF353
operational amplifiers are used to convert the current measured into scaled-down voltage
signal level required by ADC channel. Circuit diagram of the current sensor is depicted
in A PCB layout and actual picture of the current sensor are depicted in Figs. [2.10b
andld

2.3.4.3 Speed Encoder

ROD- 436 is an incremental rotary encoder with integrated bearings and a solid shaft. The
encoder shaft is connected with the measured shaft through a separate rotor coupling. The
coupling compensates the axial motion and misalignment between the encoder shaft and
measured shaft. This relieves the encoder bearing of additional external loads that would
otherwise shorten its service life. Diaphragm and metal bellow couplings are designed to
connect the rotor of the ROD encoder. ROD 436 requires a 10-30V power supply.

Incremental measuring methods consist of a periodic grating structure. The position in-
formation is obtained by counting the individual increments (measuring steps) from some
point of origin. The output of the encoder is provided to a separate incremental encoder
channel present in the controller board.

ROD rotary encoder with a line count up to 5000 signal periods per revolution has a

system accuracy of 15 angular seconds. The rotary encoder utilized in the experimental setup

is depicted in Fig.
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Fig. 2.6: Winding diagram for conventional three-phase induction machine.

Fig. 2.7: Induction motor with high-performance inverter operating as a prime mover.



(a) (b)

Fig. 2.8: (H) Three-phase IGBT inverter utilized for experiment, (EI) Half bridge IGBT set

with adapter and driver board.
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Fig. 2.9: @) Circuit diagram of voltage sensor using AD202JN, (EI) PCB layout of voltage

sensor, (EP actual voltage sensor utilized in the experimental setup.
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2.3.4.4 Torque Encoder

The DR-2112 torque sensor shown in Fig. [2.11b] consists of a torsion shaft. Depending on
the design, the mechanical connection possibilities are executable with round shafts or feather
key connections etc. The torsion shaft, applied with two strain gauge full bridges, is bedded in
the housing through ball bearings. For signal transmission and/or supply of the strain gauge
full bridges, a rotating transformer, according to the principle of a transformer, is arranged in
the sensor. For supply and measuring signal conditioning, electronics are integrated into the
stator and rotor.

The torque sensor is digitally interfaced with the controller board using RS485 for the

signal output and automatic sensor identification.
2.3.5 The dSPACE DS1104 controller board

The dSPACE DS1104 is an FPGA based controller board interfaced with a personal computer.
The 1/0 resources of the DS1104 are split between two processors on the board, the Master
PPC (Power PC) and the Slave DSP F240. Master PPC consists of 8 A/D converter channels
which are used for processing of the signal received from the voltage and current sensors.
It has two incremental encoder channels provided specially for signal receiving from speed
sensors. A serial interface compatible with RS485 is digitally interfaced with the torque
encoder.

20 digital I/O channels are utilized for PWM generation inverter’s IGBT’s with a dead
time of 3.3uS. 8 D/A converter ports are used to display the calibrated signals under note-
worthy conditions during the experimentation. The dSPACE DS1104 utilized for the experi-

mental purposes is shown in Fig. 2.12]
2.3.6 Supplementary equipments

The PWM signals generated by the controller board are boosted as per IGBT gate requirement
by using a level shifter card as shown in Fig. Coupling inductors shown in Fig.
are connected between the grid and converter. It filters the high-frequency ripples generated
from converter switching. An auto-transformer shown in Fig. is also used while grid
interfacing; and by doing so, fault transmission between the grid and WECS can be avoided.

During grid interfacing of six-phase induction generator in fixed speed mode, a A/Y-Y six-
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phase to three-phase transformer as shown in Fig. [2.13d]is utilized for combining the outputs
of two three-phase winding sets.

The voltage and current sensors are supplied from DC supply as shown in Fig.
Experimental waveforms are recorded using Agilent Technology, DSO1014A oscilloscope
shown in Fig.[2.14b| The grid voltage, current and power factor are recorded through FLUKE
power quality analyzer shown in Fig. While operating as PEI, four battery stack units
each of 12 V 26 Ah are utilized, these are depicted in Fig.
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Fig. 2.10: (EI) Circuit diagram of current sensor using TELCON HTP25, @) PCB layout

of current sensor, (c) actual current sensor utilized in the experimental setup.

(a) (b)

Fig. 2.11: (Q) The speed encoder, and @) torque encoder utilized in the experimental

setup.
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Fig. 2.12: The dSPACE DS1104 controller board.

(b)

(c) (d

Fig. 2.13: Supplementary equipments utilized during experiment:(lgl) Level shifter card,
(EI) Filter inductors, @ auto transformer, @) six-phase to three-phase A/Y — Y trans-

former.
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() (d

Fig. 2.14: (Supplementary components utilized during experimentQ) DC supply for volt-
age and current sensors, (b) Digital storage oscilloscope (DSO), (c) Fluke power quality

analyzer, (@) Battery stack for power storage.
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CHAPTER 3

MODELING AND ANALYSIS OF
SIX-PHASE INDUCTION MACHINE DRIVE

3.1 Introduction

Multiphase induction machines can be constructed with any number of windings more than
three, such as five, six, seven, nine, twelve etc. The number of stator phases of any existing
three-phase machine (induction or synchronous) will be equal to the number of coils per pole
pair, which is always greater than three. Hence, the available three-phase machine can be
easily converted to operate on higher phases by reconnecting their coils terminals without
any additional expenses.

In general, the required angular spacing between multiple winding sets for best perfor-
mance is 7/n for an even number of three-phase sets and 27 /n for an odd number of three-
phase sets, where n is the total number of stator phase [|13|]. According to this, for best per-
formance in case of a six-phase configuration, two sets of three-phase stator windings must
be spatially phase shifted by 30 electrical degrees. This configuration is generally referred to
as asymmetrical six-phase induction machine (ASIM) as the machine phase windings are not
identically displaced. It is also called as dual-three phase, split-phase and dual stator winding
induction machine. This machine can be constructed from an existing three-phase machine,
by splitting the sixty-degree phase belt of the three-phase machine into two portions each
spanning thirty degrees, thus reducing the initial cost.

The neutral of stator winding can be configured to a single point or kept isolated. Fault
transmission from one set of winding to the other set can be avoided in case of separate neu-
tral points. ASIM has an edge over other multiphase machines, i.e., when stator sets of this
machine are supplied from individual six-step inverters, the pulsating sixth harmonic torque
component produced from individual stators will be cancelled due to the opposition [78].
It also requires less coil insulation when compared to conventional six-phase induction ma-
chine [[79]]

This chapter discusses the detailed modeling and analysis of the asymmetrical six-phase
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Fig. 3.1: Phasor representation of an asymmetrical six-phase induction machine.

induction machine drive. Three different well-known space vector pulse width modulation
(SVPWM) techniques are presented. Then, a three-phase SVPWM is modified for six-phase
application and refereed as common mode voltage injection SVPWM. All four SVPWM tech-
niques are evaluated in terms of torque pulsation and harmonic content. Thereafter, a simple
indirect-field oriented control with two sets of PI controller is developed for variable speed
operation of ASIM, and the best suitable SVPWM resulted from the comparative analysis is

utilized in it.
3.2 Modeling of asymmetrical six-phase induction machine

All the electrical machines can be modeled as motor and generator with the same set of
equations. Similarly, multiphase induction machines can be effectively modeled by either
transforming the individual pair of three-phase windings into ‘n’ number of phases as pre-
sented in [/8] or by using vector space decomposition transformation equations suggested
in [80].

In this work, machine model is formulated in arbitrary frame of reference by transforming

the individual three-phases into two orthogonal subspaces, which are denoted by d;-¢;, d>-g
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and a set of zero sequence component.

Asymmetrical six-phase induction machine with phase displaced three-phase winding
sets is modeled by considering the following assumptions [81]]: 1. The generator air gap flux
is uniform, ii. eddy currents, friction and windage losses, and saturation are neglected, ii.
machine stator and rotor windings are sinusoidally distributed, vi. in order to avoid fault
transmission between two stator winding sets, the neutral point of both three-phase sets are
isolated.

Phasor representation of stator and rotor windings of a six-phase induction machine is
given in Fig. Two three-phase stator windings labeled aq, b1, c; and as, by, ¢ are dis-
placed by an angle «, in this case, it is thirty electrical degrees. Neutral of both sets are
kept isolated to prevent the fault transmission from one set of winding to another. Two stator
windings of each three-phases are distributed uniformly and are displaced by 120°apart. The
rotor windings a,., b,., ¢, are also distributed sinusoidally with their axis displaced by 120°.

The voltage equations of asymmetrical six-phase induction machine in stationary frame

may be expressed as,

Vs1 = Z.slrs +p)\sl (313.)
Vg2 = 7;527as + p>\52 (31b)
Vp = 0,70 + DAy (3.1¢c)

Stator and rotor flux linkages may be expressed as

)\sl = Lllisl + L;m@sl + isQ) - LgdqiSQ + Lm(isl + isQ + ZT‘) (3221)
)\52 - LZQZ.SQ + Lgm(ZSQ + isQ) - L;dqisl + Lm(isl + 7:82 + Zr) (32b)
>\'r’ = Llrir + le(lsl + 7:52 + Z'r) (320)

N N
tn = 7, Lms Liag = 7 Ly (3.2d)

In the above equations, s1 and s2 subscripts represent the variables and parameters asso-
ciated with stator set 1 and 2 respectively. Similarly, the r subscript represents the variables

and parameters associated with rotor circuits.
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N; and N, are the number of turns of a1b,c; and asbyoco windings respectively, and are
equal in the present case. L, is the common mutual leakage inductance between the two
sets of stator windings, L,,is the mutual inductance between stator and rotor, and L4, 18
the cross-saturation coupling between d- and g-axis of the stator. Common mutual leakage
inductance L;,,, represents the fact that the two sets of stator windings occupy the same slots,

and are therefore, mutually coupled by a component of leakage flux.
3.3 Transformation of machine variables

Transformation of machine variables is performed to eliminate the time-varying inductances.

Transformation of stationary circuit variables in arbitrary reference frame can be obtained as

flqu = Tlfsl

_ (3.3)
f2qd0 = T2fs2
flqu = [fqb fd17 fOl]T
f?qu = [fq27 fd27 fOZ]T (34)

fsl - [falafbhfcl]T
fs2 - [fa27fb27f02]T

_0036’ cos (9 — %ﬂ) cos (9 L %T)_

2

[Th] = 3 sing sin (0 —2°)  sin (0 + &)
| 2 2 2 |
cos6 cos (6 — &) cos (0 + %)

—_ 2

[To] = 3 |sind sin (6—%) sin(0+%)
| 2 2 2 |

where, 6 is the angle of rotational transformation for the stator, and § = 6 — 7/6. The
above transformation can be applied to an n-phase machine with n=3k, k=2,3,4..etc. For the

rotor circuit 6 is replaced by 6-0,..
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Fig. 3.2: d — q axis equivalent circuit of asymmetrical six-phase induction machine.

The d — q axis equivalent circuit of the six-phase induction machine is shown in Fig.

The voltage equations for ASIM in an arbitrary frame of reference can be written as, [82]].

Vigdo = Tst1gd0 + WaAidgo + PAigdo
V2qd0 = T'st2gd0 + WaAadgo + PA2gdo (3.5)
Urgdo = Trlrgdo + (Wa — Wr) Ardgo + DArgdo
where, w,, is the arbitrary reference speed and p denotes differentiation.

