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ABSTRACT

Among the different multiphase ac drive solutions, one of the most widely reported
in the literature is the six-phase machine. The machines can be realised into two different
configurations, symmetrical and asymmetrical. For the symmetrical configuration, the
stator winding consists of two sets of three-phase windings that are spatially shifted by 60°
where spatial displacement between any two consecutive phases is the same and equal to
60°. For the asymmetrical configuration, the two sets of three-phase windings are spatially
shifted by 30°. As a result, the spatial shift between consecutive phases becomes non-
equidistant.

In this thesis, modulation techniques for both symmetrical and asymmetrical six-
phase machines are investigated. The machines are configured in open-end winding
configuration where both ends of the stator winding are connected to separate isolated
inverters in a topology known as dual-inverter supply. Compared to conventional single-
sided supply topology where one end of the winding is connected to an inverter while the
other side is star-connected, some additional benefits are offered by the dual-inverter
supply topology. First, fault tolerance of the drive is improved, since the supply is realised
with two independent inverters. In case one of the inverters is faulted, the other can
continue to provide power to the machine. Second, the same phase voltages can be
achieved with half the dc-link voltages on the two inverter inputs compared to the single-
sided supply, which can be useful in applications such as electric and hybrid electric
vehicles and medium sized ships, where the dc voltage levels are limited. Further, due to
the nature of the topology, additional diodes and capacitors like in the Neutral Point
Clamped (NPC) and Flying Capacitor (FC) VSIs are not required. The latter results in a
further advantage - capacitor voltage balancing techniques are not required.

Two pulse width modulation (PWM) techniques for control of the dual-inverter
supplied six-phase drives are proposed in this thesis. The first is a reference sharing
algorithm where the inverters are modulated using reference voltage that is shared equally
and unequally between the two modulators. For both symmetrical and asymmetrical six-
phase drives, a better performance, in term of total harmonic distortion (THD) of phase
voltage is obtained when the reference is shared unequally between the two modulators.
The second technique is carrier-based modulation where the modulation of the two
inverters is determined by the disposition of the carrier signals. Three variations of carrier
signals disposition are investigated namely; the phase disposition (PD-PWM), alternate
phase opposition disposition (APOD-PWM) and phase-shifted PWM (PS-PWM). For the
symmetrical six-phase drive, the best phase voltage and current THDs are obtained using
APOD-PWM while for asymmetrical six-phase drive, the APOD-PWM produces the worst
current THD despite having the best voltage THD among the three methods.

All the developed modulation techniques are analysed using simulations and
experiments undertaken using a laboratory prototypes. The waveforms and spectra of
phase voltage and load current obtained from the simulation and experimental works are
presented in this thesis together with the THD of both the voltage and current over entire
linear modulation range.
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1.Introduction

Chapter 1

INTRODUCTION

1.1 Preliminary considerations

Higher power demands on converters and drives are continuously being imposed by
industrial users. The reasons for this are the requirements to reach higher production rates,
cost reduction (large-scale economy), improved efficiency, etc. Available mature drive
topologies, which are mainly based on two-level inverters and three-phase machines, are
currently unable to meet the high power demands due to the lack of availability of
semiconductor devices that possess the required high current carrying and voltage blocking
capability. Since the available semiconductor devices (which are currently up to 6 kV and
6 kA [Franquelo et al. (2010)]) can only be used for limited power applications, alternative
solutions have to be devised for higher power industrial applications in the region of tens
of megawatt.

High power demands are currently met by using two different approaches. The first
approach is to continue to use the three-phase machine, but the per-phase power of the
machine is distributed among a higher number of semiconductor devices than the number
normally used in a two-level inverter. Such an inverter is known as multilevel inverter, and
it produces output leg voltage with more than two levels. Multilevel inverters produce a
better quality of output voltage waveform, but the implementation requires a higher
number of semiconductor devices; hence request for more complex switching strategy.
Nevertheless, various multilevel inverter topologies have been reported for various high
power industrial applications such as traction, mining, automotive, renewable energy,
adjustable speed drives and uninterruptible power supply [Franquelo et al. (2008)].

In the second approach, the high power demand is met by utilising a multiphase
machine, which is a machine with stator winding consisting of more than three phases. The
idea is to divide the total power across more phases, so that a reduced per-phase power
rating can be achieved, hence allowing the usage of the currently available power

semiconductor devices. As the number of phases increases, higher power demands can be



1.Introduction

meet. For example, a six-phase winding has been used for a 25 MW synchronous motor
drive [Zdenek (1986)] while a nine-phase winding has been utilised for a 36.5MW ship
propulsion drive [Gritter et al. (2005)]. Another example is utilisation of a fifteen-phase
19MW induction motor drive for military ship application [Benamatmane and McCoy
(1998)].

Certain aspects however, regarding the utilisation of multiphase drives for high
power application, such as the required converter topology, converter control strategy, and
the machine construction, ask for significant modifications of the methods and techniques
that are conventionally applied to the three-phase drives. In terms of the construction of the
multiphase machine, the phase number of a stator winding can be selected either as an odd
number or as an even number. Different winding arrangements can be made, and in
general the winding can be realised as a symmetrical or asymmetrical configuration [Levi
et al. (2007)]. Machine with a prime number of phases (5, 7, 11, 13 and etc) can only be
realised using a symmetrical configuration, and the stator windings are connected to a
single neutral point. For this configuration, a spatial displacement between any two
consecutive phases is always equal to o = 2n/n, where 7 is the number of phases. Examples
of such a machine are mainly reported for five-phase machines [Shuai and Corzine (2005),
Ward and Hérer (1969)] and seven-phase machines [Casadei et al. (2010), Grandi et al.
(2006), Khan et al. (2009)].

As for a machine with an even phase number (4, 6, 8, 10 and etc) or with an odd
composite phase number (9, 15, 21 and etc), the arrangement of the stator windings can be
realised in at least four different ways. Consider a machine that has an n = ak number of
phases with a =3, 5,7 ... and k=2, 3, 4 ... For symmetrical configuration, with a = 2n/n,
the complete winding can be configured to have k sub-winding with a phases each.
Alternatively, the windings can also be constructed as asymmetrical configuration, where
the first phases of the k& sub-winding are spatially displaced by a = @/n. For both
symmetrical and asymmetrical configurations, the windings could either be connected to a
single neutral point or to k isolated neutral points. Multiphase machine, having phase
number equal to a multiple of three, are regularly considered for such configurations. For
example, a symmetrical configuration with winding connected into a single neutral point is
reported for six-phase machines [Dujic et al. (2007a), Kianinezhad et al. (2005)] and nine-
phase machines [Dujic et al. (2007b), Grandi et al. (2007b)], while windings connected to
multiple neutral points are reported for six-phase machine (with two neutral points)

[Correa et al. (2003b)], nine-phase machine (with three neutral points) [Grandi et al.
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(2007a)] and fifteen-phase machine (with five neutral points) [Youlong et al. (2007)]. For
the asymmetrical configuration, multiphase machines with two isolated neutral points are
the most common for six-phase machines [Bakhshai et al. (1998), Gopakumar et al.
(1993), Hadiouche et al. (2006), Marouani et al. (2008), Prieto et al. (2010), Zhao and Lipo
(1995)]. Also, an example of a machine with windings connected to multiple neutral points
has been reported for nine-phase machine (with three neutral points) [Steiner et al. (2000)].
Next, multiphase machine can also be realised by using multiple sets of five-phase
windings. Such a configuration, for example, is reported for fifteen-phase machine
[Benamatmane and McCoy (1998)].

One particular even phase number, very frequently considered in the literature, is six.
In this project, the scope of research is focused towards the development of PWM
techniques for six-phase machines, where both asymmetrical and symmetrical winding
configurations will be considered. The windings of the machine are excited by using
inverter topologies that are able to produce multilevel voltage waveforms. The supply of
the machines is obtained from two two-level inverters in so-called open-end winding
configuration.

In what follows a brief review of various multiphase variable speed drive aspects is
provided. The emphasis of the review is placed mainly on the current state-of-the-art in the
area of six-phase drives and also multiphase drives that have a composite number of

phases.

1.2 An overview of PWM control of multiphase drives

Multiphase drives, although known for many decades, have started to attract greater
attention of researchers and industry worldwide only relatively recently. Multiphase drives
are at present considered as serious contenders for specialised applications, where high
reliability and high power ratings are required, such as electric ship propulsion [Gritter et
al. (2005), Parsa and Toliyat (2005)], locomotive traction [Abolhassani (2005), Steiner et
al. (2000)], industrial high power applications [McSharry et al. (1998)], electric and
hybrid-electric vehicles [Bojoi et al. (2005), Parsa et al. (2005)] and more-electric aircraft
[Atkinson et al. (2005)].

An upsurge in interest in multiphase drives has been driven by several benefits of
multiphase machines, which include higher torque density, lower per-phase power
handling requirement, improved reliability, increased fault tolerance, improved noise

characteristics and greater efficiency [Levi et al. (2007), Parsa (2005)]. Different types of
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multiphase machines have been developed, designed and studied. These include induction
and synchronous machines having stator windings with different number of phases where
five, six and seven are the most dominant ones. Thus an opportunity exists to explore
different control strategies that are best suited for a given application [Levi (2008)].
Detailed mathematical models of multiphase machines have been derived and this,
combined with the rapid development of digital signal processors and power electronic
components, has enabled investigation and implementation of numerous control methods
for multiphase machines [Levi et al. (2007)].

Utilisation of multiphase machines in industrial applications is possible due to the
fact that an ac machine, when used in a variable speed drive system, is not connected
directly to the utility supply. Instead, there is an interface between the utility supply and
the machine, a power electronic converter. The converter can easily provide the required
number of phase voltages (with the necessary phase difference) that matches the number of
machine’s stator winding phases. The converter is most frequently an inverter, and inverter
that produces more than three-phase output is normally referred to as a multiphase inverter.

In the pre-PWM era and early days of multiphase machines, multiphase inverter was
switched at a fundamental frequency. Six-step mode of operation of three-phase inverter
inevitably produces low frequency torque ripple and at the time the utilisation of
multiphase machines was considered as one approach to solve the problem. A six-phase
induction machine, constructed based on asymmetrical stator winding configuration with
two isolated neutrals, was extensively investigated in order to push the harmonics to higher
frequencies. The six-phase supply of the machine was normally obtained by means of two
three-phase voltage source inverters (VSI) [Abbas et al. (1984), Nelson and Krause (1974)]
or by two three-phase current source inverters (CSI) [Gopakumar et al. (1984)].

When the era of PWM started, this advantage became less important since the
harmonics can now be effectively controlled by using a PWM technique. However, for
very high power applications, in order to maintain low switching losses, this advantage is
still relevant due to the limitation of the switching frequency of currently available
semiconductors. Research on PWM techniques for multiphase inverters has also gradually
increased, particularly for low and medium power applications.

In the following sub-sections, PWM techniques, applicable to two-level and

multilevel multiphase drives, are discussed.
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1.2.1 Two-level inverter supplied multiphase drives

At present, multiphase variable speed drives are invariably supplied from two-level
multiphase inverters, which are controlled using appropriate PWM techniques. Two main
groups of PWM techniques are usually considered which are carrier-based PWM and space
vector PWM (SVPWM).

For multiphase inverters, the simplest way to implement the carrier-based PWM
technique is by comparing a set of sinusoidal reference voltages (with appropriate phase
difference) with a triangular carrier waveform. The technique is normally known as
sinusoidal PWM (SPWM) and the output from the comparison is used to generate
switching signals for the semiconductor switches in each inverter leg. Further, the carrier-
based PWM is usually implemented with an injection of appropriate harmonics into the
reference signals. Similar to three-phase inverter with the third harmonic injection, it is
also possible to improve the utilisation of the dc bus voltage of multiphase inverters
(without moving into over-modulation range) by injecting the appropriate zero-sequence
harmonics into the reference voltages. This technique can be easily extended to multiphase
inverters with an odd number of phases and single neutral point. However, the effect of
improvement that can be achieved regarding dc bus voltage utilisation is weakened as the
number of phases increases [Igbal et al. (2006)].

The principle of carrier-based PWM with zero-sequence harmonic injection can also
be utilised for asymmetrical multiphase machines that have a number of phases that is a
multiple of three. The machines are configured to have a number of three-phase sub-
windings and each sub-winding needs to be connected to an isolated neutral point and
supplied by a three-phase inverter. Such an implementation has been realised for an
asymmetrical six-phase induction machine with two isolated neutral points, constructed by
using two sets of three-phase windings. Zero-sequence harmonics are injected into the
reference voltage of each set [Bojoi et al. (2002)], resulting in the same improvement of
the dc bus voltage utilisation as in the three-phase inverter.

For SVPWM techniques, the set of sinusoidal reference voltages is represented as a
reference voltage vector that needs to be generated by the inverter. Each switching state
combination of inverter legs produces a different voltage vector. By using SVPWM, a
certain number of space vectors will be used over one switching period, each with an
appropriately calculated dwell time, in order to produce output voltage vector that has an

average value equal to the reference.
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Basically, compared to SVPWM, carrier-based PWM technique is simpler and more
straightforward to implement, since the modulator just has to compare the carrier and the
reference signals. This advantage becomes more and more pronounced as the number of
phases increases [Dong et al. (2008a)]. Implementation of carrier-based PWM has been
considered for a nine-phase inverter [Dong et al. (2008a)] and a fifteen-phase inverter
(with three isolated neutral points) [Benamatmane and McCoy (1998)]. For SVPWM
implementation, the number of switching state combinations for two-level multiphase
inverter can be calculated as Ny, = 2". Therefore, compared to a three-phase inverter where
the number of switching states is 2° = 8, the process of selecting the appropriate space
vectors and devising SVPWM from, for example, 2'° = 32768 switching state
combinations for fifteen-phase machine is obviously not an easy task.

