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Abstract

ABSTRACT

In recent years, research in the area of multiphase drives has increased significantly
Having higher number of machine phases allows the current to be shared betwdersése
thus reducing the current rating of power semiconductors used in the power converter.
Additionally, if a multilevel inverter is used to drive the machine, the output voltage waveforms
are going to be approximated closer toward sinusoidal wavefthassresulting in lower total
harmonic distortion. Therefore, the combination of multiphase and multilevel technologies
gives considerable benefits compared to conventionaldwal threephase drives.

Unlike a carriethased approach, which can be easkpanded to any number of
converter voltage levels and any number of machine phases, the development of space vect
algorithms is also reliant on the machin
topologies require their own unique space vedclgorithms. In fact, the complexity of
developing a space vector algorithm will dramatically increase with the increase of number of
levels and/or number of phases. This thesis presents pulse width modulation techniques for twc
and thredevel asymmetdal and symmetrical siphase drives with a single or two isolated
neutral points configuration. However, since the modulation techniques for the drives with two
isolated neutral points are based on the-esfhblished modulation techniques for thpba®
drives, more emphasis is given towards the development of modulation techniques for single
neutral point case, particularly those that are based on space vector algorithm principles. Ir
order to realise sinusoidal output phase voltage waveforms, sexgrabments and conditions
have to be met. The requirements revolve around ensuring that the low order harmonics, whicl
contribute to the machine losses, will not exist. Meanwhile, the conditions are more towards
minimising the switching losses.

All modulation techniques are vked through simulationywhile those for thredevel
case are validated experimentally as well. Comparison and discussion of obtained simulatiot
and experimental results, performance and complexity in terms of execution time of the
developed modulation techniques, are presented. The equivalence between correspondir
modulation techniques, which are based on the space vector algorithm andbesetbr

approach are also established.
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CHAPTER 1

Introduction

1.1  Preliminary remarks

Control of electric ac motors has changed significantly since the invention of the power
semiconductorsinitially, ac motors were connected directly to gral and thughey could
only operate a& constanspeed.e. fixed operating speed, whichdstermined by the frequency
of the grid the loadand the construction of the motétowever, hanks tahe ability ofpower
electronicconvertes which can vary the amplitude and frequeméythe supply according to
the desired applicatioit is possible to drive macmotorat variable operating speeHience,
the term variable speetdrivesemergé. The penetration of variable speed driv@igh in
low voltage applications buh mediun voltage applications is only 3%(Bose, 2009)Still,
according to an investigation conducted@thmitt and Sommer, 20QXgplacement of fixed
speed systems with variable speed drives may be benediitie paybactme of investment
is one to two and a half years due to the power saving.

The ability of power electronic convertets drive conventional threghase machirse
for medium and high power applicatmis limited by the rating of power semiconductors. One
of the methodsto overcome this limitation is bsedistributing thecurrent which flows into a
machinei.e. by increasing the number @iverter legs to a higher number, thus reducing the
required rang of power semiconductors used in power electronic congéltevi et al., 2007)

As a result, nstead ofa conventional thre@hase machinemultiphase machine is usethe
usage of multiphase machs;eanlead to bettemachne performancesincethe losses in the
machine, particularly the losses in the rotor and stator of the maahnimwer(Williamson
and Smith, 2003)A multiphase machine aldwas the capability ttoleratefaults, henceforth
improving system reliabilityEven thougha fault occurs e.g. the machine phases are epen
circuited, t is still able to operatas bng as there are at least three healthy pl{ases 2008)

The common configuration of multiphase matisiwith the number of machine phases,
n, equalto 5, 6, 7, 9, etddowever, five and sevesphase machines are rarepiractice as they
have to be custom made; specific design with corresponding number dfeddtsbe utilised.
Another option for obtaining a multiphase motor is by simple reconfiguration or by rewinding

of a standard threghase machine, thus utilising the original frame of the thhese machine
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and converting it into amultiphase (e.gsix-phas¢ machine This yields a simple to
manufacture and cost effective multiphase machirne.addition, multiphase machiswith a
composite number of phases can be construntéso different ways, usingsymmetricabr
symmetrical distribution ostabr winding phasesFurthermorethey canalso be configured
with one or more isolated neutral poimsg (Levi, 2008)