The equations [3.5|is often written its expanded form i.e.,

Vgl = Ts1lq1 + WaAd1 + DAg1 (3.6a)
Vg1 = Ts1ldg1 — WaAg1 + PAdi (3.6b)
Vg2 = Ts2lg2 + Wald2 + PAg2 (3.6¢)
Vg2 = Ts2ld2 — WaAg2 + PAg2 (3.6d)
0 =1 + (Wog — W) Aar + DAgr (3.6¢e)
0= 7rpigr — (Wa — Wr)Agr + DAar (3.6f)
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Stator and rotor flux linkages can be expressed as,

/\ql = Llliql + le(’bql + qu) leq’ldg + L (qu + qu + qu) (373)
Aat = Liviay + Ly, (fa1 + ta2) — Liggiqe + Lin(ia1 + a2 + iar) (3.7b)
)\ql = ngiqg + le(’qu + iqg leqzdl + L (qu + iqg + Z‘qr) (37C)
Aa1 = Ligiaz + Ly, (ia1 + ia2) — Ljggiaz + Lin(ia1 + a2 + iar) (3.7d)
A = Lipigr + L), (i1 + 12 + igr) (3.7e)
Air = Lipiar + L, (ig1 + ia2 + iar) (3.7%)
The torque and rotor speed equations of the ASIM can be expressed as

3P o . . .

Tem = EELm[Zdr(qu + Z112) - qu(ldl + Zd2>] (38)
3PL,, . .

Tem — 2 2 L [(qu + Zq2)/\dr - (Zdl + ZdQ))\qr] (39)

L ROEm] o

where, T}, is the prime mover shaft torque, P is the number of poles, J is the moment of
inertia, wy, is the base speed and p is %
It is worthwhile to mention here as machine is reconfigured by phase belt splitting, stator

resistance and stator reactance will be same for both the three-phase sets i.e.,

I'st =Ts2 =T (3 11)
Llsl = LlsZ = Lls

3.4 Modeling of six-phase VSI

Power circuit topology of a six-phase two-level VSI supplying ASIM is as shown in Fig.[3.3]
It can also be realized as two three-phase inverters sharing a common DC bus voltage (Vpc).

The output phases of machine windings are denoted as al, b1, c1 and a2, b2, ¢2 and inverter
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Fig. 3.3: Six-phase voltage source inverter connected to six-phase induction motor.

leg pole points as A;,A,,B;,B,,C;,C,. Phase voltages can be realized in terms of inverter leg

voltages as,

vt = (;) oay — (%) (v5, + vey) (3.12a)
vy = (g) Vg — (%) (o, + va,) (3.12b)
v = (g) vo, — (%) (04, + v3,) (3.12¢)
Vg2 = (;) VA, — (%) (vB, +vc,) (3.12d)
Vb = (g) VB, — G) (ve, + va,) (3.12¢)
Vo = (;) ve, — (%) (va, + v3,) (3.120)

In a six-phase VSI, voltages are projected into six-dimensional space having two orthog-
onal two-dimensional planes called as d;-q; and d,-q, and a zero sequence plane 0;-0,. In a
true six-phase machine having a single neutral 0,-0, plane lies on a straight line; therefore, in
reality, it’s a five-dimensional transformation. However, in ASIM, all the vectors of 0;-0, are
mapped to origin resulting in a four dimensional system, furthermore simplifying the control.

Space vectors for ASIM in the stationary frame, using magnitude invariant transformation can
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be defined as,

Ud1q1 = Vg, + jvql = (2/6) (Ual + CL4'Ubl + CLSUcl + AVq2 + a5vb2 + agvrﬁ) (313)

Vdygy = Vg + JVg = (2/6) (Va1 + vy, + a4+ a’vg + avyy + agvcg) (3.14)

where, a=exp(j7/6)
3.5 Space vector pulse width modulation for ASIM drive

The 64 switching state vectors of a six-phase inverter can be represented as vectors two two-
dimensional vector spaces. Space vectors in d;-¢q; plane and d,-g; plane of a six-phase VSI
are shown in the Fig. and Fig. [3.4b] respectively. An m-level n-phase inverter has m"
space vectors, therefore a six-phase two-level VSI has 2° i.e., 64 space vectors corresponding
to the switching states. There are 60 active vectors and 4 null vectors. These 64 vectors form
four 12-sided concentric polygons. Active vectors can be classified as largest, second largest,
third largest and shortest vectors. Among 60 active vectors, 12 are the redundant vectors,
which lie along the third largest vectors; therefore, third largest vectors can be synthesized
by either of the two switching state combinations. Zero vectors are mapped to the origin.
The fundamental component along with the harmonic of order k=6n+1 (n=1, 2, 3..) are
mapped into the d;-g; plane. These variables of d;-q; plane are responsible for the revolving
MMF and production of electromechanical energy. Harmonics of order k=12n+1 (n=1, 2,
3..) are mapped into the d,-g; plane, the vectors triggered in this subspace only generates the
harmonic currents, which contributes to the stator loss. Largest vectors of the d;-g; plane are
mapped as the shortest vectors in d,-g; plane and vice-versa. Therefore, in order to minimize
stator losses, SVPWM strategies utilize only the large vectors in d;-q; plane. Classification
of vectors in d;-q; and d,-q, planes can be observed in Figs. [3.4a) and [3.4b] respectively.

A space vector modulation scheme should satisfy some criteria such as switching fre-
quency should be kept constant and unnecessary switching of converter should be avoided to
restrain the switching losses. Complete utilization of the available DC bus voltage must be

provided. Lower order harmonics in the output voltage must be minimized in order to obtain
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the sinusoidal voltage to maximum level. Keeping these criteria in perspective, in the next
sections, different SVPWM techniques are analyzed on the basis of current THD and torque

pulsation.
3.5.1 Conventional SVPWM

Convention SVPWM is similar to that of a three-phase SVPWM. In this method, the refer-
ence vector is synthesized by utilizing two adjacent active vectors along with the null vector.
Largest space vector of a six-phase VSI lies on the outer most 12-sided polygon. A sector is
decided based on the presence of reference vector in d — ¢ plane. Space vectors are selected
for synthesizing with respect to that sector. The d — ¢ plane is equally divided into 12 sectors
each of 30 degrees as shown in Fig. If the reference vector is present on the first sector

v4g and vy are utilized. The switching time of the space vectors can be calculated as follows,

7= 2N i 30— ) (3.15a)
14
1= 2N sing (3.15b)
Vil
l
TO = TS — T1 — T2 (315C)

where, |v*| is the modulus of reference space vector, |V}| is the length of largest vector
and % is generally referred as modulation index m,, a maximum value of modulation index
operated in this method is 0.9659, which corresponds to phase voltage of 0.643Vpc. In three-
phase SVPWM, this phase voltage will be 0.577Vpc. The rise in the voltage is due to the

addition of harmonic components of order 6n+-1, where n=1,3,5 etc.
3.5.2 Vector space decomposition SVPWM

Conventional SVPWM for ASIM is just an extension of three-phase SVPWM which under-
utilizes the degree of freedom provided by six-phase. Vector space decomposition (VSD) for
a six-phase VSI method was proposed by Zhao and Lipo in [70]. In this method, five space
vectors are utilized for synthesizing the reference voltage vector, among which four are ac-
tive vectors and one null vector. Active space vectors considered in this method are of largest

magnitudes, which are adjacent to reference vector. vsg, V43,49 and vs; are the active space
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(a) (b)

Fig. 3.4: El) Voltage space vectors projected on dj-q; plane, B} Voltage space vectors

projected on da-¢o plane.

vectors selected for sector I as shown in Fig. Vector switching times can be calculated

by volt-second balance from the following equation.

Tyl + T2, + Tyl + Tyvl + Tovl), = Tl (3.16a)
Tyv,, + Tov}, + Tav), + Tyvy, + Tovy, = Ty, (3.16b)
Tyvy, + Tovg, + Tyvy, + Tyvg, + Tovy, =0 (3.16¢)
Tyv,, + Tovl, + T3v], + Tyv,, + Tov,, = 0 (3.16d)

To=Ti+Ty+Ts+ T+ Tp (3.16e)

where d; — ¢, and dy — ¢, subscripts denote the components of space vectors in particular
plane. v; to v4 indicates the four adjacent active space vectors and vs is the zero space
vector. Ty to T, are switching times of the corresponding space vectors. This PWM technique
provides the maximum output voltage in d; — ¢; plane by keeping the ds — ¢, plane harmonics
minimum. As lower order harmonics are not created, the maximum value of m, is 0.866 and

the maximum phase voltage, which can be obtained by this method is 0.577Vpc.
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Fig. 3.5: B) Switching modes selected for conventional SVPWM, B)Switching modes

selected for vector space decomposition SVPWM.

3.5.3 Vector classification SVPWM

Implementation of vector space decomposition method involves complex procedures as switch-
ing frames are mapped to the inverter frame rather than machine frame. A simple SVPWM
termed as vector classification technique, where a six-phase VSI is considered as two three-
phase VSIs for operation purpose was proposed by Bakhshai et al., in [71]. In this method,
two identical three-phase SVPWM methods are utilized to generate the pulses for a six-phase
VSI. The reference vector for second SVPWM is phase shifted by 30 electrical degrees as
shown in Fig. As two identical phase shifted SVPWM methods are used, output phase
voltages are also phase shifted by 30 electrical degrees. Three-phase SVPWM equations can

be applied for switching time calculation:

2
T, = —myT,sin (60 — 0 3.17a
2
T = —myTssinb (3.17b)
1 7
To=Ts—1T1 - T3 (3.17¢)
where, ma:%. When the reference space vector is phase shifted by 30 electrical degrees,
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individual vectors will be added directly. Because of this, the maximum value of m,, which

can be achieved is 0.89655 and an equivalent phase voltage of 0.5977Vpc.
3.5.4 Common mode voltage injection SVPWM

To avoid complexities of sector identification and to reduce the execution time, an advanced
and efficient SVPWM by utilizing common mode voltage was proposed for a three-phase
converter in [83]. Common mode voltage injection (CMVI) SVPWM implementation is in-
dependent of the magnitude of reference voltage and its relative angle w.r.t reference axis.
This method utilizes the instantaneous values of reference voltages for the calculation of
imaginary switching time, which is proportional to the reference signal. In a six-phase con-
verter, that reference signal of two three-phases is phase shifted by thirty electrical degrees.
For obtaining the modulation signal, a common mode voltage is to be added to the imagi-
nary sampling time. Modified common mode voltage algorithm for asymmetrical six-phase

induction machine can be written as;

Ta s — V* 3.18
1 _VDC’_ als ( a)
T
This = Viis (3.18b)
| Vbe |
R
Tus = |——| Vi, (3.18¢)
! Vpe]
o
Toos = | ——| Vi, (3.184d)
? Voo | @
7]
Tyos = v Vios (3.18¢)
LV DC |
]
Tc s — 5 3.18
2 _VDC_ c2s ( f)

where Vi ., Vi, VA, Vi, Vi and V;  are the reference phase voltages and 75,15, Ty1s, Te1s, La2s, Thos
and T, are the imaginary switching times proportional to instantaneous values of respective
six-phase reference phase voltages.

The effective time periods are calculated as,

Tmaw = max (Ta157 Tb187 T0157 Ta2sa Tb257 Tc?s)
(3.19)

Tmin = mn (Ta187 Tb137 TClS7 Ta2$7 Tb237 TCQS)
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Teff = Trmae — Tmin (320)

The common mode time period, which is added to convert the imaginary switching times into

the actual switching time is given as;

Tom = % — Thnin (3.21)
In which,
To=Ts —T.sy (3.22)
The actual switching times can be written as:
Tgar = Tars + Tom (3.23a)
Tgp = Tyis +Tom (3.23b)
Toer = Tos +Tom (3.23c¢)
Thar = Tuas + Tom (3.23d)
Type = Tyos + Tom (3.23e)
Tyeo = Teos +Tom (3.231)

The gating signals generated are for ‘OFF’ sequence, for ‘ON’ sequence and can be ob-

tained from,

Toon =Ts — Tyorr (3.24)

The algorithm can be explained much easily by using the flow chart as shown in Fig[3.6
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Fig. 3.6: The process flow chart of Common mode voltage injection SVPWM. V,phai,

Vbetal» Valpha2, and Vyera2 are the respective projections on stationary frame.
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3.6 Indirect Rotor Field-Oriented control

Vector control was proposed by F. Blaschke in 1972 [84]. The main objective of vector
control is to extract two decoupled current components from the available machine currents,
by controlling which, independent control over torque and speed can be achieved. The same
concept has been extended to multiphase drive with some modifications.