For a machine with a single neutral point, the other advantage of the SVPWM
technique, which relates to dc bus voltage utilisation, also becomes less significant for
machines with high number of phases. While SVPWM can improve the dc bus voltage
utilisation of a three-phase inverter by 15.47%, the improvement that can be achieved in a
nine-phase inverter is 1.54% and in a fifteen-phase inverter is merely 0.55% [Dong et al.
(2008a)]. The same improvements in the dc bus voltage utilisation can be obtained by
means of carrier-based PWM methods if zero-sequence injection is used. However, it is
important to notice that the dc bus utilisation in multiphase VSI supplied drives with a
composite stator phase number varies depending on the winding configurations
(symmetrical or asymmetrical) and also the number of neutral points [Dujic et al. (2010)].
For example, asymmetrical six-phase drive with stator winding of the machine connected
to a single neural point has a maximum dc bus voltage utilisation of 103.53% while with
stator winding connected to two isolated neutral points, the maximum dc bus voltage
utilisation is 115.47%. For symmetrical six-phase drive with machine’s stator winding
connected to a single neutral point, no increase of dc bus voltage utilisation is obtained, i.e.
the utilisation is 100%.

By and large, the existing research in connection with SVPWM control of two-level
inverters is mainly related to multiphase machines with a lower number of phases such as
five, six, seven, and nine. For these machines, the SVPWM approach is in general analysed
more frequently than the carrier-based PWM because it offers a better insight into the
properties of multiphase drives. SVPWM techniques for two-level multiphase inverters
have been widely applied for six-phase VSIs, in both symmetrical configuration [Correa et

al. (2003a), Dujic et al. (2007a), Kianinezhad et al. (2005)] and asymmetrical configuration
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[Bakhshai et al. (1998), Gopakumar et al. (1993), Hadiouche et al. (2006), Marouani et al.
(2008), Prieto et al. (2010), Zhao and Lipo (1995)], as well as for nine-phase VSIs [Dujic
et al. (2007b), Grandi et al. (2007a), Grandi et al. (2007b), Kelly et al. (2003)]. SVPWM
approach for fifteen-phase inverter is rarely investigated, and one example of such a study
is reported in [Youlong et al. (2007)]. A comprehensive analysis of the relationship
between carrier-based PWM and SVPWM techniques for multiphase inverters has been
reported for a five-phase inverter [Igbal and Moinuddin (2009)].

1.2.2 Multilevel inverter supplied multiphase drives

Multilevel inverters operate by synthesising a near-sinusoidal output voltage from
several dc voltage levels, usually obtained from capacitors as voltage sources. As the
number of levels increases, the synthesised output waveform has more and more steps.
Hence a staircase waveform is produced that approaches the desired sinusoidal waveform.
Multilevel inverters have some distinct advantages compared to two-level inverters. They
lead to higher power capability, without requiring high voltage rating of semiconductor
devices. Besides that, multilevel inverters also produce low harmonic distortion, reduced
switching frequency, increased efficiency and good electromagnetic compatibility.
However, as the number of levels increases, the complexity of the control circuit also
increases.

Since the birth of the first multilevel three-phase inverter about 30 years ago [Nabae
et al. (1981)], extensive research on multilevel inverters has been carried out worldwide.
Today, multilevel inverters are considered as one of the most viable solutions for high-
power and high-power quality demanding applications [Rodriguez et al. (2009)]. Over the
years, a number of different types of multilevel inverter topologies have been developed.
The most frequently considered and well established topologies are diode-clamped inverter
(which is usually also called neutral point clamped inverter (NPC)), flying capacitor
inverter (FC) and cascaded H-bridge inverter (CHB) [Wu (2006)].

Today, multilevel inverters have been commercialised by many manufactures, with
variety of control methods in use, in order to cater for different markets [Franquelo et al.
(2008)]. NPC VSIs have become a mature solution for high power ac motor drive
applications such as conveyors, pumps, fans and mills, which offer solutions for various
industries such as oil and gas, power generation and distribution, mining, water, metal and
marine [Klug and Klaassen (2005)]. On the other hand, FC VSIs have found specific

applications for high-power-bandwidth high-switching-frequency applications such as
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medium-voltage traction drives [Meynard et al. (2002)]. As for CHB VSIs, they have been
successfully commercialized for very high power and power quality demanding
applications, due to their series expansion capability. Some examples of areas of
application for CHB VSIs are reactive power compensation [Dixon et al. (2005)], electric
vehicles [Zhong et al. (2006)] and photovoltaic power supplies [Naik and Udaya (2005)].

As has been explained at the beginning of this chapter, the demand for high power
industrial applications is currently met either by using multilevel inverters or by using
multiphase drives. Since both methods are able to produce a high output power (by using
only medium power semiconductor devices), combination of multilevel inverters and
multiphase drives is expected to be able to produce higher output power than any of the
two can individually, while at the same time retaining the advantages offered by each of
them. For this reason, an initial attempt to integrate the multilevel inverter and multiphase
machine has been carried out and the advantages of combining both topologies have been
described in [Lu and Corzine (2005)].

The benefits of combining multilevel inverters and multiphase drives have lead to
interest in investigation of multilevel multiphase drives. Currently, there are two different
arrangements for multilevel multiphase drives. The first arrangement is so-called a single-
sided supply. One end of the machine’s multiphase winding is connected to a multilevel
inverter, while the other end is star-connected. The second arrangement is a dual-inverter
supply. Here, both ends of the machine windings are connected to either two-level or
multilevel inverters. This arrangement is also known as an open-end winding topology.
The two inverters that are connected at both ends of the open-end windings can have an
equal or different number of levels.

The number of switching state combinations for multilevel multiphase inverter
supply depends on the number of inverter’s phase legs n (i.e. machine’s phases) and the
number of inverter’s output voltage levels /. For a single-sided topology, the number of
switching states can be calculated as N, = [". For example, if the number of output voltage
levels is three, a three-phase inverter has 33 =27 switching state combinations, while a
five-phase inverter has 3° = 243 switching state combinations and a six-phase inverter has
3% = 729 switching state combinations. Therefore, with an increase in the number of
voltage levels, the difference between the number of switching state combinations for
three-phase and multiphase inverters becomes bigger and bigger.

For an open-end winding topology, both ends of the machine’s winding are

connected to two different inverters. Therefore, the total number of switching states is
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multiplication of the number of switching states produced by each inverter, i.e. N, =/ [,

where indices 1 and 2 refer to the first and the second inverter. If the open-end winding is
supplied by two three-level inverters, the number of switching states for an open-end
winding three-phase drive is 3¥x3= 729, for a five-phase drive 3¥x3= 59,049, while for
an open-end winding six-phase drives it is 3° x 3°= 531,441. This is much higher than the
number of switching states for the single-sided supply topology. The abundance of
switching states provides some advantages for drives with the open-end winding
configuration. One of them is that a higher number of output voltage levels can be
achieved, where for example utilisation of two two-level inverters produces the same
output voltage as a three-level inverter in a single-sided topology [Shivakumar et al.
(2001a), Stemmler and Guggenbach (1993)]. The selection of which switching states are to
be used will also have an effect on the performance of the multilevel multiphase drive in
terms of harmonic content, common mode voltage, dc bus voltage utilisation, etc.

Multilevel multiphase drives, in a single inverter or dual-inverter supply topology,
always possess a higher number of switching states than the traditional two-level
multiphase drives. However, some of the switching states lead to the same voltage vectors.
Therefore, for both topologies, the total number of voltage vectors is always less than the
number of switching states, meaning that there are redundant switching states (the
difference between the total number of switching states and the number of different space
vectors). These redundant switching states are very beneficial, especially for determining
switching sequence that could minimise the switching losses of the inverters.

PWM techniques for multilevel multiphase drives, implemented by using single-

sided and dual-inverter supply, are reviewed next.

1.2.2.1 Multilevel multiphase drives with single-sided supply

For a single-sided configuration, an initial attempt to integrate a multilevel inverter
with a multiphase machine was carried out for a five-phase NPC VSI [Lu and Corzine
(2005)]. The inverter is modulated by using a SVPWM strategy and it has been found that,
compared to a two-level VSI supplied five-phase drive, torque ripple in three-level five-
phase system can be reduced significantly, due to the abundance of space vectors.
However, the basic rule which says that the number of applied vectors must equal the

number of phases, was not respected. Instead, the nearest three vector concept was used, as
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in three-phase drives, leading to uncontrollable harmonics in the stator current that belong
to the second plane.

More research has followed, mainly based on the SVPWM approach. Investigations
and new developments of SVPWM for three-level five-phase NPC VSI have been
supported by simulation [Song et al. (2006)] and by experimental [Gao and Fletcher
(2010)] results. Development of a general SVPWM scheme for multiphase multilevel
VSIs, including implementation of SVPWM for five-level five-phase CHB VSI, has been
reported in [Lopez et al. (2008)] and [Lopez et al. (2009)].

An attempt to develop a SVPWM scheme for asymmetrical six-phase induction
machine, by means of two five-level three-phase NPC VSIs, is described in [Oudjebour et
al. (2004)]. Further, a SVPWM scheme has also been developed for six-phase synchronous
motor, supplied by two three-level three-phase NPC VSIs having the same dc bus capacitor
[Yao et al. (2006)].

Research on multilevel multiphase drives that utilise carrier-based PWM has been
carried out to a lesser extent. One example, related to asymmetrical six-phase induction
machine, is carried out by using two five-level three-phase VSIs [Oudjebour and Berkouk
(2005)]. The switches of each inverter’s leg are controlled based on the signal generated
by comparing the sinusoidal reference voltages with four triangular carrier signals.

Multilevel multiphase drives, based on single-sided supply, are at present already
considered for a few industrial applications. One example is the supply of 36.5SMW ship
propulsion drive from four- or five-level nine-phase NPC VSI [Gritter et al. (2005)]. A
nine-phase transformerless ac traction drive supplied by three three-level three-phase VSI
bridges has been discussed in [Steiner et al. (2000)]. A rather unusual application of
multilevel multiphase drives has also been reported, where the drive has been considered

for micro-electromechanical systems (MEMS) [Neugebauer et al. (2004)].

1.2.2.2 Multilevel multiphase drives with dual-inverter supply

Multilevel multiphase drives with dual-inverter supply topology have several
advantages, compared to the single-sided topology. One advantage is that the effect of a
multilevel supply can be achieved by using two-level inverters. Besides that, if one of the
inverters is inoperable, the system can be reconfigured to be driven by a single inverter
[Grandi et al. (2011)].

Dual-inverter supply topology for machines with open-end windings was initially

introduced for three-phase drives [Stemmler and Guggenbach (1993)]. Two two-level VSIs
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have been used, with supply coming from isolated dc bus voltage sources. This
arrangement effectively operates as a three-level VSI equivalent in single-sided supply
topologies. A number of alternative solutions have been also investigated. These include
use of three-level inverter in conjunction with a two-level inverter at two winding sides,
with a suggestion that one of the sources can be a capacitor that supplies only reactive
power [Kawabata et al. (1996)]. The dc supplies have a 2:1 ratio and the resulting feeding
scheme can emulate four-level equivalent of single-sided supply inverter. By using
asymmetrical dc voltage sources (i.e. voltage ratio different from unity), two two-level
inverters can produce voltages which are identical to those generated by three-level and
four-level inverters in single-sided supply mode [Corzine et al. (1999)].

Although numerous versions of dual-inverter supply for three-phase drive systems
have been reported, implementation of this topology in the multiphase drives has started to
gain momentum only recently. Such an attempt was initially carried out for asymmetrical
six-phase machine fed by four two-level three-phase VSIs [Mohapatra et al. (2002)],
[Mohapatra and Gopakumar (2006)]. However, the goal of the research was harmonic
elimination, rather than multilevel operation. Hence the created output voltages are not
those that would result with a multilevel supply.

In the last few years, several modulation strategies that are able to create multilevel
output voltage, produced in an open-end winding multiphase configuration, have been
reported. Two main types of drive topology have been considered. The first is to use two
two-level inverters to supply the open-end winding machine with five [Bodo et al. (2011b),
Bodo et al. (2012b), Jones et al. (2012), Levi et al. (2012), Satiawan (2012)], six [Jones et
al. (2013), Patkar et al. (2012)], seven [Bodo et al. (2011a)] and nine [Bodo et al. (2013a)]
phases. The second topology is to utilise four two-level inverters where asymmetrical
machine with six phases is the main focus of the study [Grandi et al. (2010a), Grandi et al.
(2010b)]. The current state-of -the-art regarding the control of multiphase open-end drive
is summarised in [Levi et al. (2013)].

The control strategies and drive topologies for the multiphase drives which are
discussed throughout Section 1.2 are developed based on strategies and topologies that
have been explored before for the three-phase drives. The correlation between the
developed drive topologies for the multiphase and three-phase drives and the advantages

and disadvantages of each topology are depicted in Fig.1.1.
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Two-level three-phase drives
Advantages:
- Standard drive found in industry.
- Readily available off the shelf
product.
- Long established
understood.

and well

Disadvantages:

- Not suitable for medium and high
power application.

- Not fault tolerant
additional hardware.

without

Two-level multiphase drives

Advantages:

- Suitable for medium and high power application
- High torque density.

- Lower per phase power.

- Better fault tolerance.

Disadvantages:

- Bespoke, not readily available off the shelf
inverter/machine.

- More complicated control algorithm.

- Increased number of sensors and cables.
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Multilevel three-phase single-
sided supplied drives
Advantages:
- Becoming standard solution for
medium power applications.

- Readily available off-the-shelf
product.

- Lower THD, reduced switching
frequency leading to higher
efficiency.

Disadvantages:

- Increased hardware complexity,
leading to reduced reliability.
- More complex control required.

Multilevel multiphase single-sided supplied

drives
Advantages:
- A good solution for medium/high power
applications.
- Lower THD, reduced switching frequency

leading to higher efficiency.
- High torque density, lower per phase power and
better fault tolerance.

Disadvantages:

- Increased hardware complexity,
reduced reliability.

- More complex control required.

- Bespoke, not readily available off the shelf
inverter/machine.

- Increased number of sensors and cables.
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g
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Multilevel three-phase dual-
inverter supplied drives

Advantages:

- Application for medium power
applications.

- Simpler and cheaper topology than
standard single-sided topology.

- Lower THD, reduced switching
frequency leading to higher
efficiency.

- Increased fault tolerant capabilities

- Simpler control, no capacitor
voltage balancing issues.