Another method to overcome tpewerlimitation of the inverteiis by increasing the
number of output voltage levelh, to morethan twae i.e. multilevel using different typs of
power electroniconverters, typically a varietf voltage source inverter (VSipologies For
example cascaded Hbridge (CHB), flying capacitor(FC), neutral point clampedNPC)
topologies for singlsided supplyGopakumar, 20113s well as modular multilevel inverter
(Espinoza et al., 2017, Karwatzki and Mertens, 20daB8ppenend winding(OeW) topology
(Somasekhar et al., 200I)hese topologies are able to sustain a highdinkosoltage ttan
two-level inverter while using power semiconductors with the saatieg. As the number of
output voltage levels increaséise shape of output phase voltage waveforschlooks like
a staircaseattains more and more steps other words, the wavefms become closer to
sinusoidal thus subsequently redutg the distortion causkby harmonicsln addition,the
switches ina multilevel converterare not switching all the timéuring the fundamental
period, hence reducing the effective switchifrgquency per devicéAs a resultthe drive
performancecanbe significantlyimproved.

It therefore seems reasonable to increase both the number of motor, phizeses
structureswith multiple threephase windings (e.g. sphase) are desirable, as expéd and
to increase theumber of inverter output voltage levafsorderto make the most ahe benefits
of both approaches. Howevetr,shouldbe emphasise that thisincreags thecomplexity in
terms of control.

This research is the continuation eépious research done Bpordevic, 2013which
coverspulse width modulationrRWM) strategiedor singlesided multilevel inverter supply for
induction machine drives witbdd number of phasekikewise, the research on OeW for the
odd number of phases can be foundgBodo, 2013)whilst, for even number of phases, it can
be found in(Patkar, 2013)The scope of thisesearch will cover thBWM strategieof both
carrierbased(CBPWM), and space vectofSVPWM) PWM techniquesfor singlesided
multilevel suppliedsymmetricaandasymmetricasix-phasanduction machinewith singleor
two isolated neutral point$t should be noted that the PWidchniquewill be developedor

the multiphase machirsewith sinusoidalstator winding distribution, wherié is desirable for
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output phase voltagevaveformsto be sinusoidalin other words, the PWNechniquesare

developed wvith theaim to obtain sinusoidal output phase voltages.

1.2  Aim and objectives

The main purpose of this research is to develop novel R&¢Miquesor singlesided
multilevel inverter supplied siphasgsymmetrical and asymmetrical with batimgleand two
isolated neutral pointsjrives. Thus, n order to achieve the goal of this research, several
objectives have beapecified, asollows:

a. To investigate the rules required for the most appropriate selection of the spaceargttors
switching sequecesfor the space vectoalgorithm A novel SVPWM technique will be
developed formultilevel asymmetrical angymmetrical sixphase drive with single
neutral point configuratian Simulation models will be developed and extensive
simulations will be perfoned.

b. To develop the equivalent carreased PWM techniques and compare the results and
performances with the developed SVPWM techniques.

c. Toimplementhedeveloped PWM techniques in the experimental rig and prove theoretical

conceps by means of experinmal investigation.

1.3  Contributions to the knowledge

Since the space vector algorithm is unique with respebetoumber of inverter output

|l eg voltage | evels, number of machine phas

the development of sgce vector gorithm for a specific configuratiormlways represents a

problem of its own The development of new modulation methods in this thesis was

accompanied by many challenges, and the solutions of those challenges represent the ma
contributions. he main contbutions of the thesisan be summarised as follows.

1 A new space vector algorithm for thrvel symmetricalsix-phase drive with single
neutral point configurations developed.The developed algorithm is addressing the
complexity of choosing the right switching sequences using the graphical analysis. The
detail description of the algorithm is presented insedtion 4.3.1. Additionally, a journal
(Engku Ariff et al., 2017aand a conferenc@engku Ariff et al., 2016)paper have been
published related to thedgorithm

1 A modified transformation matrix, for asymmetrical-gikase machine with single neutral

point configuration, is proposedas presented in stdection 5.3.1.3) The new
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transformatiorsolvesthe problemof dependency between @nd 0 axis andestablishes

the links between the projections of the leg voltage and phase voltage space Vketors.
dependency of0and 0 axis made the process of choosing the right switching sequences
and developing space vectalgorithm not possible. The new established linksnare
similar to those that commonly existtime other space vector algorithms e.g. thrége-,

six- (symmetrical) and sevgphase machin@ herefore, the process of choosing the right
switching sguences and calculating their dwell timegnabledAs a resulof this work

a conference paper presenting the development ofspage vector algorithm fortevo-

level asymmetrical skphase drive with single neutral point configuration has been
published(Engku Ariff et al., 2018)