In indirect rotor field oriented control, the rotor flux is estimated from stator currents and
rotor speed. The d-axis flux linkage is assumed to be aligned with the rotor flux-linkage
vector \,., and g-axis flux-linkages are set to zero. By doing so, machine torque and flux can
be controlled independently. While developing any control for a multiphase machine, power-
sharing and unbalanced currents between the two three-phase sets should be considered. As
this control independently operates both three-phase winding sets with six PI controllers,
unbalanced currents are inherently eliminated.

Stator voltage equations from [3.1]in the arbitrary frame may be expressed as

Us1 = is17s + JWaAs1 + PAsi
Usg = Us2Ts + JWaAs2 + PAsa (3.25)
Up =0Ty + J(Wa — wp)Ar + PA;
Stator and rotor flux linkages from 3.2 may be expressed as
As1 = 0Lgig1 + (0Ls — Lig)ige + Iljjm Ar

L,
)\52 = OLSiSQ + (O'LS — Lls)isl + I A7 (326)

)\r = Llrir + L;n(zsl +is2 + Zr)

where

3.6.1 Design of current controller

In vector control, the only variables to be controlled are stator current (i) and rotor flux (\,.).
Therefore, while designing a current controller, the stator flux (\;) and rotor current (7,.) are

not supposed to be present in dynamic equation of the machine.
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From equation [3.2]rotor flux linkage is re-written in terms of rotor current as

. Ar L, . L,,
bp = — — — Gy — —
1 I

L. L, °
By introducing[3.26] and [3.27]in [3.23] the stator voltage equations can be rewritten as

2.52 (327)

]_ s ]_ - d.s . . . .
VSl =Ts LO-) isl + O-LSL + JwaaLszsl + Jwa(aLs - Lls)ls2
T dt (3.28)
. Ln. Lf(l—0). Ly d '
a_)\r D __)\r Ls_Ls 7, s
+ jw, I + - 152 I + (o ! )dtl 2
1 (1 — . di ) ) . .
Veg = 7 [M] g0 + 0Ly ls2 + jwa0 Lgise + jwa(0Ls — Lis)is1
T, dt
L L(1 ) L d (3:29)
m K] —0). m .
‘a_)\r —s__>\r Ls_Ls_s
+ jw I + - is1 T + (o ! )dtz 1
where
L, L,
Ts = —Tr = —
Ts Ty

Cross saturation coupling (L;4,) and common mutual leakage inductance (L;,,,) are disre-
garded only while designing the current regulator as their value will be negligible when dif-
ference between two three-phase sets is thirty degrees.

Independent control over generator torque and flux are achieved by decoupling d— and
q — axis variables from each other. Dynamic voltage equations in their expanded form can

be written as
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Vst = 1s {m} tags1 + 0L dl(;;sl Wa0 Lgigs1 — wa(0Ls — Lis)igso
Mzdsg — %)\r + (oLs — Lls)%idsg (3.30a)

Vis1 = 15 1 (1 } Ggs1 + 0L di;;l + wo0 Lgigs1 + wa(0Ls — Lig)iase
Ls(l )qug + Wy irf A+ (0Lg — Lls)%iqsg (3.30b)

Vias2 = 1s M] las2 + 0L di;f W0 Lgigso — wa(0Ls — Lis)igs
+ #:U)zdsl — %)\r + (oLs — Lls)%idsl (3.30¢)

Vo = 75 F—H—S—U)] igs2 + 0L di;;Q + w0 Lgigso + wo(0Ls — Lig)igs
+ #T)qul + Wy %:L A+ (0Lg — Lls)%iqsl (3.304d)

In order to obtain a linear relation between voltage and current, the back-emf term — LL::T Ay
needs to be eliminated. Moreover, the cross-coupling components (ds, ¢1, ¢» in equation 1 or
d1,q1, q2 in equation 2 and so on) are also not expected while designing the current controller.
Therefore, feed-forward signals are introduced to eliminate the back-emf and cross-coupling

terms during the current controller design, and it is expressed as

Ls(1—o0). m d
€ds1 = _wao-Lsiqsl - wa(gLs - Lls)'éq52 + %ng - LTTT AT -+ (O'LS — Lls)aldsg
(3.31a)
Ly(1—o0). L, d .
€gs1 = wao-Lsidsl + wa(o-Ls - Lls)ids2 + Mzqu + wa_>\'r + (ULS - Lls)_lqs2
Ty L, dt
(3.31b)
Lo(1— L., d
€ds2 = _WaULsiQSQ - wa(gLs - Lls)iqsl + <—r0-)idsl - LT Ar + (ULS - LlS>dtzd81
(3.31¢)
. . LS 1 - . Lm d .
eqs2 = waO_Ldes2 + wa<0—Ls - Lls)zdsl + qusl + wa_)\r + (ULS - Lls)_zqsl
T, L, dt
(3.31d)
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By substituting equations[3.31]in[3.30]

didsl

Vast = v+ Ly + e (3.32a)
Vist = 1y + L df;f -+ egst (3.32b)
Vasz = 15 + L d;d; 2+ eder (3.32¢)
Vs = 1 + L d;q; 2 + egsa (3.32d)

where

1 ids1
Vds14>©_> rs+sl’s

|qs1

Y Y

¢n+' .
(72
r.

2

Equation

4.7
A A
—( ) _1
r’s+SL,S i

lds2
4@—> 1
rs+sl’s

Fig. 3.7: Equivalent circuit of ASIM for designing current controller.

I

|q52

Active damping may also be included while designing the current controller. With active
damping and feed-forward, the current control loop becomes a closed loop with unit feed-
back. The parameters of the PI controller can be calculated by comparing the bandwidth of
current control loop with that of the PI regulator.

It is necessary to limit the maximum output voltage of current controller, and to achieve

this, a voltage limiter is included while designing the current controller. With the inclusion
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of voltage limiter, error between the reference and actual current might let the integrator to
reach a very large value. The time required to reduce this error will be high and it may cause
a considerable delay in the system. This can be reduced by introducing an anti-windup in the

PI regulators.
3.6.2 Derivation of Indirect Field-Oriented Control

The phasor diagram shown in Fig. can be used to explain the principles involved in indi-
rect vector control. In IRFOC the induction machine will be represented in the synchronously
rotating reference frame i.e., w, = w.. The rotor flux linkage )\, is assumed to be aligned

with df axis.

's O‘)1‘

Fig. 3.8: Phasor diagram for indirect vector control.

The rotor voltage equations of ASIM in a synchronous frame of reference from is

given by

0= rriqr + (wsl))\dr + p)\qr (3333)
0 = rpigr — (Ws1) Agr + PAdr (3.33b)

where
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Wsl = We — Wr (3.34a)
A = Liigr + L, (ig1 + gz + igy) (3.34b)

Aar = Lipigr + L, (i1 + ta2 + tar) (3.34¢)

The d-axis flux linkage is assumed to be aligned with the rotor flux-linkage vector A\, and
g-axis flux-linkages are set to zero. If the operation of field-weakening is not involved, the
rotor flux A\, will be constant. However, if field-weakening is involved, the rotor rotor flux
linkage is reduced for the same value of torque component of the current, the electromagnetic

torque is reduced, and since the speed will increase constant power is obtained.

)\7“ = )\dr
A =0 (3.35)
pA =0

By substituting [3.6.2]in [3.33] the new rotor equations can be formed as

Trigr + (We) A = 0 (3.36a)
Trigr — (We)Ar = 0 (3.36b)

The rotor currents can be rewritten in terms of stator currents as

Ly . :
iqr = — ( i3 ) 1q1 + 142 (3373)
Udr = (L—T) — (LT ) 141 + 142 (337b)

By substituting in[3.36] equation can be obtained as

i = (i) [1+ 7p] A, (3.38a)

W = (LT’”) (;—T) (3.38b)
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where,
S : . : L,
1y =191 + %42, I = g1 + 42, Tr = —
T
As d-axis current is responsible for the flux-production, it is renamed as i; and g-axis
current is responsible for torque production, it is renamed as ¢7. The electromagnetic torque
can be given by,

T, = K \ip (3.39)

e () (5)

3.6.3 Disturbance reduction feed-forward loop

where,

The main objective of any control technique is to improve the system speed response, but a
change in load torque will cause a sluggish reaction and affect the speed under closed-loop
control. In order to avoid this kind of interference, a modification in the existing IRFOC
is proposed by feed-forwarding load torque compensating current %,;,. However, load torque
measurement is very difficult in real time, therefore a method to estimate the load torque from
rotor speed, and electromechanical torque is discussed in this section. Using speed dynamic

equations, load torque can be written as,

dw,
T,=1.,— Bw, — J o (3.41)
With a discrete time difference, aforementioned equation can be written as,
(k) —wr(k—1
Ti(k) = To(h — 1) — By — 1) — g Zwrk= 1) (3.42)

ts
By substituting for 7, from equations (3.39) and (3.40), load torque can be rewritten as,

Ti(k) = Ke - Av(k = 1) - ig(k — 1) — Bw,(k — 1)

wr(k) = w (k= 1) (343)
ls

Load torque compensating current 7,7, can be obtained by the following equation,

—-J

ol
el = pr 3.

Ti(k) = GiTi(k) (3.44)
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Fen(Adr,Igs)

Fig. 3.9: Feed forwarding load torque as an equivalent g-axis current ¢,,.

The effective sum of ¢4, and 7,7, are capable of compensating for the change in load torque
and simultaneously maintain the desired speed demand too. Estimation of load torque com-
pensating current 7,7, is shown in Fig.[3.9] Feed forwarding input load torque as an equivalent

g-axis current in the current loop gives an effective improvement in speed response.

]

I estimator
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%lsense

Fig. 3.10: Schematic diagram of ASIM with indirect rotor field-oriented control.

3.6.4 Implementation of Indirect Rotor Field-Oriented Control

The speed and flux requests are processed by the outer loop PI controllers that generate
the command values of torque (i; ) and flux-producing (i;;) components of stator current.
The commanded current values are further processed by four internal loop PI controllers to
generate two sets of reference voltage vectors v, vg1 and vge, vg2. These reference voltage
vectors are used to generate two sets of three-phase reference voltage vectors. The two sets

of voltage vectors generated are supplied as reference to SVPWM, which in order generates
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the switching signals to base drive of the inverter switches. The schematic of indirect rotor
field-oriented control for ASIM is depicted in Fig.[3.10]

It is worth to mention here that an asymmetrical six-phase machine can also be controlled
by using only two PI controllers as described in [44]. In this, x-y reference voltages and
currents are set to zero, causing asymmetries. To avoid this, the aforementioned control
strategy uses the six PI controllers by developing a system transfer function of the entire

drive.
3.7 Simulation results

Analysis of different SVPWM techniques for the voltage source converter supplied ASIM is
performed with a series of modulation index values. The ASIM parameters (listed in the ap-
pendix) used in simulation are acquired from the laboratory prototype developed. The same
switching frequency is maintained for all the SVPWM strategies. Average leg voltages, per
phase RMS voltage and phase current waveforms for all the SVPWM techniques are pre-
sented. Total harmonic distortion, harmonic contents in the stator current is analyzed for
different SVPWM techniques. The simulated waveforms for conventional SVPWM are pre-
sented in Fig.[3.11] In this method, two adjacent vectors of d;-q; are utilized for synthesizing
the space vector ,and the d,-q, plane is uncontrolled, because of this considerable amount of
fifth and seventh order harmonics can be observed in the stator current.