Disadvantages:

- Requirement of isolated dc
supplies.

- More complex control.

- Both sides of terminals of the
machine must be accessible.

- Increased cable requirement.

Multilevel multiphase dual-inverter supplied
drives

Advantages:

- Application for medium/high power applications

- Simpler and cheaper topology than standard
single-sided multiphase topology.

- Lower THD, reduced switching frequency
leading to higher efficiency.

- Increased fault tolerant capabilities.

- Simpler control, no capacitor voltage balancing
issues.

- High torque density, lower per phase power and
better fault tolerance.

Disadvantages:

- Requirement of isolated dc supplies.

- More complex control.

- Both sides of terminals of the machine must be
accessible.

- Bespoke, not readily available off the shelf
inverter/machine.

- Increased number on sensors and cables.

Fig. 1.1: Research development in the area of multiphase VSI supplied drives.
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1.3 Research aim and objectives

The aim of the research is to develop PWM techniques for control of dual-inverter
supplied six-phase machines with both symmetrical and asymmetrical winding
configurations.

The goal of the research has been met by achieving a number of research objectives,
which are the following:

1) Development of reference sharing algorithms for control of two six-phase two-
level inverters based on open-end topology, using PWM techniques that initially
developed for single-sided six-phase inverters.

2) Development of carrier-based PWM techniques for the control of six-phase
machines, supplied by two two-level six-phase inverters.

3) Creation of computer simulation for the developed PWM techniques using
MATLAB/Simulink software.

4) Implementation of the developed PWM techniques in the available laboratory rigs

and experimental verification of theoretical findings.

1.4 Research contributions

This research constitutes a part of a wider research project, related to multilevel
multiphase drive systems, which comprise four PhD theses. The work commenced with the
first PhD [Satiawan (2012)] and continued with the subsequent two projects, [Bodo
(2013)] and [Dordevic (2013)].

In principle, multilevel supply waveform can be realised using either a single-sided
supply mode, with the multiphase machine having an isolated neutral point, or using dual-
inverter supply in conjunction with an open-end winding topology. Further, a multiphase
stator winding can be designed to have an odd prime number, an odd composite number or
an even number of phases. The four projects are designed to cater for the two different
supply options (single-sided mode and dual-inverter supply) and for different phase
numbers.

In particular, [Satiawan (2012)] deals with an open-end winding topology of a five-
phase machine and relies on utilisation of two two-level five-phase inverters. [Bodo
(2013)] extends the work of [Satiawan (2012)] by looking at seven- and nine-phase drives
in dual-inverter supply mode, using at each side two-level inverters, as well as the five-

phase drives in various conditions not covered by [Satiawan (2012)]. Finally, [Dordevic
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(2013)] is intended to cover again odd phase numbers (the emphasis is on five and seven,
with a possible extension to nine), but this time using a single-sided supply mode with a
three-level NPC multiphase inverter.

It follows from the description above that the three current PhD projects all deal with
odd phase numbers in either single-sided or dual-inverter supply mode. This project is
therefore designed to cover dual-inverter supply modes, but for machines with even phase
numbers. The emphasis in the research is placed on six-phase machines, where multilevel
supply for both symmetrical and asymmetrical winding topologies of six-phase machines
is investigated.

The contribution of the research is backed by the publications listed in Appendix 2.

1.5 Organisation of the thesis

This thesis is organised in eight chapters and two appendices.

Chapter 1 gives a brief review of various aspects of multiphase variable speed
drives. Different arrangements of stator winding for the multiphase drives are explained
and various inverter topologies and PWM control strategies for the drives are described.
The emphasis of the review is placed mainly on the current state-of-the-art in the area of
six-phase drive. Finally, the aim, objectives and originality of the research have also been
stated.

Chapter 2 presents a literature review in the area of PWM control for the six-phase
drive. PWM techniques for two-level six-phase drive are discussed first, followed by the
PWM techniques for multilevel multiphase drives, covering both single-sided and dual-
inverter supply topologies. Reviews of PWM techniques for the dual-inverter supplying
open-end windings of three-phase drives are included for the sake of completeness of the
literature studies.

Chapter 3 discusses space vector model of a two-level six-phase VSI fed
asymmetrical machine with both two isolated neutral and single neutral points
configuration. Then, several PWM techniques for two-level asymmetrical six-phase VSI
with machine windings connected to two isolated neutral points are described. Simulation
study has been conducted to analyse the performance. The investigated PWM techniques
are as follows:

1. Carrier-based SPWM,
ii. Carrier-based PWM with double zero-sequence injection [Bojoi et al. (2002)],

iii. Conventional SVPWM [Gopakumar et al. (1993)],
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iv. Vector Space Decomposition SVPWM [Zhao and Lipo (1995)].
Besides that, PWM techniques for two-level six-phase VSI with machines connected to a
single neutral point are also addressed. Two carrier based PWM techniques are
investigated, which are:

1. Carrier-based SPWM,

ii. Carrier-based PWM with zero-sequence injection.
Finally, simulation and experimental studies of two carrier-based PWM techniques
(carrier-based PWM with zero-sequence injection and carrier-based PWM with double
zero-sequence injection) are carried out in order compare the performance between the two
winding configurations (single and two isolated neutral) of an asymmetrical six-phase
machine.

Chapter 4 elaborates a space vector model of a two-level symmetrical six-phase VSIL.
Only the case of machine with a single neutral point is addressed. Several SVPWM
strategies proposed in [Correa et al. (2003b)] and [Dujic et al. (2007a)] are described and
their performance is again analysed by a simulation study.

Chapter 5 introduces drive topology and space vector model for a dual-inverter
supply (with equal dc bus voltage) of both symmetrical and asymmetrical six-phase drives.
The mathematical expression of phase voltage space vectors is also derived.

Chapter 6 discuss two reference sharing algorithms proposed for the six-phase drive
with dual-inverter supply. In essence, the algorithms are implemented based on equal and
unequal partitioning of the total reference between the two inverters, a method that is first
developed in [Satiawan (2012)]. In this thesis, the algorithms are extended to both
symmetrical and asymmetrical winding configuration of open-end six-phase machine.
Simulation and experimental studies for the proposed algorithms are conducted and their
performance is compared based on the THD of phase voltage and current, and also their
axes component for operation at linear range of modulation index.

Chapter 7 presents carrier based modulation techniques for the six-phase drive with
dual-inverter supply. The modulation techniques are adopted from modulation strategies
widely known for the three-phase drives, which are level-shifted and phase-shifted PWM.
The algorithms are once more implemented for both symmetrical and asymmetrical
winding configuration of six-phase machine. The performance is again analysed and
compared using the same performance indicator used in the previous chapter.

Chapter 8 gives a conclusion of the work that has been done in this thesis. The

findings are highlighted and some possible extension for the future research is suggested.
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Chapter 9 lists the references used in this thesis.
The simulation and experimental setup used to examine and verify the considered
modulation methods presented in this thesis are described in Appendix 1.

Appendix 2 lists papers that are published as the result of this thesis.
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Chapter 2

LITERATURE REVIEW

2.1 Preliminary remarks

In this chapter, PWM techniques for two-level and multilevel multiphase drives are
reviewed. Since this thesis is a part of project that encompass four PhD theses, the
discussion of the two-level multiphase drives are mainly focused on the six-phase drives
where the detailed discussion for the other multiphase drives have already been done in the
other theses [Satiawan (2012)],[Bodo (2013)] and [Dordevic (2013)]. The discussions of
the PWM techniques for multilevel multiphase inverters are covered for both single-sided
and dual-inverter supply topologies. With regards to PWM techniques for the dual-inverter
supply topologies, the majority of the available literature is related to three-phase drives,
while only a small number of papers present PWM algorithms for multiphase drives.
Therefore, PWM techniques for dual-inverter supply for open-end three-phase drives are
also reviewed in the last sub-section, alongside the papers that elaborate PWM techniques
for the open-end multiphase drives, so that wider aspects of PWM techniques for dual-
inverter supply topologies are sufficiently covered.

It has to be mentioned that multiphase machines can be designed either to have a
distributed or a concentrated stator winding. The distributed stator windings yield a
sinusoidal (or at least near sinusoidal) magneto-motive force (MMF) distribution, while the
concentrated stator windings produce a quasi-rectangular MMF distribution. In this
chapter, the majority of the reviewed literature is related to the drives with a machine
having a distributed stator windings. Therefore, unless stated otherwise, the literature
discussed in this chapter considers multiphase machines with the distributed stator

winding.

2.2 PWM control of two-level six-phase drives

Multiphase drives are typically supplied from two-level multiphase inverters, and are

controlled by using either carrier-based PWM or SVPWM algorithms. Among all the
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phase numbers higher than three, the six-phase ac machine is one of the machines that have
been considered most frequently by researchers. This is so since six-phase machines can be
realised in a rather simple way, by modifying only the stator winding of an existing three-
phase machine. In other words, there is no need to design and manufacture new stator
laminations, since the number of slots in three-phase machines is automatically suitable for
six-phase machines as well, as long as there are at least two slots per phase per pole (i.e.
suitable numbers of slots of a four-pole three-phase machine are 24, 48, etc.). This is so
since six is divisible by three, in contrast to five or seven, for example (a five-phase four-
pole machine asks for a minimum of 20 slots and is usually built using 40 slots; neither of
the two is divisible by three and there are no three-phase machines with these slot numbers,
so that realisation of a five-phase machine usually asks for new stator laminations).

There are two different topologies of six-phase machines, which can be realised. The
most common one is an asymmetrical, while the other topology is a symmetrical. Stator
windings of an asymmetrical six-phase machine consist of two sets of three-phase
windings that are spatially shifted by 30°. This leads to non-equidistant spatial shift
between consecutive phases. For a symmetrical six-phase machine, stator windings are
configured by two sets of three-phase windings that are spatially shifted by 60°, so that
spatial displacement between any two consecutive phases is the same and equal to 60°. For
both topologies, the two sets of three-phase stator windings can either share a single
neutral connection or may have two isolated neutral points.

Six-phase machines are a six-dimensional system, since there are six supply voltages.
This system can be decomposed into three two-dimensional planes (or subsystems), known
as (a-f), (x-y) and (04-0.). The three planes are mutually perpendicular (orthogonal) in the
six-dimensional space and the machine can then be described by three pairs of mutually
decoupled equations [Zhao and Lipo (1995)]. The electromechanical energy conversion
takes place only in the (a-f) plane as long as the machine is designed with sinusoidal flux
(magneto-motive force) distribution. The other two planes only contribute to losses, so that
current components in these subsystems should be ideally zero (i.e. the drive control needs
to minimise them). The most frequently considered type of ac machine, associated with a
six-phase stator winding, is an induction machine.

Stator winding of six-phase machines is nowadays typically supplied using a six-leg
two-level VSI. In general, a two-level inverter with n legs produces at the output the

number of voltage vectors according to 2" law, so that 64 voltage vectors are obtained from
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a six-leg VSI. These voltage vectors are in essence six-dimensional and they can be
projected into (a-f), (x-y) and (0.-0.) planes. In the (a-f) and (x-y) planes, these space
vectors lay at the vertices of four 12-sided polygons. Voltage vectors on the (0:-0.) plane
are all zero if the two sets of three-phase stator windings have mutually isolated neutral
points. However, if single neutral point is used, there are some nonzero voltage vectors in
the (04-0.) plane [Correa et al. (2003b), Dujic et al. (2007a), Zhao and Lipo (1995)].

It should, at this stage, be pointed out that, strictly speaking, 0. and 0. components do
not constitute a plane which can be regarded as a complex plane. In essence, both 0; and
0. components are real quantities and different harmonics map into each of the two. This
contrasts with all the other planes, which are the planes that can be regarded as complex
planes. Nevertheless, since 0 and 0. quantities are customarily shown in a plane with these
two axes taken as the horizontal and the vertical axis, in what follows (0+-0.) will also be
treated as a plane. However, the fact that the 0. and 0. quantities are both real will be

accounted for in the mathematical description.

2.2.1 Asymmetrical six-phase drives

Among the different multiphase drive solutions, one of the most widely reported in
the literature is an asymmetrical six-phase machine. The machine has two sets of three-
phase stator windings that are spatially shifted by 30°. The neutral points of the stator
windings can be configured in two different ways. The first is to connect the stator three-
phase winding sets to form two isolated neutral points while the second is to connect the
windings together to form a single neutral point.

By and large, the existing research on asymmetrical six-phase drives has been mainly
conducted for configuration with two isolated neutral points. In an early investigation of
six-phase variable speed drives, two two-level three-phase VSIs were operated based on
the six-step mode and were used to supply an asymmetrical six-phase machine [Abbas et
al. (1984), Nelson and Krause (1974)]. This produced a lower torque ripple than in a three-
phase machine and increased the ripple frequency to a higher value (this was, as noted, the
main aim for investigation of higher phase order (HPO) machines [Klingshirn (1983a),
Klingshirn (1983b)]). Another obvious gain of using a multiphase machine with two (or
more) three-phase windings is that two (or more) three-phase VSIs can be easily

configured to supply the machine.
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The problem of low-frequency torque ripple was eliminated by the introduction of
PWM control strategies. The PWM strategies are not only beneficial for three-phase
machines, but also for multiphase machines. Numerous PWM strategies for multiphase
machines have been developed and the most widely investigated are the carrier-based
PWM and SVPWM.

For carrier-based PWM, the modulation strategies used for a three-phase machine
can be easily extended to a six-phase machine, since it is only necessary to introduce an
appropriate phase shift (30° for an asymmetrical machine) between the two sets of
modulation (reference) signals for the two three-phase modulators. This consideration
applies to both carrier-based SPWM and carrier-based PWM with zero-sequence injection
(which is now termed double zero-sequence injection), which improves utilisation of the
dc bus voltage without moving into the over-modulation region [Bojoi et al. (2002)].