1 A new permutation methodpr dealing withlarge number of space vectaiad with
numerous possible combinat®for switching sequencetkat need to be considered
developedsubsection 6.3.1.8 This method is particularly useful for asymmetrical six
phase machine with single neutral point configuration where it is showihehapace
vectors ofa switching sequencare not necessarily located within the intended sector (as
commonly is the case in other symmetrical multiphase drivEsgrefore, with the
developed algorithmall space vectorareconsidered in the process of chamsthe right
switching sequence$he developedlgorithmis generalndvalid for anyother drivewith
any number of inverter levebnd machine phases. This method is present¢dngku
Ariff et al., 2017b)

1.4  Thesisoutline

Thisthesisis organised irightchapterandtwo appendies

Chapter Icontains an overview of threasos of why mutilevel multiphase drives are
gaining the interest of researchers in recent years. It also points out the advantages of multileve
drives and multiphase machines and these advantages can be utilised by combining bot
topologiesjnto multilevel multiphaselrives. The scope, aim and objectives of the research are
also stated.

Chapter 2 presents ierature review related to the area of resedritbrature related
to conventional multilevel threphase drives reviewedfirst, particularly tratwhich addresss
PWM techniquedgor multilevel drives. Then, literature related to tlewel multiphase drives

is reviewed The emphasishere ison modellingapproachesf multiphase machirge This is
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followed by literature related to multilevel multiphadeves. Reviews related to available
PWM techniques for singlsided supplied and OeW topologies are included.

Chapter 3 discusses sgavector model of a twkevel symmetrical sixphasealrive. The
SVPWM techniques based @¢@Gorrea et al., 2003, Dujic et al., 2004 investigate@nd
compared withhe equivalen€CBPWM techniques. Those modulati@echniquesresimulated
in Matlab/Simulink forsingleand two isolated neutral pogttonfigurations running at no load.
The obtained simulation results are analysed and their performantarsns of phase voltage
and currentotal harmonic distortio(THDy and THD), are determined.

Chapter 4introduces thedevelopment ofspace vectoragorithm for threelevel
symmetrical sixphasedrives with single neutral pointconfigurations The switching states
selection processes and switching sequence optimisation are elaborated anddtas leads
to the construction of theew SVPWM technguefor single neutral point cas&he developed
SVPWM techniques simulated in Matlab/Simulinkand further validated in experimental
testing. The performance of timeodulation techniques compared withthe carrierbased
equivalent.

Chapter 5 presentla development of space vector and cafvesed PWM techniques
for two-level asymmetrical skphase driveswith single and two isolated neutral point
configurationsDetailedexplanations regardirte development of new space vector algorithm
for the drive with single neutral point configuratiowherea modified VSD transformation
matrix is proposedare givenAll modulation techniques amevelopedandverified through
simulationin PLECS

Chapter 6 presents the space vector and cdrased PWMechniques for threkevel
asymmetrical sbphase drives with singland two isolated neutral poironfigurations.
However, the development of space vector algorithm for the drive with single neutral point
configuration is given more attention whex@owvel method of selecting the right switching
sequencess proposed based on the permutation of potential starting switching states. All
modulation techniques are developed and verified in open loop in PLECS. Expaliment
validations are also included. Therfpemance of all presented PWM techniqigesompared
based on calculated phase voltage and current total harmonic distortion.

Chapter7 summariseshe conclusiors of the completedwork in this researctandalso
points at furthepossibleresearch directits andmprovements in theuture

Finally, ChapteB lists thereferenceshat araefferedin the thesisAppendix A contains

a table of all potential switching sequences of the first sectartfoeelevel symmetrical six
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phase drive. Appendix B preds detakd descriptions of the experimental rig used for

validating the developed modulation techniqugspendix Clists papers published on the basis

of the research described in the thesis.



CHAPTER 2

Literature review

21 Introducti on

A survey of literature related to the research topic is carried out. The conducted survey
by and large relates to three specific subtopics, which are multilevelghase drives, two
level multiphase drives and multilevel multiphase drives. Multilelietephase drives are
addressed first, where the advantageous and disadvantageous d¢wbrend twelevel
drives are initially identified; this is followed by the discussion of the available modulation
methods. For twdevel multiphase drives, themphasis is placed on the modelling approaches
for multiphase machines. Correspondingly, literature reviews related to the concept of
multiphase machines and available #lgel PWM techniques are also conducted. Lastly,
review of literature, which is maiplrelated to the singlsided supplied multilevel multiphase

drives, is undertaken. The emphasis is mainly on the algorithms used in the PWM techniques.