The simulation results of VSD SVPWM are shown in Fig.[3.12] In this technique, a null
vector and four active vectors from the outermost polygon are selected to obtain the reference
voltage; hence, decreasing the amplitude of d,-q, vectors. This controlling of switching
vectors in d,-q, subspace decreases the harmonic content in phase current when compared to
that of conventional SVPWM method.

Simulated waveforms of vector classification SVPWM technique is depicted in Fig.
In this case, a six-phase inverter is considered as two three-phase inverters sharing a com-
mon DC bus voltage. By doing this, complexities in the implementation of SVPWM can
be decreased. Two adjacent active vectors and a null vector is selected individually for two
three-phases, which in order decreases the lower order harmonics that can be observed in

conventional SVPWM. Higher order harmonics can be observed in the phase voltage, but it
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does not cause any effect on the system efficiency. The resulting six-phase space vector is an
addition of three-phase space vectors, thus increasing the DC bus utilization.

Simulated waveforms of CMVI SVPWM technique is depicted in Fig. This method
does not involve any complicated procedures like sector identification or vector selection as
in other SVPWM techniques. Phase current does not contain any 5th or 7th order harmonics;
moreover, waveforms are similar to that of vector classification with decreased implementa-
tion time. Phase voltage contains the higher order harmonics, however, it does not affect the
overall performance of the system.

IRFOC simulations are performed at a reference speed of 40 rad/s. A load torque of 5
N-m was applied at t=1 s. Drive performance is evaluated for the change in speed and change
in load torque. Machine speed, electromagnetic torque, rotor flux, and stator currents for
variation in the reference speed, and load torque are presented in Fig. [3.15] As it can be
observed, machine speed is tracking reference speed very effectively, and it continues to do
so even with the load torque variation. Simulated waveforms of d— and ¢ — axis currents in
synchronous frame of reference are exhibited in Fig. [3.16] Torque producing components of
the machine, 7,1, and ¢4, are varying with the change in speed and load torque, whereas flux
producing components ¢41, and 745 are maintained constant.

An extended view of drive speed, with and without feedforward control is presented in
Fig. From the simulated waveform, reduction in the disturbance can be observed with
feed-forward control. Reduction of disturbance depends on the size and rating of the machine.
As a machine considered in this analysis is a smaller one, observable variation is quite less,

but for a high power machine, even a small reduction can benefit from a larger impact.
3.8 Experimental results

Experimental evaluation of the aforementioned SVPWM strategies is performed on a labora-
tory prototype detailed in Chapter 2.

ASIM is operated with conventional SVPWM technique. Obtained experimental results
are exhibited in Figs. [3.18a) and [3.18b] as it can be observed that the current waveform is

not sinusoidal. The amplitude of pulsating torque is also increased. This is caused by the

presence of lower order harmonics. Lower order harmonics can be reduced by utilizing more
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vectors for synthesizing reference space vectors.
Experimental waveforms of phase current, phase voltage and steady-state torque with

VSD SVPWM are presented in Figs. [3.19a) and [3.19b] respectively. As the number of active

vectors for synthesizing reference space vector is increased in this method, improvement in
the quality of current and torque can be clearly observed.
The vector classification method is implemented on ASIM drive and corresponding wave-

forms are shown in Figs. [3.20a and [3.20b] The recorded current waveform is sinusoidal and

better than the classical SVPWM. Pulsating torque is also observed to be decreased, but when
compared with vector space decomposition SVPWM, the amplitude of pulsating torque is in-
creased. This is the result of arbitrary switching of active space vectors. As this method treats
six-phase space vector as the combination of two three-phase vectors, control in selection of
active space vector does not exist.

Finally, the modified common mode voltage injection SVPWM technique is implemented

on ASIM drive, and corresponding results are presented in Figs. [3.21a] and [3.21b] This

method is an extension of three-phase common mode voltage injection SVPWM. Phase cur-
rent is found to be sinusoidal and the amplitude of pulsating torque is lower than all other
SVPWM techniques. Implementation is also easier as it does not involve any kind of sector

identification, which is necessary for the remaining SVPWM technique.
3.9 Conclusion

This chapter discusses the detailed dynamic modeling of asymmetrical six-phase induction
machine and six-phase PWM converter. Three-existing and proposed SVPWM techniques
are analyzed in terms of current harmonics and torque pulsations. The performance of space
vector PWM techniques on ASIM has been verified through simulation and hardware results.
Phase voltages and currents recorded are found to be similar and in close agreement. Small
disturbances and stepped waveforms observed in hardware results are due to the reduced
sampling time. The observations noted from the simulation and experimental are emphasized
as follows.

The conventional SVPWM method contains lower order harmonics in the phase current

as only two active vectors are selected for synthesizing the reference voltage. These har-
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monics are considerably large and increases the motor losses. Vector space decomposition
approach practically eliminates the lower order harmonics, whereas implementation of it can
be quite complex as computation of it either involves the inverse calculation of 5x5 matrix
or contains a large look-up table. The vector classification and common mode voltage injec-
tion SVPWM methods almost have the same output results, which are very satisfactory in
terms elimination of lower order harmonics; however, a slight increase in the amplitude of
pulsating torque can be observed in vector classification SVPWM. This is because in VSD
SVPWM harmonic current cancellation due to phase angle diversity and attenuation due to
system impedance. In vector classification and CMVI SVPWM techniques, the volt-second
balance of the d,-q, plane inherently becomes zero, which is similar to VSD SVPWM. Im-
plementation is simple and convenient in both methods. As CMVI SVPWM does not involve
any sector identification or vector selection, it requires less computation time as compared
to other methods. Vector space decomposition, vector classification, and CMVI SVPWM
techniques offer reduced harmonics as observed in simulation and experimental results.

The outcome of comparative SVPWM analysis is utilized for developing a simple and
very effective form of IRFOC. In this, both stator terminals are controlled as separate entities,
and therefore unbalance current sharing observed in previous works is eliminated inherently.
Simulation results are exhibited for verification. With an additional feed-forwarding loop
injecting load torque equivalent g-axis current, improvement in speed response is observed.
This feed-forwarding loop will be much more beneficial for the fault-tolerant operation of
ASIM.

In the following chapters, indirect rotor field-oriented control is utilized for variable speed
operation of grid-connected ASIG, and power electronic interface in PEVs. The experimental

results of the ASIM with IRFOC are presented in accordance with these applications.
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Fig.3.11: Conventional SVPWM waveform. From top to bottom: Reference signal, phase

voltage with frequency spectra, phase current with frequency spectra.
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CHAPTER 4

ASYMMETRICAL SIX-PHASE INDUCTION
GENERATOR FOR WIND ENERGY APPLICATIONS

4.1 Introduction

Advantages of multiphase generators can be effectively utilized for wind power plants. Fail-
ure of one or two phases does not affect the generation drastically as compared to that of
three-phase induction generators. Because of this, multiphase induction generators are being
considered for self-excited and grid-connected power generation in both offshore and on-
shore wind power plants. Based on the operation, grid-connected induction generators can
be classified into fixed speed and variable speed generators.

This chapter presents a detailed modeling and analysis of six-phase induction generator in
variable speed WECS. Moreover, advantages of asymmetrical six-phase induction generator
in stand-alone, and grid-connected fixed speed operation is also evaluated. Various aspects
such as efficiency, reliability, and productivity are considered while performing the analysis.

Variable speed wind energy conversion utilizes the voltage source converters (VSC) con-
nected in back to back with decoupled with DC-link capacitors. Because of decoupling be-
tween the grid and generator, it is not necessary to use the three-phase generators. On the
other hand, utilizing multiphase machines can be beneficial for variable speed WECS. The
objective of generator side converters is to extract maximum power by operating the gen-
erator at a certain optimum speed. The reference optimum speed is obtained from MPPT
algorithm. ASIG is operated at this speed with rotor field-oriented control, which is detailed
in the previous chapter. This chapter focuses on developing an MPPT algorithm, and model-
ing of grid side system consisting of a three-level converter, inductive filter, grid and DC-link.
Grid side converter is responsible for maintaining the constant DC bus voltage and control-
ling the active and reactive power flow between the grid and generator. This is achieved by
operating the PWM converter with grid vector-oriented control.

In fixed speed operation, a generator is directly connected to the grid through a trans-

former. Mechanical speed conversion is done by a multi-stage gearbox situated between the
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turbine and generator.
Self-excited generators are completely isolated from the grid and requirement of reactive
power will be rendered either by capacitors or converters. Whereas, as the term suggests,

grid-connected induction generators are interfaced with the utility grid.
4.2 ASIG for Variable speed WECS

Variable speed wind energy conversion system shown in Fig. consists of a wind turbine
driving ASIG connected to the grid through a full scale back to back converter. Two three-
phase, two-level converters are connected across the generator side, and grid side consists
of a single three-phase three-level converter. Both converters share a common DC-link in
between. All the converters are IGBT based and voltage source operated. Vector space de-
composition SVPWM is used for switching of converters. Machine side converter controls
the generator for variable speed operation by using rotor field oriented control. Reference
speed is obtained from MPPT to operate the generator at optimum speed, thereby extract-
ing maximum power from the wind. It also supplies magnetizing current for the induction
generator, consequently eliminating the need for excitation capacitors. The power generated
by ASIG is fed from the machine side converter to grid side converter. PWM converter on
grid side controls the active and reactive power flow independently by orienting the reference
frame according to voltage vector of the supply grid. It also maintains the DC bus voltage
constant. Generally, unity power factor operation is performed, in which reactive power is
kept zero. A coupling inductor is connected between the grid and converter which filters the
high-frequency ripples generated from converter switching. An isolation transformer is used
while grid interfacing, and by doing so fault transmission between the grid and WECS can

be avoided.
4.2.1 Wind turbine optimization.

Maximum power can be extracted at different wind speeds by operating the generator at an
optimum speed. This can be achieved by adjusting the power coefficient (C}) depending
on the aerodynamic conditions. Different MPPT methods can be found for variable speed
WECS, among those one method is based on the power-speed curve of wind turbine. In this

method, maximum power, which can be obtained at different wind speeds for the particular
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Fig. 4.1: Schematic of the proposed system.

wind turbine is calculated, and a curve is plotted with respect to the speed of wind turbine.
A locus of a point can be tracked for different wind speeds, and a differential equation K,
is obtained for a particular turbine. In real time, the wind speed is measured by using a wind
speed sensor or an anemometer. According to plotted MPPT profile, the speed reference
wy, is generated and provided to the generator control system that compares the speed ref-
erence with the speed measured from generator w, to produce control signals for the power
converters to achieve maximum power operation.

The relationship between the wind speed and power captured by the turbine blade to
convert it into mechanical energy can be described as follows [85]],

Py = %wa%?’Cp(/\, B) 4.1)

where, P, is the mechanical power extracted by turbine blades, R is the radius of wind
turbine, p is the air density, v is the velocity of wind and C), is the power coefficient of blade
and is a function of tip speed ratio A and blade pitch angle 5. C, can be approximated by

using,

C —cs
Cp(\,B) =Cy | = = (Cs+ Ci)B— C5| e ™ (4.2)
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with
1 1 0.0365

- _ — 4.3
Ai A+0.083 [+1 (4.3)
(- Cg values are chosen from the blade element momentum [86]].
Tip speed ratio A can be defined as,
R
A= 2t (4.4)
v

For a fixed pitch rotor, /3 is set to zero, therefore C), is a function of . For particular
wind speed, there is only one optimal point, where C), is maximum. Maximum power can be
extracted from the wind if the turbine is continuously operated with maximum C,,. Optimum
tip speed ratio for different wind speeds ranging from 6 m/s to 14 m/s has been plotted in
Fig. This A, line is converted into a function to obtain the optimum turbine speed
w; . Further, optimum generator speed w;,, which is given as reference to IRFOC is obtained

from,

wr = Gy 4.5)

where, G represents a multiplier gain or gear ratio.