In the SVPWM technique, a set of sinusoidal reference voltages is represented as a
reference voltage vector and certain number of space vectors will be used over one
switching period (each with appropriately calculated dwell time) in order to produce output
voltage vector that has an average value that is equal to the reference. Since only voltages
and currents in the (a-f) plane are related to electromechanical energy conversion, the goal
of SVPWM is to synthesize the (a-f) voltage vector that satisfies the machine’s torque and
flux control requirements. Simultaneously, since references in other planes are zero, it also
has to maintain the average volt-seconds in (x-y) and (0:-0.) planes equal to zero during
every inverter switching period, since this eliminates low-order harmonics from the output
voltage.

Several ways of selecting the most appropriate voltage vectors have been reported for
the implementation of SVPWM for an asymmetrical six-phase machine with two isolated
neutral points. One possibility is to use in essence conventional three-phase SVPWM
approach. The desired reference voltage vector is synthesized by using only three voltage
vectors (two active voltage vectors and one zero voltage vectors), similar to the SVPWM
widely used for three-phase machines. These two active voltage vectors are selected from
the outermost 12-sided polygon (i.e the largest magnitude space vector) of the (a-f) plane
[Gopakumar et al. (1993)]. This selection implies low switching frequency and maximises
dc bus voltage utilization of the inverter. However, since control is only exercised in the
(a-p) plane, the voltages in (x-y) plane are not averaged to zero and current harmonics in

this plane are left free to flow. As a result, large low-order harmonic currents (especially
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the fifth and the seventh harmonics), that do not contribute to flux/torque production, flow
in the motor phases, hence causing a significant power loss in the machine.

The low-order current harmonics can be greatly reduced by using Vector Space
Decomposition (VSD) based technique [Zhao and Lipo (1995)]. Harmonic components of
the order 6k £ 1 (k =1, 3, 5...) can be eliminated in a drive with two isolated neutral points
if the reference voltage vector is synthesized by using four neighbouring active voltage
vectors of the largest magnitude (rather than just two), and one zero voltage vector. The
aim of this technique is to achieve on average reference (a-f) components, but at the same
time it also intends to minimise the average voltage in the (x-y) plane. Significant low-
order harmonic reduction is achieved in this way, but unfortunately at the expense of
heavier computational burden.

In order to reduce the computational burden, one paper has reported the derivation of
mathematical equations to calculate the dwell time of applied voltage vectors. The
equations are derived by introducing a fictitious mid voltage vector [Shan et al. (2005)].
Twelve mid voltage vectors are introduced and each vector is composed from three
adjacent voltage vectors with the largest amplitude. The equations to calculate the dwell
time are firstly derived based on utilisation of two mid voltage vectors and a zero space
vector. The dwell times for the four active space vectors are then derived based on the
relationship between the mid space vectors and three active space vectors that generate the
mid space vector.

The computational burden can also be significantly reduced if the dwell time of the
voltage vectors is calculated offline [Hadiouche et al. (2006)]. Two modulation strategies
are then realised, continuous and discontinuous, which differ in the placement of the zero
vectors during the sampling period. The modulation technique is continuous when on/off
switching occurs within every sampling period, for all inverter legs and all sectors. The
modulation technique is discontinuous when one (or more) inverter leg stop(s) switching,
i.e the corresponding phase voltage is clamped to the positive or negative dc bus rail for at
least one sector. Both modulation techniques lead to different harmonic distortion
characteristics where the discontinuous modulation technique produces the best result.

The SVPWM techniques reported in [Hadiouche et al. (2006), Shan et al. (2005),
Zhao and Lipo (1995)] are developed based on dividing the (a-f) and (x-y) planes into
twelve 30° sectors. Some SVPWM strategies unfortunately cause asymmetrical switching
sequence in some of the inverter’s legs and normally more than two switch transitions

(from high to low or from low to high) are encountered during a sampling period. In order
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to simplify digital signal processor (DSP) implementation of the control strategy and to
reduce switching losses due to the high number of on/off transitions of the switches, a
SVPWM technique that is based on 24 sectors (15° each) is developed [Marouani et al.
(2008)]. The 24-sector SVPWM scheme is executed by utilising three voltage vectors with
the largest-magnitude, one voltage vector with the smallest magnitude and a zero space
vector during a sampling period where once again different positioning of the zero space
vector during the switching period leads to either continuous or discontinuous modulation.
The dwell times were also computed offline for optimal DSP implementation and low
algorithm execution time. Besides being easy to implement digitally, the proposed scheme
also reduces unwanted stator current harmonics which appear due to the structure of the
machine.

Numerous types of continuous and discontinuous SVPWM techniques can be
implemented due to differences in selection of applied vectors, arrangement in switching
sequence and also due to differences in placement and selection of the zero space vector
states. Another variation of 12-sector based continuous SVPWM technique has been
presented in [Prieto et al. (2010)]. The technique is a modification of the discontinuous
SVPWM technique presented in [Hadiouche et al. (2006)] and its performance has been
compared with the other 12-sector based techniques, discussed in [Hadiouche et al.
(2006)]. Using the proposed modulation, slightly better stator current waveforms in the
(a-p) plane can be achieved and better current harmonic content over the medium and low
voltage range can be produced.

The appropriate voltage vector selection and the subsequent dwell time calculation
are easier to implement if the six-phase inverter is considered as two independently
switched three-phase inverters. Several SVPWM approaches based on this three-phase
strategy have been explored, leading to the modulation of two three-phase VSIs. In one
approach, the appropriate voltage vectors and dwell times of each three-phase VSI are
determined by using vector classification technique [Bakhshai et al. (1998), Yazdani et al.
(2007)]. Using the proposed approach, two reference voltage vectors (that have the same
magnitude but are phase shifted by 30°) need to be synthesized. The appropriate voltage
vectors and their dwell times are different for the two inverters, and are independently
determined by the classification algorithm (which is based on the neural network theory).
The implementation of vector classification technique has been conducted for six-phase
induction machine [Bakhshai et al. (1998)] and also for six-phase permanent magnet

synchronous machine [Yanhui et al. (2010)].
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In another three-phase based approach, the reference voltage vectors for the two
three-phase inverters are synthesized by using the well known three-phase SVPWM
approach (two active and one zero space vectors per sampling period) [Grandi et al.
(2008)]. The reference voltage vector for each three-phase system is determined based on
the relationships between the multiple space vectors of the six-phase system and the two
space vectors of three-phase sub-systems. Using the proposed method, the space vectors of
the two three-phase VSIs can also be independently regulated.

A slightly different SVPWM approach has been suggested in [Fangbin et al. (2009)].
The reference voltage vector is practically synthesized by using two neighbouring large
space vectors of the six-phase VSI. In order to generate a similar PWM waveform
obtainable with these two large space vectors, two voltage vectors in different sectors of
two identical three-phase VSIs are used with an objective to reduce switching losses and
requirements of hardware implementation. However, since the control is practically
exercised in the (a-f) plane only, the low-order harmonics are left free to flow in the (x-y)
plane, hence contributing to the machine losses.

In addition to all the SVPWM techniques that have been discussed above, a SVPWM
strategy that concentrated on achieving zero common mode voltage has also been reported.
The common mode voltages create coupling currents that flow through the motor parasitic
capacitances toward the rotor iron. These currents find their way via the motor bearings
back to the grounded stator case and form the so-called bearing currents which cause
bearing deterioration. The necessary condition to achieve zero common mode voltage is
that the sum of all six leg voltages must be equal to zero instantaneously. This constraint
forces the inverter to operate with three upper and three lower switches closed at all times
[Oriti et al. (1997)]. As a consequence, only twenty voltage vectors out of 64 switching
states can be utilised. The other 44 cannot be used; this restricts maximum achievable
fundamental voltage to a lower value, compared to other methods, but has the benefit of
eliminating the common mode voltage.

Two-level inverter supplying an asymmetrical six-phase machine with stator winding
connected to a single neutral point is rarely used in practice. Due to utilisation of the single
neutral point, the drive utilise a lower maximum dc bus voltage compared to drive with
two-isolated neutral points. Besides that, flow of the zero-sequence current flow is also
become possible with a single neutral point connection. This configuration however offers
better post-fault operating characteristics since, after one phase becomes faulty, there are

still four degrees of freedom left (in the two neutral points configuration only two degrees
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of freedom for post-fault control remain). These extra degrees of freedom give more
flexibility for designing post fault control strategies such as discussed in [Dong et al.
(2008b), Jen-Ren and Lipo (1994), Zhao and Lipo (1996a), Zhao and Lipo (1996b)]. The
superiority of performance produced by machine with a single neutral point over
configuration with two isolated neutral points, in terms of the achievable torque and stator

winding losses during post-fault operation is investigated [Che et al. (2013)]

2.2.2 Symmetrical six-phase drives

Compared to the asymmetrical six-phase drives, the operation of a six-leg inverter
has been less investigated for symmetrical configuration of six-phase drives. It was shown
in early days of multiphase drives that, even though the symmetrical six-phase drives with
two isolated neutral points can also be easily supplied by two two-level three-phase VSIs
operated based on the six-step mode, their pulsating components of torque occur at the
same frequency as for the three-phase drives, hence becoming less advantageous than the
asymmetrical configuration [Nelson and Krause (1974)]. A similar investigation has also
been conducted recently for six-phase induction machines with an arbitrary angle of
displacement between the two stator winding sets. It has been found that the performance
of a six-phase machine with 30° displacement leads to smoother machine operation than
the 60° displacement due to the reduction in torque ripple [Singh et al. (2003)].

An early attempt to implement SVPWM technique to control a six-phase VSI
supplying symmetrical six-phase induction motors with two isolated neutral points is
reported in [Correa et al. (2003a)]. With two isolated neutrals points, the voltage vectors in
(0;-0.) plane are all equal to zero, therefore the main objective of the investigation is how
to devise an appropriate space vector approach so that a reference vector in (x-y) plane is
on average equal to zero. Three approaches were examined. In the first one, called six-
phase mapping, the space vector region in the (a-f) plane is divided into twelve 30°
sectors, while in the second approach, termed fragmented mapping, the (a-f) plane is split
into six 60° sectors (each is then divided into four triangular areas). The third approach is
double three-phase mapping where the six-phase machine is treated as two independent
three-phase machines. In the first and the second approach, the reference vector is
synthesised by using five active voltage vectors (although four are sufficient when neutrals
are isolated),while in the last approach the apportioned reference vector is synthesised

independently by each of three-phase inverter by utilising two active space vectors during
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a sampling period. A performance comparison between the three approaches has been
presented and it has been concluded that the fragmented sector mapping and double three-
phase mapping yield better performance than the six-phase mapping in terms of total
harmonic distortion (THD).

SVPWM techniques for symmetrical six-phase drives with a single neutral point
have also been investigated. In principle, having a symmetrical six-phase machine with
single neutral point means that the selection of space vectors becomes more involved,
compared to the configuration with two isolated neutral points, since there are some
nonzero voltage vectors in (04-0.) plane. For this configuration, the position of 64 voltage
vectors in (a-f) and (x-y) planes can be visualised as being composed of three different
polygons formed by vectors of different amplitudes, known as the large vector set, medium
vector set and small vector set. In order to minimise current harmonics, one SVPWM
method has been suggested, which utilises two coincident voltage vectors from the
medium vector set of (a-f) plane, for which in (x-y) and (0.-0.) planes corresponding
voltage vectors are in the opposite direction or have a zero value [Kianinezhad et al.
(2005)]. Two different switching sequences, asymmetric and symmetric, were analysed.
However, since these two coincident voltage vectors are selected from the medium vector
set, the utilisation of the dc bus voltage cannot be maximised.

A different SVPWM scheme, that systematically applies large, medium and small
voltage vectors during one period, has managed to produce sinusoidal or near-sinusoidal
output across the whole range of the achievable fundamental output voltage [Dujic et al.
(2007a)]. Using the proposed SVPWM scheme, the undesirable low-order harmonics are
kept at zero values up to the output fundamental equal to 86.6% of the maximum
achievable. Beyond that, the low-order harmonics are gradually introduced and they only
reach the maximum values when the reference reaches the maximum achievable
fundamental output voltage.

There are also some papers that report a strategy to eliminate or reduce common
mode voltage. In order to achieve instantaneous zero common mode voltage, a dual three-
phase bridge inverter is used to generate balanced excitation for a dual-voltage three-phase
induction motor [von Jauanne and Haoran (1999)]. The common mode voltage can also be
eliminated by using SVPWM approach [Correa et al. (2003a)]. Twenty voltage vectors that
can be used to produce zero common mode voltage are utilised in conjunction with sectors
of either 30° or 60° span. Then, several approaches to the space vector selection have been

investigated in order to eliminate either the mean value or the instantaneous value of the
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instantaneous common mode voltage. Besides that, the SVPWM scheme reported in [Dujic
et al. (2007a)] has also been able to produce a common mode voltage that is zero on
average and does not contain any low-frequency components.

Besides that, it has to be mentioned that similar to asymmetrical six-phase system,
some literatures have also report the post-fault strategies for two-level symmetrical six-

phase drives. Among the literatures are [Jacobina et al. (2004), Kianinezhad et al. (2008)].

2.3 PWM control of multilevel multiphase drives

Multilevel multiphase inverters are a natural extension of two-level multiphase
inverters, with an intention to provide the multiphase machines with a better quality of
voltage supply. Besides that, the utilisation of multilevel multiphase inverters also offers a
possibility to produce a higher output power than with the two-level multiphase inverters.
The topology of multilevel multiphase drives is relatively new compared to its two-level
counterpart; therefore the body of work that relates to the multilevel multiphase drives is
limited at present. Nevertheless, considerations related to utilisation of multilevel
multiphase inverters for high power applications have already been reported for several
applications [Gritter et al. (2005), Lu and Corzine (2005), Neugebauer et al. (2004), Steiner
et al. (2000)].

As explained in Chapter 1, multilevel multiphase drives can be realised in two ways,
in single-sided supply and dual-inverter supply topologies. In the next sub-section, PWM
techniques for the single-sided supply topology will be reviewed first. This is then
followed by the dual-inverter supply topology. For the dual-inverter supply topology, if the
scope of the discussion is restricted to six-phase phase drives, the number of available
papers is rather limited. Therefore, the discussion of three-phase and other multiphase
drives will also be included, so that the PWM techniques for a machine with open-end

winding topology can be sufficiently reviewed.