2.2 Multilevel three-phase drives

An inverter is called multilevel inverter when its output pole voltagethiee or more voltage
levels. This number of voltage levels can be synthesised using a number of available capacitc
voltages or separated dc sources, depending on which topology is used. As the number
voltage levels increases, the summation of thiage levels will produce a waveform the shape

of which is like a staircaséTolbert et al., 1999)This staircase waveform approaches a
sinusoidal waveform as the number of voltage levels increases. Therefore, itsad tieat

the main purpose of a multilevel inverter is to synthesise an approximately sinusoidal voltage
waveform via several voltage levels.

Since the output voltage of a multilevel inverter is approaching a sinusoidal waveform
as the number of voltage levels increases, at the same time, the harmonic distortion decrease
In addition,assuminghatit is suppliedrom adc-link, theinverter ca sustain a higher dnk
voltage compared to a twevel inverter using power semiconductors of the same rating.
However, the total number of power semiconductors is higher. As the number of voltage levels

increases, more problems will arise due to: lsri@ in capacitor voltages, complexity in
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controlling the huge number of power semiconductors, increase in cost, circuit layout and
packaging etqLai and Peng, 1996)

It is over three decades since the first multilevel inverter topology was introduced in the
1980s, followed by other topologies several years later. Since then, geitevarfiants and
hybrids of these topologies have emerged, as surveyed and discu@sedrmet al., 2010)

The three classic topologies are flying capacitor (FQcaded Horidge (CHB) and neutral
point clamped (NPC), as noted already.

As its name implies, FC inverter uses individual capacitors to clamp the inverter voltage
at the capacitorso6 v o lodgtputgveltage keveld)l iscreases,sthet h e
number of the auxiliary capacitors also increases accordingital)(l i 2)/2 per phase,
excluding debus capacitorgLai and Peng, 1996Although FC is modular and capable of
balancing the auxiliary capacitor voltages naturéiyappropriate modulation technique is
implemented)it has not penetrated the industry significantly, whempared to the other two
topologies. This is because in order to balance the auxiliary capacitor voltages, the switching
frequencyhas to banigh or the value of capacitors need to be lathas it is not well suited for
high-power applications. Furthmore, the capacitor voltages need to gre-chargedfirst
(Franquelo et al., 2008)

The CHB inverter is able to produce multilevel output voltage by cascading several H
bridges with individial dc sources together. These dc sources are not necessarily set at the san
voltage level and, if the levels of the dc sources are unequal, more output levels can b
synthesised. In this case, the flexibility is reduced due to reduction of possiblairsgvitc
sequences and the rating of the eaebridge will be differen{Gopakumar, 2011Details of
various configurations and applications of CHB are discussg@dahnowski et al., 2010)

The NPC topology was introduced {Nabae et al., 1981)The NPC invedr was
proposed with an intention to reduce the magnitude of harmonics which cause losses an
pulsating torques in the motor and to allow a controllability of the output voltage fundamental.
Since then, it has been gaining acceptance in medium and higlgev@lpplications and has
become the most widely used multilevel inverter in many industrial applicdRmusiguez et
al., 2010) The debus voltage in NPC inverter is split into the required voltage levels by a series
of capacitorsThe voltage across thaf switches $ clamped through the dicgi® the points
between those capacitors, i.e. middle poals known as neutral points, hence the name.
However, the NPC topology also suffers from several problems. As the number of output

voltage levels increases, balancofghe capacitor voltages becomes a critical issue. Another
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problem is uneven loss distribution between inner and outer configuration of switching devices
(Gopakumar, 2011)

Multilevel output voltage can also be realised by means of-epdnwinding (OeW)
configuration of motor stator windings using two or more 4ewel inverteryfSomasekhar et
al., 2001) The OeW offers some advantages over the classic multilevel topologies since it does
not need additional diodes or capacitors. Thus, the issue of capacitor voltage bakmeilsg c
be avoidedLevi, 2013) The total power can be shared between those inverters thus making it
possible to operate with lower -tlok voltages per inverter. This topology is capable of
producing multilevel output voltage using imdlual isolated dc sources connected to each
inverter(Casadei et al., 2008by using a single dc source supplying both inverl@rsakumar
et al., 2009) Although in some applications, usage of isolated dc supplies creates additional
challenges and increases the cost of the drive, this is not the case if battery supplies are use
e.g. inelectric vehicles.