The grid-connected ASIG system consits of ASIM drive, grid side VSC and an inductive
filter connected between the grid and VSC. A simplified model of the grid side system is
shown in Fig. 4.3]

4.2.2 Model of three-level grid side NPC Converter.

Multilevel converters can be availed to achieve higher voltage levels in order to improve the
performance and quality of output power and voltage. Three-level neutral point clamped
converter (NPC) consists of twelve IGBT switches and six independent diodes. All the IGBT
switches are connected with anti-parallel diodes for bidirectional operation. Output voltage
waveforms (Vy,, Vio, Veo) generated by NPC converter comprises of three switching levels of
amplitude Vpc/2 (0, Vpe/2, Vpe). The output phase voltage of the converter with respect to

point ‘O’ can be express as follows [[87],
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Vao = Saval + Sa2vC2 (46)
Vao = alVCl + SaQVCQ (47)
Vao = avaI + Sa2V02 (48)

Vi1 and Vi are the voltages across capacitor C'; and C respectively Output AC voltages

can be realized by combining equations (4.6)-(4.8) as,

V. V.

Van = gl (25,1 — Sp1 — Se1) + %(2&2 — Sy — Seo) 4.9)
V. V.

Vpn = ;‘ (251 — Sa1 — Se1) + %(2&2 — Sa2 — Sia) (4.10)
V. V.

Ven = ;1 (25,1 — Sy — Sa1) + %(25@ — Sy — Sa2) 4.11)

4.2.3 Model of the grid, inductive filter, DC link.

The grid is modeled as an ideal three-phase balanced voltage source. An inductive filter is
located between the NPC converter and grid. Output AC voltages of the converters with
respect to neutral points are denoted as vy, Vs, and v.,. Grid voltages are mentioned as
Vaz, Up, and v,,.

Equations for steady-state converter output voltages in terms of grid can be written as,

.

Van = Riigs + L;— + g (4.12)
dip,

= R; sz + L dt + Vb (413)
di.,

= Rty + Li—— 7 c 4+ Ves 4.14)

where, R; is the resistance of grid filter, L; is the inductance of grid filter and i, iy, ic.
are the currents flowing through NPC converter’s output. For grid side control, dynamic

modeling is required. Grid equations, by decoupling into d-g components, can be written as,

dig
= Rjig, + L,—— o ® 4 vdz — weLyiqz (4.15)

dig.
Ugn = Ritg, + Lii 4+ vqz — weLjtdz (4.16)

dt
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w, 1s the angular position in arbitrary frame of reference.

Combination of several capacitors between the grid side converter and generator side
converter is referred as DC link or DC bus. The voltage across DC link depends on the
currents flowing through the capacitor 7., a simplified model of DC bus is shown in |4.4]

voltage and current of DC bus capacitor can be expressed as

1
Voo = —— | i.dt 4.17
DC CDC/Z (4.17)

7;c = Z'gdc — lzde — IR (418)

where, Cp¢ is the DC link capacitance, 4. is the current through DC link capacitor, 744,
is the DC current flowing from DC bus to grid side converter, 7,4, is the DC current flowing

from generator side converter to DC bus and 7y, is the current through DC bus resistance.
4.2.4 Sizing of DC-link capacitor and grid filter

For real-time implementation, the DC link capacitor value is selected on the basis of the
worst case current stress on the capacitor. The output current of the inverter is assumed to
be sinusoidal. Variations in the capacitor RMS current (/- gasg) with modulation index (1)
as well as line side power factor as correlated by the following expression is utilized and

accordingly sizing of the DC link capacitor is performed [88]].

Icrus = \/3122\;77:% [\/3 + cos(2¢) {%” - %(Inma)20082(¢) (4.19)

where [ is the amplitude of the output current, ¢ is the power factor angle and m,, is the
modulation index.
L-filter removes the current harmonics from the grid side converter. It is sized for 5%

ripple in output current of the inverter using the expression

|:\/T§:| maVDC
Ly=—7———
d 6fsjrpl

where, m,, is the modulation Index, I,,; is the allowed ripple current, f; is the switching

(4.20)

frequency. This work considers 5 mH inductive filters between the grid side converter and

grid and two capacitors of 6800 uF in series for DC-link.
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Fig. 4.5: Schematic diagram of grid-side control.

4.2.5 Grid vector-oriented control.

In order to achieve a controlled active and reactive power exchange between the grid and

converter, it is necessary to control the grid side converter (GSC). GSC can be controlled with

different schemes. In this work, vector oriented control (VOC) is utilized for this purpose.

To achieve this, d-axis of the synchronous frame is aligned with the supply voltage vector.

Active and reactive power can be calculated by the following equations [85],

P,

g

Qg

N AND) 2
Vg = \/Vg" + Uy

In VOC, v4 = v, and v, = 0 therefore,

3 .
5 (Vaia + vglo) (4.21)
3 .
5(”612 - Udlq)
3
Pg = —Udid
?,) (4.22)
Qg _ivdiq



The g-axis reference current i; can be obtained from,

L T2,

4.23
i = 0. (4.23)

where, () is the reference reactive power, and for unity power factor operation, this
can be set to zero. Active power must flow through the DC bus to be transmitted to the
grid. Therefore, only by maintaining the constant V() this active power flow through the
converters is ensured. The error between the actual and reference DC voltage is provided to
PI controller. This PI controller generates 7, according to operating conditions. The control
strategy is shown in Fig. 4.5] DC bus voltage v, is kept constant throughout the operation.
Grid side converter operates both as a rectifier and inverter based on the direction of power

flow.
4.3 Self-excited ASIG

Improved reliability and higher efficiency offered by the multiphase induction machine can
be utilized effectively for stand-alone power generation. Voltage build-up process in an in-
duction generator is similar to that of a DC generator. Per phase equivalent circuit of asym-
metrical six-phase induction generator in self-excited and grid-connected mode under load
condition is exhibited in Fig. {.6] The “f” and “v” parameters in self-excited mode denote
frequency and rotor speed respectively. Rotor speed “v” is fixed but “f” varies with the load
and excitation capacitor.

Capacitor banks are connected across the stator terminals to provide lagging magnetiz-
ing reactive power, which is necessary for air gap flux establishment in the machine. Self-
excitation can be achieved in an asymmetrical or symmetrical six-phase induction machine
either by connecting the three-phase capacitor banks (delta or star) to one of the three-phase
winding sets or to both the three-phase sets. For both the configurations, values can be de-
termined analytically, or experimentally through ‘synchronous speed test’ [18]]. The selected
capacitor should be capable of maintaining the magnetizing current in the nonlinear por-
tion. A minimum value of excitation capacitor (per phase) required to be connected to both

three-phase sets to maintain sufficient self-excitation under steady state can be calculated
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Fig. 4.6: Per phase equivalent circuit of asymmetrical six-phase induction generator under

load condition in self-excited mode.

analytically as follows [89].

1
(w)?v2(Lis + Lim)

where, w is the angular frequency, v is the operating speed of ASIG in per unit, and L;,

Cin = (4.24)

and L,, are leakage and stator magnetizing inductance of the generator.

However, the value of capacitor determined from this equation is just sufficient to have
self-excitation under steady state only. Under transient conditions, the excitation process
is also affected by the machine acceleration. To achieve better performance under loading
condition, it becomes necessary to optimize the value of shunt and series capacitance. The
value of shunt capacitance at a given speed to generate a desired no-load terminal voltage can
be obtained experimentally by using a variable capacitor bank. For optimal performance, the
value of shunt/excitation capacitance has to be from the values that will give no-load voltage
lower than 1.0 p.u. Hence, for the purpose of analysis, a range of shunt capacitance value can
be selected that will give the no-load terminal voltage in the range of 0.9 -1.0 p.u.

ASIG is driven by a prime mover, shunt capacitor banks of 25uF are connected with
both the three-phase winding sets. The output of two three-phase sets (abc and zyz) are
integrated through a A/Y-Y six-phase to three-phase, three winding transformer and supplied
to a variable resistive load. The utilization of a six-phase generator to supply a three-phase
load is shown in Fig. Magnetizing characteristics of self-excited ASIG is shown in
Fig In this, the reliability of the system is improved, because a continuous supply

to load is provided even when there is a failure in one of the two three-phase winding sets.
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Reliability of this system is investigated by observing its performance when only one winding
is excited and the other is disconnected from the load.

When there is an increase in load, shunt capacitors connected in the delta are not sufficient
to balance the reactive power demand of ASIG. This may cause poor voltage regulation of
the system. The capacitors connected in series with the load are utilized to overcome this
problem. The selection of series capacitance should be justified not only on the basis of full
load voltage regulation, but also from the viewpoint of load voltage profile and maximum
utilization of machine as the generator. Once the shunt capacitance requirement for obtaining
any particular no-load terminal voltage has been computed, series capacitance values are
used starting from some initial value in equal steps up to some maximum values. A detailed

discussion is given in. [27].
4.4 Fixed speed grid-connected ASIG

Per phase equivalent circuit of asymmetrical six-phase induction generator in grid-connected
fixed speed mode under load condition is exhibited in Fig.

Performance characteristics of grid-connected ASIG for fixed speed operation are ana-
lyzed with two different types of configurations. In the first setup, only one set of three-phase
windings is connected to the grid, while other is supplying a local resistive load as shown in
Fig. In the second configuration, both the three-phase winding sets are connected to the
utility grid via six-phase to three-phase, three winding transformer, as shown in Fig. [4.9b]

For the first set of configuration, a star connected resistive load is connected to three-
phase winding xyz and another three-phase winding abc is connected to the grid through an
autotransformer. In the second set of configuration, the output of both three-phase winding
sets abc and xyz are combined through a A/Y — Y transformer and supplied to the utility
grid. An autotransformer is used in between the grid and three-winding transformer to adjust

the voltage level according to the laboratory bus bar.
4.5 Simulation Results

The system is simulated with MATLAB/SIMULINK in order to verify the effectiveness of
the proposed control strategies. The ASIG parameters (listed in the appendix) used in the

simulation are acquired from the laboratory prototype developed. Stator terminals of ASIG
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Fig. 4.7: (Q) Schematic diagram of self-excited asymmetrical six-phase induction genera-

tor, and (EP Magnetizing characteristics of self-excited SEIG at 1000 rpm.

are connected to distribution grid of 415V, 50Hz via back to back PWM converters. Three-
level three-phase grid side converter is connected to two 2-level machine side converters with
a common DC link. The system is operated by considering the practical conditions of a
variable speed WECS. Generator control acts on the change in wind speed to operate the
machine at reference speed obtained from MPPT. DC bus voltage is kept constant at 600V
by the supply-side converter. The reactive power required for the generator is supplied by

varying 4.
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At t=0.5 secs, wind speed changes from 0 to 8 m/s, Fig. 4.10] shows the generator speed
control for variation in wind speeds by using IRFOC, reference speed for generator control at
different wind speeds are obtained from MPPT. Generator flux and electromagnetic torque for
different wind speeds are presented in Fig. as it can be observed, flux remains constant
irrespective of the speed change and generator torque changes along with the wind speed.