2.3.1 Single-sided supply topology

The single-sided supply topology of multilevel inverter was initially reported for a
three-phase drive in [Nabae et al. (1981)]. Since then, research related to this topology has
been carried out continuously including multiphase drives in recent times.

For a multilevel three-phase VSI, the traditional carrier-based PWM techniques,

developed for two-level inverters, have been successfully modified and implemented by
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using multiple carriers to control different pairs of semiconductor devices. For multicell
topologies, such as FC and CHB VSIs, each cell can be modulated independently by using
sinusoidal bipolar or unipolar PWM techniques. Carrier-based technique can be modified
by using phase-shifted PWM (PS-PWM) method. Here, the carrier signals are phase-
shifted by 180°/m for CHB VSI and by 360°/m for FC VSI (m is the number of cells)
across the cells to produce stepped multilevel output waveform with low distortion [Wu
(2006)]. In contrast to PS-PWM, level-shifted PWM (LS-PWM) spreads the carriers’
amplitude vertically across the whole amplitude range that can be generated by the
inverter. Three different schemes are available, depending on the disposition of the
carriers. First, in phase disposition scheme (PD-PWM), all carriers are in phase with each
other. Second, for phase opposition disposition scheme (POD-PWM), all positive carriers
are in phase with each other but in opposite phase with the negative carriers. Lastly, for
alternate phase opposition disposition scheme (APOD-PWM), all carriers are alternately in
phase opposition [Wu (2006)]. Although LS-PWM could be implemented for any
multilevel topology, it is best suited to the NPC VSI since each carrier signal can be easily
related to each pair of power semiconductors.

Just like with traditional carrier-based PWM, SVPWM algorithms that were initially
introduced for two-level three-phase inverters have also been extended to multilevel three-
phase inverters. SVPWM algorithms with reduced complexity and computational burden
have been introduced in order to deal with an increasing number of space vectors for
higher VSI level numbers [Celanovic and Boroyevich (2001), Prats et al. (2002)]. In
addition to PWM for the linear modulation range, a number of papers have also presented
SVPWM algorithms that can be extended into overmodulation range [Aneesh et al. (2009),
Gupta and Khambadkone (2007), Shiny and Baiju (2010)]. Generalized three-dimensional
(3D) SVPWM algorithms that alleviate various problems that cannot be solved by
conventional two-dimensional SVPWM have also been reported [Franquelo et al. (2006),
Prats et al. (2003)].

Besides all the mentioned papers which mostly report on generalised SVPWM
strategies that can be applied for a three-phase VSI with any number of levels, there are
also many other papers that are not included in this discussion, which address various
SVPWM strategies that pursue various objectives such as minimising the switching
frequency, simplifying calculation complexity, common mode voltage reduction (or

elimination), voltage balancing, unbalanced system operation, etc.
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In contrast to the multilevel three-phase VSIs, only a few papers related to multilevel
six-phase drives are available. These are mostly related to asymmetrical six-phase drives,
since the control can be made by phase-shifting the references of two three-phase VSIs by
30°. The multilevel multiphase PWM control for asymmetrical six-phase induction
machine, proposed in [Oudjebour et al. (2004)], is basically developed based on carrier-
based PWM technique for a multilevel three-phase VSI. The drive is operated by using two
five-level NPC VSIs and the PWM strategy of each inverter is realised based on
comparison of four phase-shifted carrier signals with reference signals that include zero-
sequence injection. Experimental results of the indirect field oriented control of the drive
are presented.

The implementation of the same PWM strategy has also been proposed for an
asymmetrical six-phase induction machine fed by two three-phase five-level VSIs
[Oudjebour and Berkouk (2005)]. Each leg of the three-phase inverter consists of four
overlapped cells and each cell carries dc source(s) and two switches that work
complementarily. Besides the carrier-based PWM with zero-sequence injection, the
performance of the drive has also been investigated by implementing traditional SPWM
method.

Implementation of SVPWM techniques for multilevel six-phase drives is reported for
a six-phase synchronous machine [Yao et al. (2006)]. The machine is supplied by using
two three-phase three-level NPC VSIs and each inverter is controlled separately by using
SVPWM method that was initially developed for a three-phase VSI [Yao et al. (2004)]. For
the SVPWM implementation, the (a-f) plane of the three-phase system is divided into six
sectors and each sector is then split into six major triangular sectors. When the reference
vector lies in one of the sectors, it will be synthesised by using three nearest space vectors.
A strategy to tackle neutral-point unbalance, one of inherent problems in three-level NPC
VS, is also addressed based on the proposed space vector solution. Since the SVPWM
technique is developed based on a three-phase inverter, the stator current contains
harmonics, mainly the fifth and the seventh harmonics.

The SVPWM strategy can also be used for elimination of common mode voltage of a
multilevel multiphase VSI. Such a method is targeted for asymmetrical six-phase traction
drive system having two dc voltage sources which are regulated separately by using three-
phase NPC VSI [Oleschuk and Griva (2010)]. In order to eliminate undesirable common
mode voltages which are the main contributor to bearing problems in an induction

machine, the SVPWM strategy that was initially developed for a three-level three-phase
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VSI [Oleschuk and Blaabjerg (2002)] is successfully extended to the six-phase system. Six
active space vectors with the largest magnitude are used in conjunction with a
synchronised PWM technique, a method to provide synchronisation of the voltage
waveform of the inverters which is necessary in order to avoid the occurrence of
undesirable sub-harmonics.

In [Neugebauer et al. (2004)], a multilevel multiphase inverter for six-phase MEMS
electrostatic induction micromotors is presented. To meet the stringent constrains of the
power electronic converter for miniaturised motor, such as high voltage and high
frequency operation, precise operating waveform and timing and also capacitive input
impedance, a five-level VSI is used in conjunction with six identical transformer-coupled
full-bridge inverters. This special inverter was developed because the conventional
multilevel-multiphase inverters, such as NPC VSI, FC VSI and CHB VSI, are seen as not
well suited for micromotor applications. Each phase of the inverter consists of four full-
bridge inverters that are switched by comparing reference sinusoidal signal to a tuneable
oscillator output, hence producing a three-level signal with different duty cycle on the
primary side of the transformer. These signals are then summed into nine-level signals by
connecting the secondary windings in series. The prototype of the drive system has been

built in order to evaluate the performance.

2.3.2 Dual-inverter supply topology

The dual-inverter supply topology was initially introduced for open-end winding
configuration of three-phase machines [Stemmler and Guggenbach (1993)]. Although the
topology has been known for almost two decades, the extension towards the multiphase
machines has only been reported in a very few papers, whereas the existing body of work
is still mainly concentrated on the three-phase drives. Several papers related to PWM
control of dual-inverter supply of open-end three-phase machine will be reviewed first,
followed by the discussion of PWM strategies related to dual-inverter supply of open-end

multiphase machines.

2.3.2.1 Open-end winding three-phase drives

In dual-inverter supply topology, both ends of the stator winding can be connected to
either two-level or multilevel inverters. The two inverters that are connected at both ends

of the open-end windings can also have an equal or different number of levels.
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The dual-inverter supply system can be looked at from two different viewpoints. The
first viewpoint is to consider the system as one unit that can produce an output voltage that
has a number of levels which is the same as in output voltage produced by a traditional
multilevel inverter (traditional inverter refers to a three-phase VSI in single-sided supply
topology). For the open-end three-phase drives, with supply provided from two isolated dc
sources, the utilisation of two two-level inverters produces the same output voltage as with
a traditional three-level inverter, while the utilisation of two three-level inverters produces
the same output voltage as with a traditional five-level inverter [Stemmler and Guggenbach
(1993)]. This is achieved by modulating the two three-phase VSIs using carried-based
SPWM technique.

Besides carrier-based PWM, the realisation of three-level output voltages from dual
two-level inverter supplying an open-end three-phase winding can also be achieved by
using SVPWM approach [Shivakumar et al. (2001a)]. The space vectors of the dual two-
level three-phase VSIs are positioned at the same nineteen locations as for the traditional
three-level VSI. However the number of redundant states is higher for the system with the
dual-inverter supply since the space vectors are produced from 2 x2° =64 switching state
combinations, compared to 3° = 27 switching state combinations of the traditional three-
level VSI. The (a-f) plane is divided into 24 equilateral triangles which can be grouped to
form six hexagons plus one inner hexagon at the centre. The SVPWM strategy is
implemented based on the defined hexagon areas and uses the same technique that was
firstly proposed for traditional three-phase inverter [Kim and Sul (1995)]. The redundant
switching states are beneficial to minimise the number of switchings per cycle and also to
produce equal number of switchings for each inverter. Besides that, the required number of
semiconductor devices is also fewer, compared to the traditional three-level inverter.

The number of levels of output voltage produced by the dual-inverter supply
topology depends on the ratio of the two isolated dc source voltages that are used. For the
two PWM strategies discussed above, the two isolated dc sources have an equal dc voltage.
Different levels of output voltage can be produced if unequal ratio of dc voltages is
utilised. Dual-inverter supply topology, with dc voltage ratio of 2:1, produces the same
output voltage as the traditional four-level VSI [Corzine et al. (1999), Shivakumar et al.
(2001b)]. Although the total number of switching states is still 64, the space vectors
produced by the unequal dc source voltage ratio are now mapped at 37 locations, just like
the space vector mapping produced by 4 = 64 switching state combinations of the

traditional four-level VSI. In [Corzine et al. (1999)], the performance of the supply is
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compared with traditional four-level NPC VSI, both using SVPWM algorithm which
utilises three space vectors that are the nearest to the reference vector [van der Broeck et al.
(1988)]. The performance is identical, but the dual-inverter supply topology uses fewer
switching devices, has simpler construction and can be implemented without problems
associated with the capacitor voltage balancing. Meanwhile, the results presented in
[Shivakumar et al. (2001b)] are basically an extension of the work reported in [Shivakumar
et al. (2001a)] and just require a slight modification of the SVPWM technique used in the
latter.

The ratio of dc supply voltages of the two inverters can be further varied if two
multilevel inverters are used. For example, by using two three-level three-phase VSIs, the
utilisation of 1:1, 2:1 and 3:1 voltage ratios can produce an output voltage that is
equivalent to five-, seven- and nine-level traditional VSI [Corzine et al. (2003)]. In that
investigation, one of the three-phase three-level NPC VSIs is supplied from one dc source
while the other inverter is supplied by a capacitor voltage source (i.e capacitor bank). The
voltage ratio of 3:1 is examined, and due to the usage of the capacitor as the voltage
source, some voltage levels are sacrificed. However, there is enough state redundancy that
has been used to regulate the capacitor voltage. The inverters are modulated by using nine-
level SVPWM and a redundant switching state table and an output voltage that is
equivalent to seven-level operation is produced. The proposed SVPWM technique is
implemented based on the duty-cycle modulation, a discrete PWM technique that directly
determines the nearest space vector selection and calculates their switching times based on
per-phase duty cycles [Corzine and Baker (2002)].

This type of control is then further extended to voltage ratio of 4:1 [Xiaomin et al.
(2006)]. Performance equivalent to eleven-level operation is practically achieved, except in
the high modulation index region. Eleven-level duty-cycle modulation technique is used
but some modifications are required with respect to the original strategy of redundant
switching state selection, since some switching levels are missing due to the used dc
voltage ratio.

Apart from considering the dual-inverter drives as one unit that produces multilevel
output voltage for a given number of semiconductor devices, the operation of dual-inverter
fed drives can also be viewed as combination of two separate inverters. This is also known
as hybrid inverter drives, where the main inverter is known as bulk inverter and its function
is to provide the required power to the machine. The second inverter is known as

conditioning inverter and its function is to compensate the harmonics produced by the bulk
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inverter. The bulk inverter is switched by using low-frequency PWM, while the
conditioning inverter is switched by using high frequency PWM. Their operation is
properly combined so that the machine is operated with the required power and also
necessary power quality.

In Corzine et al. (2003), the control strategy for hybrid inverter control has been
developed. The dc voltage ratio of 3:1 is, as noted, used where the conditioning inverter is
supplied by a capacitor bank. The bulk inverter is supplied by using the higher voltage
supply and is modulated by staircase or low frequency carrier-based PWM method. The
conditioning inverter is powered by the lower voltage supply and is utilised as an active
power filter, so that its function is to compensate the harmonics produced by the bulk
inverter. The conditioning inverter is modulated by using high switching frequency PWM
based on duty-cycle modulation technique reported in [Corzine and Baker (2002)]. In order
to maintain the capacitor voltage at one third of the main inverter’s dc source, a simple
proportional-integral (PI) regulator is used to regulate active power flow into conditioning
inverter. The implementation of this hybrid inverter control is then realised by using
commercial-off-the shelf (COTS) inverter as the bulk inverter, leaving only the
conditioning inverter as the one that has to be custom-made [Shuai et al. (2005)]. In order
to achieve independent control of the conditioning inverter, an appropriate strategy to
sense the bulk inverter voltages has been developed, so that harmonic compensation can be
done, synchronised to the programmable bulk inverter staircase.

The hybrid inverter control can also be implemented by using two inverters that have
different number of levels. Such an implementation has been reported for open-end three-
phase winding machine fed by three-level and two-level inverter at the two winding sides.
The dc voltage of the two-level inverter is half of the dc voltage of the three-level inverter
[Kawabata et al. (2002)]. The two-level inverter operates as the conditioning inverter and
is hence modulated at much higher switching frequency. When the reference voltage
vector is small, the system will be operated by using the two-level inverter only, which is
modulated by using conventional SVPWM strategy. When the reference voltage vector is
high, the three-level inverter will be used to supply 2/3 of the total output power and the
rest will be supplied by the two-level inverter. For operation with high reference voltage
vector, the vectoral combination of the space vectors of both inverters is divided into
thirteen areas. In each area, the reference vector can be synthesised by using a combination

of predetermined switching states of the three-level inverter and conventional SVPWM
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technique of the two-level inverter. By doing this, the output voltage can reach the same

voltage level as the traditional four-level VSI.