As multilevel inverter topologies are gaining their place in medium power applications,
several modulation algorithms for PWM control have been developed and proposed by
researchers, mainly based on CBPWNMs®IPWMtechniquesOne of theCBPWM techniques
is phaseshifted PWM where the carrier signals are shifted by 3®0%) (m is the frequency
modulation index, i.e. the ratio of the switching over fundamental frequélmys et al., 1998)

This modulation technique, which is also known as interleaved swit¢Wiilginson et al.,
2006) is usually used in FC topologies since it is capable ofbsd#incing(at the expese of
more switching)the delink voltages and it produces lower total harmonic distortion at the
output.

Additionally, other CBPWM techniques are propose(Qarrara et al., 199®)here the
carrier signals are lewshifted. These techniques are hamed based on the arrangement of the
carriersignals, which arel) phase opposition dispositiofPOD) i when the negative side
carrier signals are in the opposite phase of positive side carriers; 2) alternative phase oppositic
disposition(APOD) T when the carrier signals are alternately in ofipgshase to each ah
and 3) inphase dispositiorPD) i when the carrier signals are in phase with each other. Out of
these three techniques, PD gives the lowesttbdme harmonic voltage distortiofCarrara et
al., 1992, McGrath and Holmes, 20@2)d it is usually preferred in NPC topology because each
carrier signal can easily be associated to the power switches.

Alternatively, SVPWMtechniquedfor threelevel threephase case are dissed in

(Ogasawara et al., 199f@)r NPC topology. Since then, other algorithms for multilevel three
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phase case were proposed using different methods tomaleeewhich sector the reference
voltage vector belongs to, such agai et al., 2005, Prats et al., 2003, Sanmin et al., 2003)
In addition, a fast space vector modulation algorithm, which is valid-tiarel threephase
inverter, is proposed and discussed in detai{€@&lanovic and Boroyevich, 2001)

In case of twdevel inverters, CBPWM and SVPWM techniques are already proven to
be able to deliver the same performance, as discuss@doimes, 1996) The twaclevel
CBPWM techniques producing the same output as #iggel SVPWMtechniquaf min-max
injection is used. This method of injection also known as zero sequence injection or common
modevoltageinjection (CMI). The purpose of the injection is to centre the reference phase
voltages at zero axis. On the contrary, for tHeael threephase inverter, this kind of injection
is not valid, as discussed (McGrath et al., 2003, Wang, 2002)hus, in order for threkevel
CBPWM method to belde to deliver the same performance as thegel SVPWMtechnique
more than one type of common moddtageinjections need to be applied based on several
conditions, as proposed ihee et al.,, 2000)However, a simpler common modeltage
injection that is easier for implementation is propose@irandi and Loncarski, 2014Avhere
the injection is generalised into one equation.

Although modulationtechniques thaare based on carrddasedapproachare much
simplerto implement, thewre unable to give a detail and cleaewiew of what is happening
inside the generatioprocessof the switching signalfHowever, this is not the case in space
vector approachrlhe latter isableto show in detailthe mapping othelow order harmonics
(which is important in multiphase case) and how the switching signals are generated with
respect to thehosen switching sequencésirthermore, it can be shown that space vector
appoach inherently generatesymmetrical switchingsignals from the chosen switching
sequencesThis was a reason why for long period of time space vector algorithm was
considered as superior in comparison to sinusoidal cdrased PWM. Te principle of
symmetrical switchingvas inheritedrom space vector approaahdused fordevelopment of
commonmode voltage injectiom carrierbased PWNMapproach (for twdevel case). Also the
same principle was used in multilevel case to develop cdramed approactvith double
commonmode voltageinjection. In general, if one requires detail information on how the
modulation technique worl@ howtheswitching signals argenerated, space vector approach
is the right choice. Otherwise, equivalent carbased PWM technique is recommendieg

to its simplicityfor implementation

10
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The applications of these multilevel topologies are vast and range from renewable
energy applications (photovoltaic, wind pojveslectric vehicles, ship propulsion and traction
applications, to high voltage power systems and distribution applicgftsaaquelo et al.,
2008, Kouro et al., 2010Although all three mentioned topologies can be implemented in alll
these applications, only certain topologies are recommended for certain applications. This i
because each topology has its own pros and cons in terms of performance, design and cost

different applications, as discussedfazel et al., 2007, Islam et al., 2011)