Direct and quadrature axis currents of the generator, when a change in the wind speed
has occurred, are shown in Fig. As d-axis current is the flux producing component, it
remains constant. Torque producing g-axis current changes with the change in wind speed.
The same procedure is repeated when wind speed changes from 8 m/s to 6 m/s at t=1.5 secs

In order to compare the ASIG and conventional three-phase induction generator (TPIG)
in the same machine frame, simulations were performed for torque, rotor currents and active
power generation. Obtained torque and rotor current waveforms are exhibited in Figs. .13
and [4.14] Active power generated by ASIG and TPIG, supplied to the grid at different wind
speeds are shown in Fig. From these figures, a clear improvement in the quality of
torque and rotor current can be observed with ASIG. It should also be noted that ASIG pro-
duces more power than conventional TPIG for the same wind speed. Active power flow to
the grid increases with the increase in wind speed.

Waveforms of DC-bus voltage and reactive flow between the generator and grid are pre-
sented in Fig.[4.16] DC-link voltage is maintained at 600V by continuously varying the d-axis
current with the change in wind speed. Reactive power is kept zero for unity power factor
operation. Waveforms of quadrature and direct axis currents of supply-side converter for the

change in wind speed are depicted in Fig.
4.6 Experimental results

Laboratory set up detailed in Chapter 2 is developed for performing the experimental inves-
tigations of the proposed system.

A multiplication factor as gear ration is considered for deciding the prime mover speed.
Depending on the wind speed, the MPPT algorithm decides the optimum generator speed.
Rotor field oriented control achieves speed control of ASIG by varying d and q axis currents.

Experimental current waveforms of ASIG phase ‘a’ and ‘x’ during steady state are shown
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in Fig. .18al A 30°phase shift can be clearly observed between the two sets of three-phase
windings. Steady-state generator torque is exhibited in Fig. .18 Experimental waveforms
of direct and quadrature axis currents of DTIG (¢4, 241, 242, %42) for real-time change in wind
speed are shown in Fig. and[dl As it can be seen, only i, varies with T¢, i, is constant so
as the generator flux. Negative i, represents that the machine is operating in generator mode.
From these waveforms, the close proximity between the simulated and experimental results
can be observed, thus it can be concluded that the model is well capable of predicting the
accurate output. Simulated and experimental waveforms also demonstrate that no unbalanced
current is shared between the two converters. This is possible because both windings of ASIG
are controlled separately in this method.

Grid voltage and current obtained from the experiment are presented in Fig. [4.19a] and

Fig. [4.19b|respectively. Power is fed to the grid with unity power factor operation at varying
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wind speeds. Active power of 630W delivered to the grid by ASIG at a wind speed of 6m/s,
is shown in Fig. It can be observed reactive power is almost zero thus maintaining
unity power factor. Negative sign shows that power is being fed to the grid. The efficiency of
ASIG improves with the increase in wind speed.

To transfer power from machine side converter to grid side converter, DC-link voltage
should be higher than the peak of the grid voltage, therefore 600V is maintained across the
DC link as shown in Fig.

In order to investigate the reliability ASIG in self-excited mode, its performance can be
observed when only one winding is excited and other three-phase winding set is disconnected
from the load. Experimental tests are conducted by connecting capacitor banks to only one
of the two three-phase sets. A three-phase resistive loading is provided to the same set via
transformer. Prime mover is operated at a speed of 1000 rpm.

Experimental results obtained are shown in Fig.[4.20] Voltage and current build-up across
windings abc and xyz during excitation process are presented in Figs. and [b|respectively.
Its steady state voltage and current waveforms across windings abc and xyz are presented in
Figs. and|d|respectively. From these figures, it is well evident that ASIG in self-excited
mode is capable of supplying a load even when capacitor bank is connected across one three-
phase winding set. Current across winding xyz is zero during both transients and steady state
as it is kept open.

Experimental relsults of ASIG in grid-connected fixed speed mode is shown in Fig.[4.21]
Only one set of three-phase windings is connected to the grid, while other is supplying a local
resistive load active power generated by ASIG is shared between the resistive load and the
grid. Variation of power factor, active and reactive power is observed with different values of
slip. Figs. and [b] shows the experimental results for this configuration at 0.5% slip. In
Fig. steady-state voltage and current waveform across xyz terminals are presented, and
Fig. 4.21b| shows the active power (150 W), reactive power (70 VAR) and operating power
factor (0.90) across the resistive load. From these waveforms, it can be concluded that a fixed
speed ASIG is well capable of supplying two individual loads.

When both the three-phase winding sets are connected to the utility grid via six-phase to

three-phase, three winding transformer total power generated is supplied to the grid. This
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configuration is operated at 0.5% slip. Steady state voltage and current waveforms across
output terminals of A/Y — Y transformer shown in Fig. and Fig. shows ac-
tive power, reactive power and power factor while supplying utility grid. These waveforms
demonstrate that six-phase generator is able to supply three-phase utility grid. Fixed speed
ASIG receives reactive power from grid and supplies active power to the grid. This decreases
the system power factor, which is improved by connecting a capacitor of suitable value to
ASIG windings. Creeping of power factor is observed with the increase in slip, and after a

while, it becomes constant at a particular point.
4.7 Conclusion

Performance analysis of an asymmetrical six-phase induction generator with different types
of configurations is presented in this chapter. For comparative evaluation, the same test ma-
chine is utilized as a conventional three-phase induction generator by reconnecting winding
terminals.

Asymmetrical six-phase induction generator is operated for variable speed wind power
plant. Detailed modeling and analysis in this mode is presented. Control methodologies
are designed to regulate the DC-link voltage and to operate the system to supply maximum
available power to the grid. Transient and steady-state results obtained from simulation,
and experimental investigation proves that this control can operate ASIG at optimum speed
without any unbalanced current in the system.

It also focuses on improvements, which can be obtained in the quality of torque and rotor
current waveforms when compared to its three-phase counterpart. Implementation of con-
trol methodologies are similar to that of a three-phase induction generator, the advantageous
feature of ASIG makes it a perfect machine, where reliability and efficiency are the main con-
cern. Fig. depicts the power supplied to the grid by test machine operated in six-phase
and three-phase mode. As can be seen, power generated in six-phase mode is enhanced,
when compared with the power generated as a three-phase induction generator in the same
machine frame. Power generation increases, because of dual stator operation, where the out-
put of two stator windings is combined while supplying to the grid. Increase in generated

power increases the efficiency of variable speed WECS. Circulating current is avoided with
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separate neutral connections.

It is observed that ASIG can be operated in a self-excited mode without any difficulty,
even when only one set of three-phase windings is excited. This means that self-excited ASIG
can sustain and continue its operation when there is a loss of excitation at one of the three-
phase winding sets. Short shunt configuration is observed to be better in terms of voltage
regulation and cost-effectiveness, whereas simple shunt in terms of efficiency. Evaluation
of test machine in three-phase and six-phase self-excited mode of operation is illustrated in
Fig.[d.22b] A variation of output power is plotted with generator terminal voltage. In this, it
is noticed that the voltage regulation and power handling capability of six-phase self-excited
generator 1is superior to its three-phase counterpart.

Similar reliability can also be noticed when ASIG is operated in the grid-connected mode
with a fixed speed operation. This configuration is well capable of supplying two different
loads (local resistive load and utility grid) at the same time. When the output of two-three
phase windings are combined with a star-delta transformer and fed to the local utility grid,
it is observed that six-phase configuration is able to deliver more power than test machine
operated as three-phase in the same machine frame. Power supplied to the grid by ASIG
increases with the increase in slip, Fig. depicts the variation of output power with slip
when the test machine is operated in six-phase and three-phase mode. The system is observed
to be well operating even when there is a failure in one of the three-phase sets. The sinusoidal
output is obtained in a wide range of speed without causing any overheating. Capacitors are

connected across the windings to improve the power factor.
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abc (connected to three-phase resistive load), and (b)) winding xyz (kept open). Steady
state voltage and current waveforms of, (c) winding abc (connected to three-phase resis-

tive load), (EI) winding xyz (kept open).
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Fig. 4.21: Experimental waveforms across winding zyz supplying 150 W resistive load:
(a) Steady state voltage and current, (b) active power, reactive power and power fac-
tor.Experimental waveforms across output of three winding transformer: steady state

voltage and current, (EI) active power, reactive power and power factor.
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Fig. 4.22: Comparative performance assessment of test machine operated in three-phase

and six-phase; (a) variable speed grid-connected mode, (b) self-excited mode, and

fixed speed grid-connected mode.
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CHAPTER 5

POWER ELECTRONIC INTERFACE INCORPORATING
ASIM DRIVE FOR PLUG-IN ELECTRIC VEHICLES

5.1 Introduction

This chapter proposes an integrated battery charger for plug-in electric vehicles that involves
an asymmetrical six-phase induction motor as propulsion drive. Proposed power electronic
interface uses a CuK based bidirectional DC/DC converter, which is capable of performing
buck/boost function during all modes of operation. It operates as a power factor correction
(PFC) converter during plug-in charging mode, and a single switch inverting buck/boost con-
verter in propulsion and regenerative braking modes. Selection of a wide range of battery
voltages and adequate control over regenerative braking can be achieved with the proposed
multi-functional converter. In addition, size, weight and cost of the charger are also reduced,
as it involves a minimum number of components compared to existing buck/boost converters
used in charger. By utilizing a six-phase drive in propulsion system, efficiency and power
density of the PEI is improved. This drive even allows further modifications to the proposed
topology. Indirect field-oriented control detailed in Chapter 4 is utilized for drive side con-
trol. The proposed PEI is highly suitable for onboard charger and propulsion system of PEVs.
Aforementioned converter and propulsion drive are validated during all modes of vehicle op-

eration with the laboratory prototype developed.
5.2 Onboard battery charger with CuK converter

Most PEVs use two individual converters for their onboard battery charger [46,50]. The first
converter is used to convert ac/dc with unity power factor (UPF) operation, i.e. in plug-in
charging mode. The second converter is used for boosting the battery voltage as well to
control the power during propulsion and regenerative braking modes. Block diagram of a
conventional onboard battery charger (OBC) is shown in Fig. In this system, a large
number of components are utilized, which has a negative effect on size and weight of the

charger.
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The number of components and size can be reduced by utilizing the integrated onboard
chargers. These integrated chargers can be designed by either utilizing the inverter and motor
windings in the charging process, or by combining DC/DC front end converter (FEC) with
power factor correction converter.

The bidirectional DC/DC converter connected between the battery and AC/DC power
factor correction (PFC) converter can be combined to have a converter for all modes as shown
in Fig. In this regard, this work presents a newly integrated charger consisting of a
bidirectional DC/DC converter for PEVs. Fig.[5.2]exhibits the proposed bidirectional DC/DC
CuK converter with diode rectifier. Proposed converter has voltage stepping-up and stepping-
down capabilities during all vehicular modes. This allows selection of a wide range of battery
voltages, and the battery can be charged with universal supply voltage range (100-260 V) as
well as effective control of regenerative braking energy. It also offers several advantages in
PFC applications such as; continuous input and output current, inrush current limits during
transients and overload condition, and lower size of electromagnetic interference (EMI) filter.
The presence of output inductor (Ls) limits the switching ripples in current reducing the
associated losses. This topology would further reduce the number of components compared
to other integrated /single-stage converters. In this chapter, this DC/DC converter is further
referred to as a battery side converter (BSC).