2.3.2.2 Open-end winding multiphase drives

So far, the utilisation of dual-inverter supply for the open-end winding multiphase
drives has only been reported in relatively few papers. It has to be noted that compared to
the other drive configurations that have been discussed earlier, the SVPWM techniques for
the open-end winding multiphase drives are much more difficult to develop due to the high
number of switching states and space vectors that have to be considered.

The first implementation of dual-inverter supply for a multiphase machine is reported
for an asymmetrical six-phase induction machine. The drive is constructed by using two
sets of open-end three-phase windings supplied from four two-level three-phase VSIs
[Mohapatra et al. (2002), Mohapatra and Gopakumar (2006)]. The inverters that are
connected at two ends of the three-phase winding have unequal dc bus voltages. The goal
of the research however, was to eliminate the low-order harmonics, and not to produce
multilevel output voltage. The space vector switching strategy is appropriately executed so
that the fundamental component in the (a-f) plane is added and the low-order harmonics in
the (x-y) plane are cancelled. This goal is achieved by utilising 1:0.366 dc bus voltage
ratio.

Another reported SVPWM strategy for an asymmetrical six-phase induction machine
is also implemented by using quad (four) two-level three-phase VSIs having isolated dc
sources [Grandi et al. (2010a), Grandi et al. (2010b)]. The machine is constructed by using
two sets of open-end three-phase windings and the two ends of each three-phase winding
are connected to two two-level VSIs which mean that the machine behaves as having two
isolated neutrals. The two VSIs produce 64 switching state combinations that correspond
to eighteen different active space vectors and a zero space vector. The space vectors are
mapped into six sectors which are then further divided into four identical equilateral
triangles. In each triangle, the reference vector is synthesized by using the nearest three
vectors approach [Casadei et al. (2008)]. The reference vector for each three-phase
winding is assigned based on the three-phase decomposition approach [Grandi et al.
(2008)].The output voltage produced by each pair of two-level VSIs has the same form and
number of levels as with the traditional three-level VSI. The power sharing algorithm

between the four dc sources is also introduced. Besides that, the fault-tolerant capability of
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the quad inverter fed six-phase drives have also been explored [Grandi et al. (2011),
Grandi et al. (2012a), Grandi et al. (2012b)].

Dual-inverter supply topology, using two equal and isolated dc bus voltages, has
initially been reported for an open-end five-phase drive system [Jones et al. (2010), Levi et
al. (2010)]. In [Levi et al. (2010)], the reference vector is split into two halves and then
phase-shifted by 180° for the two two-level five-phase VSIs. Two cases of carrier-based
PWM with zero-sequence injection control are investigated. In the first case, the triangular
carrier signals of the two inverters are phase-shifted by 180° while in the second case, the
carrier signals are kept in phase. The PWM strategy with 180° phase-shifted carriers
produces a nine-level phase voltage that is the same as with the traditional two-level five-
phase VSI with twice the dc bus voltage value. The PWM strategy with carriers in phase
also produces nine-level phase voltage, but the voltage is characterised with unequal
voltage step size. The second case of carrier signals produces a phase voltage with better
harmonic content. Here, the harmonics around the odd multiples of the switching
frequency cancel out, hence pushing the switching harmonics to higher frequencies.

In [Jones et al. (2010)], the PWM strategy reported in [Levi et al. (2010)] is studied,
but this time the two inverters are modulated using SVPWM approach. This strategy is
referred to as equal reference sharing scheme (ERS), since the reference is divided equally
between the two inverters. The two inverters are modulated by using the same SVPWM
strategy that has been implemented for a single-sided supply of two-level five-phase
inverter, which is based on utilisation of four active space vectors (two neighbouring large
and two medium) per switching period. The performance is, as expected, the same as with
the carrier-based counterpart. The unequal reference sharing scheme (URS) has also been
proposed, where the reference between the two inverters is apportioned according to the
total modulation index value. Only one inverter is used for operation up to half of the
maximum modulation index and the drive is in two-level operation. Two inverters are
operated for modulation index higher than half of the maximum, which then produces
output voltage as in three-level operation. The same SVPWM strategy as in the ERS
scheme is applied for the URS scheme, which is based on utilisation of four active space
vectors per switching period. In both ERS and URS algorithms, the complexity of selecting
the proper switching states and space vectors for a given reference is able to be reduced by
considering the total modulation as a modulation of two independent inverters. These
reference sharing algorithms are then extended to six [Patkar et al. (2012)], seven [Bodo et

al. (2011a)] and nine-phase open-end winding drives [Bodo et al. (2013a)].
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Another SVPWM strategy developed for the open-end winding five-phase drive fed
by dual-inverter with isolated dc supplies is the decomposition method proposed in [Jones
et al. (2011b)]. Again, in order to reduce the complexity of switching states selection, the
overall system is decomposed into two sub-systems with lower complexity. In the
developed method, the three-level space vector decagon produced by the dual-inverter
supply topology is decomposed into a number of two-level decagons. For operation at less
than half of the maximum achievable voltage, the reference is compounded only by the
centre decagon. Therefore, the reference is met by operating one inverter only while the
other inverter is put in zero state. The active inverter is once more modulated using the
same SVPWM strategy initially developed for the single-sided two-level five-phase
inverter hence producing two-level mode of operation. For operation at higher modulation
index, a strategy similar to hybrid control is implemented where the reference is met by
operating one of the inverters based on the ten-step mode while the other inverter is space
vector modulated. The space vector modulated inverter is operated based on the multi-
frequency operation since the selected space vectors are able not only to control the
fundamental but also eliminated any unwanted any low-order harmonics. Some refinement
of the developed modulation strategy which tackles the rise of the dc bus voltage for
operation slightly higher than half of the modulation index is discussed in [Jones et al.
(2012)].

Beside the SVPWM schemes, a modulation strategy that is based on the carrier-
based PWM techniques, has also been implemented for the five-phase drives with dual-
inverter supply [Bodo et al. (2011b), Bodo et al. (2013b)]. The modulation techniques are
adopted from the traditional carrier-based PWM techniques well known for a single-sided
three-level inverter which are PS-PWM and LS-PWM. In the developed modulation
strategy, modulation signals for the equivalent single-sided topology are adjusted in order
to enable their implementation for the dual-inverter supply. The similarities between the
performance obtained from drive with the dual-inverter supply and single-sided three-level
inverter are verified in [Bodo et al. (2012a)].

Finally, a modulation strategy for the five-phase drives fed by a dual two-level
inverter with connected dc bus voltage has also been developed [Bodo et al. (2012b)].
Unlike the dual-inverter supply topology that utilised two isolated dc bus supplies (or four
in [Grandi et al. (2010b), Grandi et al. (2012b)] ), the utilisation of a single dc bus supply
lead to the possibility of zero sequence current flow. Therefore, in order to stop the flow of

the zero sequence current, the developed modulation strategies only considers a group of
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switching states that produces zero common mode voltage. The switching sequence is then

arranged in a manner such that the switching losses is minimised.

2.4 Summary

This chapter has presented a literature review in the area of PWM control for the six-
phase drives. PWM techniques for the two-level six-phase drives are discussed first,
followed by the PWM techniques for multilevel six-phase drives, covering both single-
sided and dual-inverter supply topologies. With regard to the PWM techniques for the
open-end winding configuration, the review also includes three-phase and other multiphase
drives for the sake of completeness.

From the literature reviewed in this chapter, the references that are considered as
strongly related to the research presented in this thesis are summarised in Tables 2.1 - 2.2.
The material containing the PWM techniques for control of both asymmetrical and
symmetrical six-phase drives with a single-sided supply topology are listed in Table 2.1.
The lists are tabulated based on the type of modulation strategy being used and also the
number of voltage levels being utilised.

Table 2.1, indicates that, between the two stator winding configurations, six-phase
machine with asymmetrical winding configuration attracts more interest from researchers.
The windings are commonly configured with two-isolated neutral points since the
nonexistence of space vectors in the (0+-0-) plane leads to a formulation of simpler
modulation strategy compared to configuration with a single neutral point.

Table 2.2 lists the literature related to PWM techniques for the control of open-end
winding multiphase drives tabulated based on the number of phases. So far, for six-phase
drives, the currently developed modulation strategies are all related to machine with
asymmetrical winding configuration and supplied from four two-level three VSIs with
isolated dc supplies. Modulation strategies for machine in the open-end winding
configuration, supplied from two two-level six-phase VSIs with isolated dc supplies has
not yet been addressed for both symmetrical and asymmetrical six-phase drives even
though the utilisation of this particular topology has already been considered for five-,
seven-, and nine-phase drives. From a practical point of view, two isolated dc supplies are
easier to implement and more cost effective than four isolated dc supplies. However, the
control becomes more complicated since the system behaves as having a single neutral

point rather than two isolated neutral points.

36



2. Literature review

Table 2.1: Literature related to PWM techniques for control of six-phase drives with a

single-sided supply topology.

Modulation | VSI level Asymmetrical six-phase Symmetrical six-phase
strategy drives drives
Carrier- Two-level Bojoi et al. (2002) Not available

based PWM | Multilevel Oudjebour et al. (2004) Not available

Neugebauer et al. (2004)
Oudjebour and  Berkouk
(2005)

SVPWM | Two-level Gopakumar et al. (1993) von  Jauanne  and
Zhao and Lipo (1995) Haoran (1999)
Bakhshai et al. (1998) Correa et al. (2003b)
Shan et al. (2005) Kianinezhad et al.
Hadiouche et al. (2006) (2005)
Grandi et al. (2008) Dujic et al. (2007a)
Marouani et al. (2008)
Prieto et al. (2010)
Yanhui et al. (2010)

Multilevel Yao et al. (2006) Not available

Oleschuk and Griva (2010)

Table 2.2: Literature related to PWM techniques for control of open-end winding

multiphase drives.

Modulation
strategy

Six-phase drives (asymmetrical)

Other multiphase drives

Carrier-based

Not available

Levi et al. (2010) - five-phase

PWM Bodo et al. (2011b) - five-phase
Bodo et al. (2012a) - five-phase
Bodo et al. (2013b) - five-phase

SVPWM Mohapatra et al. (2002) Jones et al. (2010) - five-phase

Mohapatra and Gopakumar
(2006)

Grandi et al. (2010a)
Grandi et al. (2010b)
Grandi et al. (2011)
Grandi et al. (2012a)
Grandi et al. (2012b)

Bodo et al. (2011a) - seven-phase
Jones et al. (2011b) - five-phase
Bodo et al. (2012b) - five-phase
Bodo et al. (2013a) - seven- and
nine-phase cases
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Chapter 3

PWM TECHNIQUES FOR TWO-LEVEL ASYMMETRICAL
SIX-PHASE DRIVES

3.1 Introduction

This chapter focuses on PWM techniques for a two-level asymmetrical six-phase
drive. Two types of topology are discussed and their space vector models are explained.
The most common topology is discussed first, which is two-level six-phase VSI supplying
an asymmetrical machine with two isolated neutral points. This is followed by the second
topology, which is an asymmetrical machine with a single neutral point. PWM techniques
for the two-level six-phase VSI feeding asymmetrical machine with two isolated neutral
points and single neutral point topologies are reviewed. Two groups of PWM techniques
are discussed which are carrier-based PWM and SVPWM. The implementation of each
technique is explained and simulations are conducted using MATLAB/Simulink in order to
analyse their performance. The work presented in the later half of this chapter has been

published in [Patkar and Jones (2013)].

3.2 Space vector model of two-level asymmetrical six-phase VSI

The asymmetrical six-phase machine has two sets of three-phase stator windings that
are spatially shifted by 30°. The neutral of the stator windings can be configured in two
different ways. The first is to connect the stator windings to two isolated neutral points

while the second is to connect all the windings to a single neutral point [Zhao and Lipo

(1995)].

In the next subsection, the drive configuration and space vector model for inverter
supplying a machine with two isolated neutral points will be explained first. This will be
followed by the drive configuration and space vector model for the inverter when the

machine has a single neutral point.
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3.2.1 Six-phase VSI feeding asymmetrical machine with two isolated neutral points

The power circuit topology of a two-level six-phase VSI supplying an asymmetrical
machine with two isolated neutral points is shown in Fig. 3.1. It consists of two three-phase
inverters sharing a common dc bus voltage, V., while the machine’s stator windings are
connected in star with isolated neutrals, nl and n2. A lower case symbol (a, b, ¢, d, e, f)
denotes the machine output phases, while an upper case symbol (4, B, C, D, E, F) denotes
the inverter legs. The dc bus voltage is assumed to be constant, and the negative rail of the
dc bus is denoted by N. There are two switches for each inverter leg, where an upper

switch and a lower switch work complementarily.

o—
o—
o—
o—
o—
o—

Vdc t% A B C D E F

ST F 777777777777777777777777777777777777777777777 \
| §a b c 3d e 3f ; Rotor

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Fig. 3.1: Power circuit topology of two-level six-phase VSI supplying asymmetrical
machine with two isolated neutral points.

There are six inverter legs in total; therefore the inverter has 2° = 64 switching state
combinations, which in turn determine space vectors. Based on the space vector theory, the
switching states lead to 64 voltage space vectors. The space vector model of the inverter is
developed with an assumption that the switches have an ideal commutation and zero
forward voltage drop.

The correlation between phase voltages and leg voltages of the inverter can be given

as follows:
V=V, V. Vp =V, + VvV,
Vg =Vp T VN Vg =Ve TVay (3.1)
Ve =V, +V,y VE =Vt v,y

Since the phases are star connected with isolated neutral points, then

v, +v,.+v,=0 vyt +v, =0 (3.2)
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and summation of ( 3.1 ) yields:

Vay =(1/3)vy +ve +vg) Voo =(1/3)vg +vp +vi) (3.3)
The relationship between the phase voltages of the machine and leg voltages of the inverter

is obtained by substituting ( 3.3 ) into ( 3.1 ). The result is as follows:

v, =273, = (1/3)ve +v) vy =273y =(1/3)vp +vr)

Vc=(2/3)vc_(l/3)(VA +VE) Vg =(2/3)VD_(1/3)(VB+VF) (3.4)

ve =(2/3pg = (1/3)v +vc) vy =273 = (1/3)vp +vp)

The space vectors of the phase voltages can be projected into two orthogonal
two-dimensional planes, known as (a-f) and (x-y), and a pair of zero-sequence components
(04-0.). By using power variant transformation, the space vectors in the stationary

reference frame and zero-sequence components can be defined as follows:

Vap =Va T v =2/6(v, +g4vC +c_18ve +av, +25Vd +ngf)
Vo =V v, =2/6(v, +g8vc +c_116ve +c_15vb +av, +c_19vf) (3.5)
Vo, =2/6(v, +v,. +v,)
Voo =2/6(v, vy +v,)
where a =exp(j 7/6)

The mapping of the phase voltage space vectors into the (a-f) and (x-y) planes is
shown in Fig. 3.2, where the value of V. has been taken as 1 p.u. The zero-sequence
components in the (0:-0.) axes are equal to zero for all switching state combinations
because of the isolated neutrals. The space vectors are labelled with decimal numbers. If
converted into binary code, the numbers correspond to the state of an inverter leg in the
sequence of (4, B, C, D, E, F). Value of “1” indicates that an upper switch in a particular
leg is in “on” state, while a lower switch is in “off” state. On the other hand, value of “0”
indicates that the upper switch is in “off” state, while the lower switch is in the opposite
state.

In total, there are 48 distinct active space vectors in the (a-f) and (x-y) planes. Based
on their magnitude, the active space vectors in the (a-f) and (x-y) planes can be categorised

into four different groups, which are largest v,,,, second largest v, , third largest v, ,
shortest v, and zero v, space vectors where index k denotes the K™ space vector for

each group of space vectors. The groupings of space vectors are shown in Fig. 3.2 and can
be expressed using equations presented in Table 3.1. Each group contains twelve distinct

space vectors. The third largest space vectors have redundancy, each being produced by
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two switching state combinations. On the other hand, the zero space vector is produced by
four switching state combinations, which are Vy, Vs, V21, and Vg, The largest space vectors
in the (a-f) plane are mapped as the shortest space vectors in the (x-y) plane and vice
versa. In the (a-f) and (x-y) planes, all redundant active space vectors have magnitude of

the third largest space vectors.

XV, A
08 Vi Vi3
28 60
0.6f y P -~
*’(i)z 7 Yauwy o Y \\ Te)
- 4o . __ 024 56
0.4 // Vaisy o7 Vi E &) N

/ 30c V3/(2) 20062 731(3) ‘5
| Yie) [/ /V \\ Yy
0.2 714 ¢ Y6y 4(‘{5 Vi) i‘h“) 160 5§ ‘sz(l)?48
13 L .4526 36, vah(z) \ o57

2 | v, Yo\ Vi)
X ; 31 32053 ) }
A } v sh(2) |
: Yonan | 50 |
irese v, 049
939/ Varaz)
Z31(8) ) 7 Vi
o %}‘ 2 1 33‘ ¢33 /
e 43 /
\ y ~_ Y3u9) Vi .
0.4+ =24(8) s = 34(10) /,/ 2{(11)/5
PO P
l)1(8) \\\:21(9)39 19 Vz[(lo) Vi
-0.61 e -
Vioy® Yiao

_OD L Il L Il L Il il :
-08 -06 04 02 0 02 04 06 08 xV,

XV, A

osk- BT
: Vi =1(3) : :

0.6} : AT T, :

Yis) e 221(4) : 221(3) SO Vi)
18 - : ~ X

ot e “e38 _
o4fy - /. 'V2l (5) T VI() ...... \A.;.;ZI(z) NERREEREEREEE

V \4
/ 30. 31(5) 20.62 31(3) 52 \
: , 34055 ‘ \

Vi) / N4 U
0.2} 266 l’zz(é), 16(6§8 shgt) L) 4\.4(6) Yai1) g 036

’v ; vs,l(;)o 4: 48 L8V 3
iy V\h((»ﬂ 42 go®Ysh() ‘V31 11
y0e3i %28 0g42 60970 Sk

v
| v‘z . 49}‘ 633 1(]2)

‘I 43 Z31(11) A / :

04 \ .V.ZL(.S.) ...... - .3. (9) A% 3(10)" - ./(./,)4 L2 .2((.1 {)/:5 ...........

‘o o6 ‘e '

V/(x)25 RN \Y21(9)57 o130 7 Vi

-0.6f P et —e”
Viw® Vigg

-0.8 L i L i L . L L

08 06 04 02 0 02 04 06 08xFV,
X-axis

Fig. 3.2: Mapping of phase voltage space vectors for two-level six-phase VSI supplying
asymmetrical machine with two isolated neutral points: (a) in (a-f) plane; (b) in (x-y)
plane.
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Table 3.1: Space vectors of two-level six-phase VSI supplying asymmetrical machine with
two isolated neutral points in (a-£) and (x-y) planes.

Space vectors Values of space vectors
Largest J ko
argest (Vi) Z%ﬁydce””“”n fork=1,2, s 12
Second largest (v (2k-1)=
gest (Varqe)) gydce’”" 2 fork=1,2, sy 12
Third largest (v (k1)
Best (aign) %Vdcej(k "6 fork=1,2, ey 12
Shortest (v, ) _ .2
o %ﬁyke”z" R fork=1,2, s, 12
Zero (v,) 0

3.2.2 Six-phase VSI feeding asymmetrical machine with a single neutral point

Two level six-phase VSI supplying asymmetrical machine with a single neutral point
is used less frequently than with the machine with two isolated neutral points. The power
circuit topology is shown in Fig. 3.3. The stator windings are connected to a single neutral,

n.

Fig. 3.3: Power circuit topology of two-level six-phase VSI feeding asymmetrical machine
with a single neutral point.

The correlation between phase voltages and leg voltages can be given as follows:

V=V, V. Vp =V, Y,y
Vg =Vp T VN VE = Ve T VN (3.6)
Ve =V, +V,y Ve =V v,y
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Since the stator windings are now star connected with single neutral,

VetV tvetv, v, +v, =0 (3.7)
Summation of ( 3.6 ) yields:

vy = (1/6)vy +vp +ve +vp +vp +ve) (3.8)

The relationship between the phase voltages of the machine and leg voltages of the inverter

is obtained by substituting ( 3.8 ) into ( 3.6 ). The result is as follows:

v, =(5/6)VA —(1/6)(VB +Ve +vp Vg +vF)

v :(5/6)\13 —(1/6)(VA +Ve +vp +Vvg +Vvp
v, =(5/6)vc —(1/6)(VA +Vp+Vp Vg + Vg
v, =(5/6)VD —(1/6)(VA +Vp + Ve + Vg + Vg

) (3.9)
v, =(5/6W; —(1/6)v, + vz +ve+vy +vy)
v, =(5/6)vp —(1/6)v, +Vvy +ve+vy +vy)

The space vectors of phase voltages can again be projected into the (a-f) and (x-y)
planes and also (0+-0.) axes using ( 3.5 ). The mapping of space vectors in the (a-f) and
(x-y) planes is the same as for configuration with two isolated neutral points (Fig. 3.2 and
Table 3.1). Additionally, there are now non-zero components in the (0.+-0.) axes, such as

shown in Fig. 3.4. The non-zero space vector in the (04-0.) axes takes three different

magnitudes and grouped as large v_,, medium v_, , and short v_,, space vectors. The

grouping of the space vectors in the (0,-0.) axes is as presented in Table 3.2.
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Fig. 3.4: Mapping of phase voltage space vectors for six-phase VSI feeding asymmetrical
machine with single neutral point in (0,-0.) axes.
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Table 3.2: Space vectors of two-level six-phase VSI feeding asymmetrical machine with a
single neutral point in (0:-0.) axes.

Space vectors Values of space vectors
4k-1)~
Large (v ) ngCe( K fork=1,2
. (4k-n7%
Medium (v, ) ngce V4 fork=1,2
(4%
Short (v.,;)) ngce s fork=1,2
Zero (v.,) 0

3.3 Control of two-level six-phase VSI feeding asymmetrical machine with two
isolated neutral points

The most efficient way to control the VSI is by using PWM techniques. Several
techniques are available, and, in general can be categorised into two groups: carrier-based
PWM and space vector PWM (SVPWM). Each technique is discussed in the following
sub-sections, and MATLAB/Simulink simulations are undertaken in order to evaluate their
performance.

Simulations are performed by setting the dc bus voltage to 300V and using a
switching frequency, f,, of 2 kHz. Reference frequency is 50 Hz. The modulation index M
is set to the maximum value (My,.x) in the linear PWM region. The modulation index is
defined as:

M=V 705V, (3.10)
where V) is the peak of the sinusoidal reference, which equals the desired output voltage
fundamental. The machine parameters used for the simulation are specified in Table 3.3.

These parameters correspond to the machine used later in the experiments.

Table 3.3: Parameters of asymmetrical six-phase machine.

Machine parameter Value
Stator resistance, R, [Q2] 12.5

Rotor resistance, R, [Q] 12.6

Stator leakage inductance of (a-f) plane, L .3 [H] 0.061
Rotor leakage inductance of (a-f) plane, L. 5 [H] 0.010
Stator leakage inductance of (x-y) plane, L;; ., [H] 0.005
Stator leakage inductance of (0+-0.) plane, L;s 9+o.[H] 0.061
Magnetising inductance, L,, [H] 0.580
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3.3.1 Carrier-based PWM

Implementation of carrier-based PWM requires two sets of three-phase sinusoidal
waveforms as reference signals. The two sets of reference signals are phase-shifted by 30°.
Two types of carrier-based PWM can be implemented. The first one is pure sinusoidal
PWM while the second is sinusoidal PWM with two zero-sequence injections (which is

sometimes called double zero-sequence injection).

3.3.1.1 Pure sinusoidal PWM

In this technique, two sets of three-phase pure sinusoidal waveforms are generated as
reference signals. The range of modulation index for this technique is 0< M <1. The
reference signals for M,,,. = 1 are as shown in Fig. 3.5. The signals are stated in p.u. where
1 p.u. = Vg.. Fig. 3.6 shows phase voltage components of the machine and their frequency
spectra. The phase voltage contains fundamental component with 106.066 Vrms magnitude
and no low-order harmonics. The fundamental component of a-component voltage has the
same magnitude as in the phase voltage, while frequency spectrum of x-component voltage

contains only switching frequency associated harmonics.
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Fig. 3.5: Reference signals for pure sinusoidal PWM technique.

Current components of the machine and their frequency spectra are as shown in Fig.
3.7. The fundamental component of the current is mapped into the a-axis while the current

ripple is mapped into the x-axis.
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Fig. 3.6: Phase voltage components and frequency spectra for pure sinusoidal PWM
technique. From top to bottom: phase voltage, a-component voltage, and x-component
voltage.
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3.3.1.2 Double zero-sequence injection

A zero-sequence signal (third or all triplen harmonics) can be injected into the
reference signals of a three-phase inverter in order to increase the dc bus utilisation [Blasko
(1996), Houldsworth and Grant (1984)]. The same strategy can be applied here; however it

requires an injection of two zero-sequence signals (v,, and v, ) into the reference signals

[Bojoi et al. (2002)], as follows (withi =a, ¢, eand j = b, d, f):

v.()=v,* () +vy vj(t)=vj*(t)+v02
Vo =—0.5 [min(v, *,v, *,v,*) + max(v, *,v.*,v,*)] (3.11)

a >°'c % e a >’'c % e

The range of modulation index for this technique is 0 <M <1.154. The reference
signals for M, = 1.154 are shown in Fig. 3.8. Phase voltage components and their
frequency spectra are shown in Fig. 3.9. Due to the higher maximum modulation index,
this technique produces higher maximum fundamental component magnitude than the pure
sinusoidal PWM technique. The magnitude of fundamental component for phase voltage

and a-component voltage is now 122.4745 Vrms.
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Fig. 3.8: Reference signals for double zero-sequence injection technique.

Current components of the inverter machine and their frequency spectra are as shown

in Fig. 3.10. Compared to the pure sinusoidal PWM technique, this technique generates
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more sidebands around multiple of switching frequency and increasing current ripple in the

X-axis.
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3.3.2 Space vector PWM

Space vector PWM (SVPWM) is a control algorithm where a reference signal, which
is in the (a-f) plane, is synthesized by using several space vectors (combination of active
and zero space vectors). The space vectors are appropriately selected and applied for a
fraction of time (called dwell time) of a switching period. The space vectors can be
selected and applied in many ways, but the main idea is to select the space vectors that
produce the highest fundamental component amplitude in the (a-f) plane, while
minimising (or zeroing, ideally) all harmonic components in the other plane(s). In this way,
the utilisation of dc bus voltage can be maximised, while at the same time minimising the
losses generated by harmonics. Two main SVPWM techniques will be discussed here,

namely the conventional and the vector space decomposition (VSD) based techniques.

3.3.2.1 Conventional SVPWM

Conventional SVPWM is a modulation technique that is widely applied to three-
phase inverters, where in each sector, the reference vector is synthesized by using three
space vectors [Wu (2006)]. For a six-phase inverter feeding an asymmetrical machine with
two isolated neutrals points, two of the utilised vectors are active space vectors with the
largest amplitude, while the third is one of the four switching state combinations of the
zero space vector [Gopakumar et al. (1993)]. The selection of the voltage vectors is based
on space vector mapping in (a-f) plane. Here, the (a-f) plane is equally divided into
twelve 30° sectors (I to XII), as shown in Fig. 3.11. The selected active space vectors for

sector I are indicated by thick arrows.
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Fig. 3.11: Space vector selection for sector I for conventional SVPWM technique in (a-f)
plane (left) and in (x-y) plane (right).
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The calculation of dwell times for selected space vectors is done based on Fig. 3.12.

The two active space vectors are represented by V; and V5. During a switching period 7,
the reference vector \_/* is synthesised by means of V, V, and zero voltage vector, applied

for time intervals 7', 7> and T respectively.

Fig. 3.12: Principle of calculation of dwell time for conventional SVPWM technique.