Asymmetrical six-phase induction machine with two parallel connected inverters is oper-
ated as propulsion drive. The six-phase converter system supplying ASIM is referred to as a

drive side converter (DSC).
5.3 Operation of proposed topology

The Proposed topology consists of an integrated BSC coupled with six-phase DSC. BSC
consists of four switches, two diodes, two inductors and three capacitors. It has three modes
of operation; plug-in charging, propulsion and regenerative braking, and in each mode, the
converter operates in continuous conduction mode (CCM). DSC consists of two parallel con-
verters having twelve switches driving the ASIM operated with indirect rotor field-oriented
control. BSC and DSC are coupled with the DC-link. DSC operates only during propulsion

and regenerative braking modes of operation, and it remains uninterrupted during plug-in
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charging mode.
5.3.1 Plug-in charging mode

In this mode, the battery is charged from the grid, so only BSC operates and DSC is in stand
still. In BSC, Switch S; is PWM gated, and switch S5 and S3 are in OFF-state. The pro-
posed converter operates as a CuK PFC converter. Operation of the converter with equivalent
circuits is shown in Fig.[5.3a

In stage: 1, S; is switched ON, energy is stored in inductor L, through the path | v, |-

Ly-S:-| v, |, and capacitor C' transfers its energy to output capacitor Cj, and battery through

Wheel
AC/DC Bidirectional ! :
*— Converter | L 1 DCIAC Electric )
+ T DC/DC motor
- T Converter T Converter §
Grid PFC Stage
——
‘Wheel

(a)
C :Grid
II Plug-in charging

Integrated L Battery
Inverter & Motor on-Board pack

e Charger o
O | B 1T

Propulsion

A

Regenerative Braking charging

(b)

Fig. 5.1: Block diagram of; (H) conventional battery charger, (H} integrated battery charger.
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Fig. 5.2: Proposed bidirectional CuK converter for integrated charger in PEVs.

91



the path C'-S,-Cy-Lo-C, Inductor L, current increases and voltage across coupling capacitor
decreases.

Switch S; is turned-OFF in stage: 2, inductor L; delivers its energy to capacitor C', and
energy stored in inductor L is transferred to capacitor C,. By assuming the duty ratio of
converter to be dy, the volt-second balance of any one of the inductors among L; and L in

switching period 7 can be written as

Vgmaz | sin(wt) | xdy(t) = =V, x (1 —dy(t)) x T (5.1)
Hence, the voltage conversion ratio, M can be obtained as

Vi di ()
M, = _— 52
L smet] . T=di(0) (5-2)

5.3.2 Propulsion mode

During this mode, power flows from battery to DC-link for propelling of the motor-drive
system of the vehicle. DSC operates ASIM in a closed loop. BSC switch S; and S5 are in
OFF-state and switch S, is PWM gated. Operation of the converter with propulsion mode
equivalent circuits is presented in Fig.

Switch S5 is turned-ON in stage: 1, battery charges the inductor L, through the path
Vy-Sa-Lo-V, and current through inductor increases linearly, meanwhile capacitor C},, dis-
charges to supply energy to the motor through an inverter. When switch S5 is turned-OFF
stage: 2, energy stored in L, is transferred to DC-link capacitor C},, through the path Lo-D7-
Chy-Lo.

By assuming the duty ratio of converter to be ds, with the volt-second balance of L5, one

can obtain;

Vo X dy X Ts = —=Viy X (1 —dg) x T (5.3)
The voltage conversion ratio M, from (3) can be expressed as

_th__ d?
W 1—dy

M, (5.4)
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Fig. 5.3: Operating modes of the converter during; (EI} plug-in charging mode, (IEI) propul-

sion mode, (c)) regenerative braking mode.
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5.3.3 Regenerative braking mode

In regenerative braking mode, the drive operates in generating mode and DC-link voltage
increases the power flow from drive to battery. BSC switch Sjand S, are in OFF-state and
switch Ss is gated through PWM signal. In this mode, braking energy of the motor is used to
charge the battery and maximizes the distance covered by vehicle per charge. Operation of
the converter during regenerative braking is shown in Fig.

By turning-ON switch S3 in stage: 1, inductor Lo begins to charge through the path V},,-
S3-Ls-Vi,,. Meanwhile capacitor C), discharges to supply energy to the battery. Switch Ss is
turned-OFF in stage: 2, L, releases it stored energy to the capacitor and battery. By assuming

the duty ratio of converter to be d3, with the volt-second balance of L,, one can obtain;

Vie X ds x Ty = —Vp x (1 —d3) x T (5.5)

The voltage conversion ratio M3 from (3) can be expressed as

WV ds
Vi 1 —d

M (5.6)

5.4 Control algorithm

The control strategy is divided into two parts; BSC control and DSC control. BSC control
focuses on charging the battery from grid in plug-in charging mode, supplying power to
the motor in propulsion mode and redirecting generated power to the battery in regenerative
mode. In DSC control, there are only two modes of operation, propulsion and regenerative.
Both modes are operated with IRFOC. The control structure of PEI during different modes

of converter operation is shown in Fig.[5.4]
5.4.1 Control of BSC

In battery control, each mode is implemented by mode selector logic. Mode selector receives
the input signals such as grid voltage (v,), battery voltage (V}), electromagnetic torque (1),
speed (w), and charging power (/).

During battery charging from the grid, the reference charging power is divided by instan-
taneous battery voltage, which is input to the outer proportional-integral (PI) controller G,

of a two-loop closed control system. The output of this controller is a reference dc signal,
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Fig. 5.4: Control scheme of the proposed system during different modes.

which is multiplied by a unit rectified sinusoidal wave to generate final reference input to
inner current PI controller G ,,. This controller is used to correct the power factor on the grid
side.

In order to achieve accurate current tracking and make the control system robust against
supply variation, a feed-forward loop is implemented in the control loop. The open loop duty
cycle from equation [5.2]is added at the output of inner current controller (G») to arrive final
reference PWM signal to switch Sy, as shown in Fig. [5.4]

The objective of propulsion mode is to keep the DC-link voltage constant irrespective of
any load change for satisfactory operation of the inverter drive system. Therefore, the outer
PI controller G .3 regulates the DC-link voltage by generating reference battery current to the
inner current controller G4, which is provided by an average current mode controller.

In regenerative braking, the reference quantity is usually torque. Therefore, torque is
converted into reference charging power, and this reference power is divided by instantaneous
battery voltage to generate reference battery current, which is input to current controller G4

for battery current tracking.

5.4.2 Control of DSC

Efficient speed control of propulsion drive is necessary for better performance of a PEV.

Indirect rotor field-oriented control detailed in Chapter 4 is utilized in this work. It employs
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two sets of d — ¢ current controllers.

ASIM increases the efficiency, and improves the performance of propulsion drive. It also
provides higher power in the same machine frame. Superior qualities offered by ASIM over
its three-phase counterpart can be effectively utilized for EV application. Presented topology
can be further improved to involve two sources in the charging process. Details regarding

this have been discussed in the future scope.
5.5 Simulation results

The simulation results of the proposed converter with 1.5 hp six-pole induction motor drive in
all three modes of operation is verified in MATLAB/SIMULINK environment. The parame-
ters (listed in the appendix) used in the simulation are acquired from the laboratory prototype
developed.

Fig.[5.5|shows the simulation waveforms in plug-in charging mode, during which DSC is
at rest, as is the case for PWM inverter and ASIM. In this mode, the battery is charged from
the grid and simultaneously converter operates under PFC mode. In Fig.[5.5h, the grid voltage
and current are in the same phase with a sinusoidal shape, which shows that the converter
is operating near unity power factor (UPF) condition. The coupling capacitor C in CuK
converter is always connected between the input and output in switching cycle; therefore,
the voltage developed across it is the sum of rectified grid and battery voltages, as shown
in Fig. [5.5b. The battery voltage (with 20% SOC) and current are shown in Figs. [5.5¢ and
d, respectively. In a single-stage charger, the low-frequency component of current oscillates
with twice the grid (or line) frequency. This low-frequency ripple has a negligible effect on
the battery, as long as voltage ripple caused due to current ripple is lower than 1.5 % of the
root mean square (RMS) of float voltage of the batteries [58].

In propulsion mode, the battery delivers power to DC-link capacitor for propelling and
acceleration of the vehicle. For smooth operation of the vehicle, the DC-link voltage of the
inverter is kept constant during any change of load torque. In this work, DC-link voltage
is selected as 400 V. Dynamic performance of PEV in propulsion mode is analyzed by step
changing the load torque of ASIM drive. Recorded waveforms are exhibited in Fig.[5.6] Att=

1.5 s load torque is changed from O to 5 N.m and again reduced to 0 at t = 2 s, during this load
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Fig. 5.5: Simulation results during plug-in charging operation; (a) grid voltage (v,) and

grid current (i4), (b) voltage developed across coupling capacitor C (V), (c) voltage

across battery (14), and (d) battery current ([p).

change, DC-link voltage is regulated at 400 V, as shown in Fig.[5.6h. Corresponding change
in battery voltage and current are shown in Figs. [5.6b and c, respectively. Fig.[5.6{d shows
the change in load torque 77, and corresponding motor electromagnetic torque 7. Figs.[5.6k,
f and g exhibit the commensurable waveform of rotor flux A, of ¢g— axis current 7, and d—
axis current ¢4 respectively. As it can be seen, A, and ¢, are constant during load variation,
only change in ¢, can be observed, hence proving the applicability of IRFOC in propulsion
mode.

In regenerative braking mode, the battery is charged with braking energy of the motor.
The simulated waveforms of this mode are shown in Fig. In this mode, the machine
performs as a generator, and the DC-link voltage varies with the generated power. Varying
DC-link voltage during regenerative braking is shown in Fig.[5.7a. It operates between 300
and 350 V. Battery voltage and current are shown in Figs. and c respectively. As evident
from these figures, even though there is a variation in DC-link voltage, the battery is charged
with constant current of 2 A. It is remaining constant even after machine stops operating
in braking mode, however decrease in DC-link voltage can be observed. When DC-link
voltage reaches to a pre-decided minimum value, current direction changes, and the battery

starts supplying to drive. Variations in duty cycle waveform with DC-link voltage variations
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Fig. 5.6: Dynamic operation of converter for propulsion mode. Corresponding waveforms
of; (a) DC-link voltage (V4,,), (b) voltage across battery (V}), (c) battery current (Ip), (d)

machine torque (7t and 77,), (e) rotor flux (),), (f) quadrature axis current (i,), and (g)

direct axis current (¢4).

are exhibited in Fig. [5.7d. When DC-link voltage is more than battery voltage, the duty
signal is below 0.5, thus operating in buck mode. When DC-link voltage is lower than the
battery voltage, the duty signal increases above 0.5 to operate the converter in boost mode.
Corresponding load torque 77, and motor electromagnetic torque 7, during regenerative mode
are presented in Fig. [5.7¢. Figs.[5.7f, g and h show the waveform of ¢— axis current i,
rotor flux J\,, and d— axis current ¢4. Even in this mode A, and 74 are constant during load
variation, only change in 7, can be observed, thus demonstrating the applicability of IRFOC

in regenerative braking mode.
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Fig. 5.7: Dynamic operation during regenerative braking mode.Corresponding waveforms
of; (a) DC-link voltage (V4,), (b) voltage across battery (V3), (c) battery current (1) (d)
duty cycle, (e) machine torque (7, and 77,), (f) quadrature axis current (i4), (g) rotor flux

(M), and (h) direct axis current (7).
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5.6 Experimental results

An experimental prototype of the power electronic interface (PEI) for PEV is built in the
laboratory. It is explained in detail in Chapter 2.