Based on the volt-second balance principle, the dwell time corresponding to each

space vector can be expressed as follows:

TV +ToVay =V, T,
Vs + TV, =V,T, (3.12)
L+T,+71, =1,

where a-f subscripts indicate the (a-f) components of the space vector. It can be shown

that 77 and 7, can be calculated as follows:

v*
T, :2|_7TS sin(30° — 6)
. (3.13)
14
T, =2—T sin@
45

|V| is the amplitude of V; and ¥, (i.e. the magnitude of the large space vector ) and & is

angular position of the reference.

The switching sequences of inverter legs for all twelve sectors are as shown in Fig.
3.13. The selected space vectors for each sector are also listed. The four switching state
combinations of the zero space vector are alternately used, so that during the switching

period each switch is being switched on and off once only.
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Fig. 3.13: Switching sequences of inverter legs for conventional SVPWM technique.
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The range of modulation index for the conventional SVPWM technique is
0< M <1.243 .The average leg voltages (in p.u. value) with respect to N, produced by
applying M., = 1.243 to the reference signal, are as shown in Fig. 3.14. The increase in
the maximum modulation index value over the value of 1.154 is achieved at the expense of
low-order harmonics which now appear in the (x-y) plane. This is the consequence of lack
of control of the harmonics in the (x-y) plane since, according to ( 3.12 ), only reference in
the (a-f) plane is controlled. In simple words, one has to use four active space vectors in
order to achieve on average desired reference in the (a-f) plane and zero the low-order

harmonics in the (x-y) plane, (i.e. reference for (x-y) plane is zero).
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Fig. 3.14: Average leg voltages for conventional SVPWM technique.

Fig. 3.15 shows the phase voltage components of the machine and their frequency
spectra, while the current components of the machine and their frequency spectra are

shown in Fig. 3.16. There are low order voltage harmonics (5", 7%

, etc) in the (x-y) plane.
As a result, these harmonics are reflected in the current in the machine. For this technique,
the magnitude of the fundamental component of phase voltage is 131.8401 Vrms which is
higher than the value obtained by the two previous PWM techniques. The phase current

has a very high ripple and the ripple is mainly contributed by the 5™ and 7™ harmonics.
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Fig. 3.15: Phase voltage components and frequency spectra for conventional SVPWM
technique. From top to bottom: phase voltage, a-component voltage, and x-component
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3.3.2.2 Vector Space Decomposition (VSD)

In the vector space decomposition (VSD) technique, the reference vector is
synthesised by using five space vectors during a switching period [Hadiouche et al. (2006),
Zhao and Lipo (1995)]. Four of the space vectors are the active space vectors with the
largest amplitude while the fifth is one of the four switching state combinations of the zero
space vector. The four active space vectors are adjacent in (a-f) plane but in (x-y) plane
they are practically opposite in phase. The selected active space vectors for sector I are

shown by thick arrows in Fig. 3.17.
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Fig. 3.17: Selected space vectors of VSD technique for sector I in (a-f) plane (left) and in
(x-y) plane (right).

Based on the volt-second principle, the time of application (dwell time) for each

space vector can be determined as follows:

TV + TV + TV + TV i + TVs, =V, T,

TlVlﬁ +T2V2ﬂ +T3V3ﬂ +T4V4ﬂ +T5V5/3 :V;Ts

IV, +LV, + TV, + TV, + V5, =0 (3.14)
TlVly +T2V2y +T3V3y +T4V4y +T5V5y =0

L+ AT +T, +T5 =1,

where a-f and x-y subscripts indicate the (a-f) and (x-y) components of the space vectors.
V1 to V4 are used to represent the four adjacent active space vectors, while Vs is the zero
space vector. T to Ts are dwell times corresponding to the applied space vectors.

The switching sequences of inverter legs for all twelve sectors are as shown in Fig.

3.18(a) and Fig. 3.18(b). The selected active and zero space vectors for each sector are also
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listed. Compared to the conventional SVPWM technique, in the VSD technique, the
switches in one of the inverter legs are switched on and off three times during a switching

period. The switches in the other legs are switched once only.
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Fig. 3.18(a): Switching sequences of inverter legs for VSD technique for sectors I-VI.
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Fig. 3.18(b): Switching sequences of inverter legs for VSD technique for sectors VII-XII.

The range of modulation index for the VSD technique is 0<M <1.1547. The
average leg voltages, produced by applying M,,,. = 1.154 to the reference signal, are as
shown in Fig. 3.19. Fig. 3.20 shows phase voltage components of the machine and their
frequency spectra, while machine current components of the inverter and their frequency

spectra are as shown in Fig. 3.21. Compared to the conventional SVPWM technique, there
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are no low-order harmonics created in the (x-y) plane. However, it produces a lower

magnitude of fundamental component of phase voltage, which is 122.4745 Vrms.
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Fig. 3.19: Average leg voltages for VSD technique.
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Fig. 3.20: Phase voltage components and frequency spectra for VSD technique. From top
to bottom: phase voltage, a-component voltage, and x-component voltage.
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Fig. 3.21: Current components and their frequency spectra for VSD technique. From top to
bottom: phase current, a-component current, and x-component current.

3.4 Control of two-level six-phase VSI feeding asymmetrical machine with a single
neutral point

As stated before, asymmetrical machine with a single neutral point is rarely found in
the literature. One of the reasons is it operates at lower maximum modulation index value
(in the linear PWM region) than a machine with two isolated neutral points [Dujic et al.
(2010)]. As a result the maximum dc bus voltage utilisation is reduced.

Besides that, the utilisation of asymmetrical machine with a single neutral point also
leads to the occurrence of non-zero space vectors in (0:-0.) axes and the flow of zero-
sequence current is now possible. Therefore, besides zeroing the lower order harmonics in
(x-p) plane, the applied PWM control techniques must also be able to zero (on average) the
zero-sequence components too. To avoid the flow of the zero-sequence current, it becomes
necessary to modify the PWM techniques that were previously discussed for the two-level
six-phase VSI feeding an asymmetrical machine with two isolated neutral points.
Obviously for the SVPWM techniques, this requires a complex modulation algorithm.
Therefore only carrier based PWM techniques will be considered here due to the simplicity

of implementation.
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Two carrier-based PWM control strategies will be implemented. The first is pure
sinusoidal PWM and the second is sinusoidal PWM with zero-sequence injection. The
same simulation settings and machine parameters as stated in Section 3.3 are used to

evaluate the performance.

3.4.1 Pure sinusoidal PWM (SPWM)

For implementation of the SPWM technique, no modification is required for the
generation of the reference signals. The reference signals that are used here are same as
those described in Section 3.3.1.1. The range of modulation index is also0 < M <1.

The phase voltage components of the machine and their frequency spectra are shown
in Fig. 3.22 while the current components and their frequency spectra are shown in Fig.
3.23. Additionally, the 0.-component of phase voltage and machine current, together with
their spectra, are now included in order to show the characteristics of the zero-sequence
component. The phase voltage contains fundamental component of 106.066 Vrms with no
low-order harmonics. The fundamental component of a-component voltage has the same
magnitude as the phase voltage, while frequency spectrum of x- and 0.-component voltages

contains only switching frequency associated harmonics.

3.4.2 Sinusoidal PWM with zero-sequence injection

Since the machine is connected to a single neutral point, the reference signals are

required to be injected with single zero-sequence signal only, as follows (i = a, b, ¢, d, e, f):

vi()=v; (1) +v,

' (3.15)
VO = —O,S[mln(va*,Vb*,VC*,Vd*,Ve*,Vf *) + maX(Va*,Vb*,VC*,Vd*,Ve*,Vf *)]

The injection of zero sequence signal leads to a higher maximum modulation index
than the SPWM technique, i.e.,0<M <1.0354. The reference signals for maximum
modulation index are shown in Fig. 3.24. The phase voltage components and the current
components of the inverter machine are shown in Fig. 3.25 and Fig. 3.26 respectively,
together with their frequency spectra. With the sinusoidal PWM with zero sequence
injection technique, the fundamental component of the phase voltage and a-component
voltage is increased to 109.8208 Vrms. No low order harmonics are observed and the
harmonics that are plotted on frequency spectrum of both x- and 0.-component voltage are

once again only associated with the switching frequency.
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Fig. 3.22: Phase voltage components and frequency spectra for pure sinusoidal PWM
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Fig. 3.23: Current components and frequency spectra for pure sinusoidal PWM technique.

From top to bottom: phase current, a-component current, x-component current and

0_-component current.
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Fig. 3.24: Reference signals for sinusoidal PWM with zero-sequence injection technique.
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Fig. 3.25: Phase voltage components and frequency spectra for sinusoidal PWM with zero
sequence injection technique. From top to bottom: phase voltage, a-component voltage,
x-component voltage and 0.-component voltage.
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Fig. 3.26: Current components and frequency spectra for sinusoidal PWM with zero
sequence injection technique. From top to bottom: phase current, a-component current,
x-component current and 0_.-component current.

3.5 Performance comparison of the considered PWM techniques

PWM technique that permits operation at a higher modulation index in the linear
PWM region will produce a higher fundamental component magnitude for a given dc
voltage. This situation leads to a better dc bus voltage utilisation.

For the two-level six-phase VSI feeding an asymmetrical machine with two isolated
neutral points, the conventional SVPWM technique produces the highest dc bus voltage
utilisation. However this improvement is achieved at the expense of existence of low-order
harmonics that map into (x-y) plane, which is highly undesirable. This is followed by the
double zero-sequence injection and VSD techniques, while the lowest maximum
modulation index is for the pure sinusoidal PWM technique. As noted, the conventional
SVPWM technique generates low-order harmonics in the (x-y) plane that will contribute to
losses. The other techniques produce no low-order harmonics in the (x-y) plane.

Only carrier-based PWM techniques are investigated for the two-level six-phase VSI
feeding an asymmetrical machine with a single neutral point. For this drive topology, the
zero sequence injection technique enables higher dc bus voltage utilisation than the

sinusoidal PWM technique. The dc bus voltage utilisation is lower compared to the value
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achieved in the case of two isolated neutral points using PWM techniques such as the
double zero-sequence injection and VSD techniques.

Besides the dc bus voltage utilisation, the performance of the PWM techniques for
drive with two isolated neutral points and a single neutral point topologies can also be
compared based on the total harmonic distortion (THD) of phase voltage and current. In
order to do so, for each drive topology, one PWM technique that produce the highest dc
bus voltage utilisation without generating low order harmonics in the (x-y) plane and
(04-0.) axes is selected. For a machine with two isolated neutral points, double zero
sequence injection is chosen while for a machine with a single neutral point, the zero
sequence injection technique is selected.

A series of MATLAB/Simulink simulations and experimental works are conducted
in order to compare the performance of each machine configuration of the two-level
asymmetrical six-phase drive. In the simulation, a SimPowerSystem toolbox is used to
model the two level six-phase VSI. The inverter model includes IGBTs and reverse diodes
that have a forward voltage of 1.2 V and 1.6 V respectively. The inverter is also modelled
with 6 ps dead time. In brief, the simulations are carried out in a manner that it imitates the
non-ideal characteristics of the experimental tools.

As for the experimental works, the related PWM techniques are implemented using a
dSPACE DS1006 processor board. A custom-made two-level multiphase VSI is used and
the dASPACE module is connected to the VSI via the dSPACE DS5101 Digital Waveform
Output Board. The phase voltage and current waveforms are captured using a Tektronix
MSO 2014 Mixed Signal Oscilloscope through a Tektronix P5205A High Voltage
Differential Probe and a Tektronix TCP0030 Current Probe. The captured waveforms are
then post-processed using MATLAB program for plotting and FFT analysis. The detailed
explanation of the simulation and experimental set-up is presented in the Appendix 1.

The drive operation is based on open-loop constant V/f control (300 V peak phase
voltage at 50 Hz with M = 1) without voltage boost. The simulations were conducted for
modulation index value spanning from M = 0.1 to the maximum achievable modulation

index value M, in 0.1 increments. The THDs are calculated as follows:

— (3.16)

where X, is the rms value of the ™ harmonic component of the voltage or current, X; is the
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rms of the fundamental, » is the harmonic order used for calculation and r is the maximum
harmonic order which is taken into account. The THDs are calculated up to the 41 kHz.
The calculated THD is in p.u. value and this unit is utilised throughout this thesis whenever
the THD value of any voltage/current waveform is considered in the discussion. The value
of 41 kHz is chosen as a high enough value that takes into account the first 20 side bands
of the spectrum. Used switching frequency is f;,=2 kHz.

Tables 3.4 - 3.5 present the simulation results regarding the fundamental component
of phase voltage and current and also their THDs for machine configured with two isolated
neutral points and modulated using the double zero-sequence injection technique. In
addition, the THDs of a-, x- and 0.-component of phase voltage and current are also
included. For a machine with a single neutral point topology and modulated using the zero-
sequence injection technique, the obtained results are presented in Tables 3.6 - 3.7. The
number of phase voltage levels is also stated in the tables. For a machine with two isolated
neutral points the number of phase voltage levels is five, which is similar to a three-phase
drive. For a machine with a single neutral point the number of phase voltage levels is
eleven.

From Tables 3.4 - 3.7, it can be observed that the zero-sequence components are
equal to zero for the machine with two isolated neutral points. For the machine with a
single neutral point, the THDs of 0.-component of phase voltage and current are
contributed by the harmonics that are associated with the switching frequency. The
experimental results regarding the fundamental component of phase voltage and current
and also their THDs for each machine configuration are presented in Tables 3.8 - 3.9. As
can be observed, the experimental results match quite closely with the simulation results
presented in Tables 3.4 - 3.7. The small deviation between the magnitude of fundamental
component of phase voltage obtained through simulation and experiment is most likely due
to the variation of dc link voltage during the experiment.

The performance comparison between the two asymmetrical six-phase drive
topologies in terms of phase voltage and current THDs are presented in Fig. 3.27. Both
simulation and experimental results are compared. It can be observed from the figures that
the phase voltage THDs of the machine with a single and two isolated neutral points are
almost identical. On the other hand, the current THDs of the machine with a single neutral
point is higher than with two isolated neutral points due to excitation of the (x-y) plane and
zero-sequence components in the (0:-0.) axes. Fig. 3.28 shows the iy and ig. current

components for the single neutral point case when M =1. The single neutral point
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Table 3.4: Simulation results - 