Fig.|5.8[shows the experimental results obtained during plug-in charging mode and propul-
sion mode. The grid voltage (CH-1), grid current (CH-2), battery voltage (CH-3) and battery
current (CH-4) are shown in Fig. As can be seen, grid voltage and currents are in the
same phase with a sinusoidal shape, which indicates near unity power factor (UPF) operation
of the converter. The UPF operation relieves the burden on supply systems and reduces the
electricity usages. The low-frequency oscillations in battery current can be observed, and this
depends on filter inductor connected in series with the battery. The voltage across coupling
capacitor C' and current through inductor L; are shown in Fig. The coupling capac-
itor voltage is the sum of battery and rectified grid voltage, thus providing verification for
simulation result in plug-in charging mode.

The dynamic operation during propulsion mode is tested by varying the load torque.
Corresponding changes in the battery voltage (1}) and battery current (/,) are presented in
Fig. The DC-link voltage (V},) is been maintained at 300 V. In this case, it is not nec-
essary to maintain 600V as power is not supplied back to the grid. Therefore, this voltage is
decided based on the availability of batteries in the laboratory. The direct (74) and quadrature
axis (iq) currents of ASIM drive during IRFOC are shown in Fig.[5.8d. As it can be observed,
14 varies with the variation in load torque and electromagnetic torque 7. ¢4 is constant so as
the rotor flux of ASIM.

In regenerative braking mode, braking energy of the motor is used to charge the battery,
which leads to a long run of a vehicle per charge. As the regenerative power is marginal.
DC-link is maintained at 200 V. Output waveforms in this mode are exhibited in Fig.
In the figure, the battery voltage is constant 150 V, negative battery current of 2 A indicates
charging of the battery from propulsion drive. Generating operation of ASIM is shown in
Fig.[5.9b] Even in this mode, quadrature axis i, varies with the variation in input load torque.
Direct axis current ¢4 is constant so as the rotor flux of ASIM.

Fig. depicts the machine currents in stationary frame of reference (i,; and 7,2) dur-

ing speed reversal. Thirty-degree phase displacement between the current waveform of two
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Table 5.1: Comparison study of the proposed charger with single-stage chargers

Modes of operation

Converter Topologies Switches Diodes Inductors
Plug-in charging Propulsion Regenerative braking
Boost PFC converter Boost Buck/boost Buck/boost 5 5 2
Inverting buck/boost
Buck/boost Buck/boost Buck/boost 5 5 2
Converter
SEPIC PFC converter Buck/boost Buck/boost Buck/boost 5 5 3
CuK PFC converter Buck/boost Buck/boost Buck/boost 5 5 3
Integrated
Boost Buck/boost Buck/boost 4 4 1
converter [58]
Integrated
Boost, buck/boost* Boost Buck 5 1 1
converter [59]
Integrated
Buck/boost Buck/boost Buck/boost 6 9 1
converter [60]
Proposed integrated
Buck/boost Buck/boost Buck/boost 3 4 2

converter

*Boost in positive half cycle and buck/boost in negative half cycle

three-phase sets can be clearly observed. Quadrature and direct-axis currents (¢, and ¢,4) for

variation in reference speed during IRFOC is exhibited in Fig.[5.9d|
5.7 Comparative analysis

A comparative study of the presented charger with conventional single-stage and existing in-
tegrated chargers is presented in Table [5.1] To have a fair comparison, the dc/dc converters
connected between the battery and DC-link are assumed to be a four-quadrant bidirectional
converter. In addition to these conventional chargers, other existing integrated chargers are
also included in the comparative analysis. It can be seen from Table the proposed con-
verter has the least components compared to those converters, which have buck/boost opera-

tion in each mode.
5.8 Conclusion

In this chapter, a new power electronic interface involving integrated DC/DC converter and a
six-phase induction machine have been proposed for plug-in electric vehicles. As presented in
the comparative analysis, the proposed charger utilizes the least number of components along

with providing buck/boost operation in all vehicle modes. It also discusses the advantages of
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utilizing a six-phase induction motor drive instead of a conventional three-phase drive.

The stepping-up and stepping-down capabilities offered by the charges in all modes of
vehicle operation allows for the selection of wide range of battery voltages, and the battery
can be charged with universal supply voltage range (100-260 V) as well as effective control
of regenerative braking energy. A single converter is utilized to achieve all modes of vehicle
operation without influencing the charging time. The charging time of the integrated CuK
converter will remain same as that of conventional CuK converter. A six-phase machine is
used in the propulsion drive to improve efficiency and reliability. Even though it increases
the size of vehicle, it allows for further improvements to include another source for battery
charging. Indirect field-oriented control of ASIM drive is able to perform both motoring and
generating operations.

The performance of PEI in each mode has been verified by both simulations as well as
hardware results. Efficient closed loop control algorithm has been developed to control BSC
and DSC in all three modes of operation. The effectiveness of BSC controller is examined by
achieving unity power factor operation in plug-in charging mode, regulating DC-link voltage
at a desired value with a step change of loads in propulsion mode, and recharging of battery
in the regenerative braking mode. Performance of DSC controller is analyzed by observing
the torque and speed control in propulsion and regenerative braking mode. IRFOC presented

can be further improved to obtain a fault-tolerant drive system using ASIM.
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Fig. 5.8: Experimental waveforms captured; (EI) grid voltage vy, grid current 44, bat-

tery voltage Vj, and battery current I, during charging, (b) waveforms of coupling ca-
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propulsion mode, @) dynamics of field oriented controlled ASIM, direct-axis current (i),
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CHAPTER 6
CONCLUSION AND FUTURE SCOPE

6.1 Conclusion

This thesis presents an analysis of asymmetrical six-phase induction machine for renewable
and sustainable energy applications. It examines the applicability of ASIM drive in conjunc-
tion with different types of wind energy conversion systems and power electronic interface

for plug-in electric vehicles. The following main issues have been discussed.

e A detailed mathematical model of asymmetrical six-phase induction machine, and six-
phase voltage source converter are developed for simulation purposes. The mutual
leakage coupling between two three-phase sets and cross saturation coupling are also
considered in the dynamic model. Systematic analysis of four different space vector
PWM techniques in-terms of torque pulsation and harmonic contents are performed
for ASIM drive. On the basis of the outcome, the best suitable SVPWM is considered
during the variable speed operation of ASIM drive. Indirect rotor field oriented control
for ASIM is developed by utilizing the dynamic model of ASIM and six-phase VSC.

The deductions are outlined as follows.

i. The generalized analytical model is developed in arbitrary reference frame, hence
is versatile, and can be easily employed to develop any type of control based on

the requirement.

ii. In space vector modulation schemes, conventional SVPWM generates more har-
monics, however DC-link utilization is maximum. Vector classification reduces
the harmonics, but still has slightly increased amplitude of pulsating torque. VSD
and CMVI SVPWM are very satisfactory in terms of harmonics and torque pul-

sation, nevertheless, CMVI SVPWM requires lesser computational time.

iii. IRFOC developed for the six-phase drive is very effective in terms of speed con-
trol, and unbalanced currents and asymmetries associated with the switching har-

monics are eliminated by employing the sufficient number of PI controllers.
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1v.

Protuberance during load change is reduced by feed-forwarding input load torque

as an equivalent g-axis current, this does not require any additional PI controller.

e The variable speed ASIM drive is operated as a grid-connected generator for WECS.

Back to back voltage source converts are connected between the grid and generator.

Dynamic modeling of wind turbine, grid, and grid side converter are developed and

integrated with the ASIM drive model. Generator side converters are operated for

maximum power point tracking and grid side converters for unity power factor control.

Applicability of asymmetrical six-phase induction generator is also investigated in self-

excited and grid-connected fixed speed operating modes. The following conclusions

can be underlined.

ii.

1il.

1v.

In a variable speed WECS, ASIG with indirect field-oriented control is well ca-

pable of extracting maximum power from the wind during all wind speeds.

Power generated from the ASIG is supplied to the grid with unity power factor,

by implementing grid vector-oriented control.

In self-excited mode, ASIG can be operated without any difficulty even when

capacitor banks are connected to only one three-phase winding set.

During grid-connected fixed speed operation, ASIG is capable for supplying two

different loads (local resistive load and utility grid) at the same time.

Overall, in three different modes of operation, a power enhancement of 150-165%
is observed when operated as six-phase machine in the same machine frame as

compared to three-phase counterpart.

e A power electronic interface involving ASIM as propulsion drive, and CuK based con-

verter as onboard charger is developed for plug-in electric vehicles. CuK based bidirec-

tional DC/DC converter is modeled and integrated with the dynamic model of ASIM

drive. The results are summarized as follows.

L.

The DC/DC converter is capable of performing the buck/boost function during all

modes of vehicle operation.
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ii. With this charger, wide range of battery voltages can be selected. Furthermore,
battery can be charged with universal supply voltage range (100-260 V), and effi-

cient control of regenerative braking energy can be obtained.

iii. The proposed charger utilizes the least number of components compared to other

existing converters.
1v. Six-phase machine used in propulsion drive improves the system efficiency and

reliability.

e All the simulation results are validated using the laboratory prototype developed. dSPACE-
DS1104, an FPGA based controller is utilized for real-time implementation. Single

hardware setup is transformed into different configurations based on the requirement.

6.2 Future Scope

The research work presented in this thesis focuses on developing a simple, but effective field-
oriented control for six-phase induction machine. The applicability of this drive is assessed
for variable speed wind energy conversion system and plug-in electric vehicles. Future ex-

pansion of the works presented in this thesis includes:
e Implementation of the mentioned control techniques with a dedicated DSP or FPGA.

The further reduction in the number of sensors utilized in IRFOC will reduce the overall

cost of the drive.

e The IRFOC control strategy can be further improvised by optimizing the post-fault
currents externally. Reliability of the system will be increased due to ASIMs post-fault

disturbance-free operation.

e Advantages offered by the six-phase drive can be explored to other interesting areas
such as standalone generators in ship, more electric aircraft, and various industrial

applications.

e Proposed PEI for plug-in electric vehicle can be further modified to utilize two different
sources in the charging process as shown in Fig. [6.1] Battery charging through six-

phase machine winding with single-phase grid has been discussed in [90]. With the
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incorporation of these modifications, a secondary source like solar PV cells can be
connected across switch S; to charge the battery even during propulsion. Switch S}
is operated to perform maximum power point tracking (MPPT). The inductor in input
side of the converter reduces the current ripple, thus improving the operating life of

battery.

e Other than vehicular applications, the proposed integrated converter can be utilized

even for grid interfacing of photo-voltaic systems.

6-phase machine
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Fig. 6.1: PEV operated with grid and PV source for battery charging.
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APPENDIX

SYSTEM PARAMETERS

Table 1: DC/DC Converter Parameters

DC/DC Converter
Grid voltage (V) 220V
DC-link voltage (V) 400V
Line frequency (f1) 50Hz

Nominal battery voltage (V) 300V
L,/L, 2mH
Cro/Cpr/Cy 550/10/2200uF

Table 2: Wind Turbine Parameters

Turbine

Rated power [P(] 2700 W
Radius of the turbine [R] 14m

Rated wind speed [vy] 12 m/s

Air density [p] 1.225 kg/m?
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Table 3: Asymmetrical Six-phase Induction Machine Parameters

ASIG/ ASIM

) Six-phase, six-pole Three-phase, six-pole
Parameter of the machine

(value per-phase) (value per-phase)
Number of poles [P] 6 6
Stator resistance [r,] 4.12Q 8.25 Q2
Rotor resistance [r;] 8.79 Q) 8.79 Q
Stator leakage inductance [L;s] 21.6 mH 43.3 mH
Rotor leakage inductance [L;;] 43.3 mH 43.3 mH
Mutual inductance [L,,] 234.6 mH 469.2 mH
Controller parameters
d-q current controllers Kp=14 Ki=8000
Speed controller Kp=0.5 Ki=2.6
Flux controller Kp=60 Ki=140
DC-link voltage controller Kp=1.0 Ki=5.5
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