2.3  Two-level multiphase drives

The first investigation of multiphase motors can be traced back to 1969 when an
inverterfed five-phase induction motor was investigated in order to find out if it was possible
to reduce the low frequency torque ripple by increasing the number of motor phases, since th
lowest frequency components of torque ripple harmonics are afrtter 2 + 1, wherenis the
number of machine phases. Hence, the torque ripple harmonics were shifted to higher frequenc
(Ward and .H2&rer, 1969)

Still, multiphase motor topology did not attract much atntf the researchers until
early 19906 when the power of the drive be
used in power converters. By means of increasing the number of phases, the current whic
flows through the motor can be split, thusueidg the rating of power semiconductors used in
the power convertgiLevi et al., 2007)However, it should be noted thiis limitation could
bealsoovercome from the converter side, i.e. by using interleaved converter tigs¢ldgnbu
et al.,, 1983, Ueda et al.,, 1995)n addi ti on, from the machin
increases as the number of phases increases since the losses in the stator and rotor are somey
reducedWilliamson and Smith, 2003)

Multiphase motors also show a greater fault tolerant capability, which is an important
fedure to increase reliability of a system. Multiphase machines can still operate while one or
more of the machines & pnh &phases), though ablgverroutpoti r
power (Aroquiadassou et al., 2009y short circuited Apsley and Williamson2006) This
leads to increased interest in industry in replacing the classic-ghes® machines in
applications where the high level of reliability is required. However, during faulted operation,
some problems can occur due to parameter changesitaoduiction of torquespeed ripples
which degrade the performan(etin et al., 2014)

11
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If the stator windingdistribution is not sinusoidal but concentrated, it is possible to
increase the developed torque by harmonic injection method. A third harmonic can be injectec
to increase the developed torque in a-fase motor and in sewphase case, the third and
fifth harmonics can be injected for the same purigdskyat and Lipo, 1994, Toliyat et al.,
19914, Toliyat et al1991b)

As noted, a motor is called multiphase when the number of stator phases is larger thar
three(Levi, 2011) Whenn is an odd prime number, e.g. 5, 7 or 11, the stator windings are
connected in a star with omolated neutral pointy. For the other numbers of phase, such as
composite numbers of phases (e.g. 6, 9 or 15), the stator phase windings can be either connect
into a star withsingle neutral point or into multiple stars with several isolated nepaits,
such thain, = sh-Sws, Wherespn is the possible number of sypihases (3, 5, 7, etc.), asgis
the number of winding sets, i.e. isolated neutral points (2, 3, 4(letwi) 2008)

Furthermore, in a machine with a composite number of phases, the spatial displacemen
between the stator phase windingsgan be set such that it will eeq u a In, whiah leads to
asymmetrical di stribution of mma \ghicle keads to a x i
symmetrical distribution of magnetic axis of windings. Nevertheless, the machine configuration
can be with one or more isolated neutrahpo In (Patkar and Jones, 201®erformance of
single and dual isolated neutral point configurations of asymmetricaplsise induction
machine is investigated. The latter configuration shows better performance with lower current
THD due to the absence of zero sequence current.

Analysis and modelling of amduction motor is discussed in detail (Nelson and
Krause, 1974jvhere asymmetrical sighase machine with two isolated neutral points is used
as an example. This type of modelling is also discussed and referred to as dual stator approas
in (Bojoi et al., 2003)where the effect of unbalanced currgmring between two winding sets
of an asymmetrical siphase machine, due to the asymmetry of the machine and the supply, is
analysed.

Another modelling approach is also proposed for asymmetricahsige machines with
two isolated neutral points, whighiknown as vector space decomposition (VSD{Zao and
Lipo, 1995) This approach maps the voltage or current vectors into threditmensional
orthogonal subspaces, which give three sets of decoupled vector equations. The first subspa
is known asthe d-q plane (also commonly known a$b plane in literature), where the
fundamental component and harmonics of the orderlof12 k= 1, 2, 3é) ar e

second subspace is callmez plane, where harmonics of the orderkft6l k= 1, 3, 5é

12
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mapped. Another more common nameziez plane in literature ig-y plane. The last subspace

is 0:-02 plane, where zero sequence harmonics are mapped. However, harmonics of phas
voltages mapped in the last subspace are zero when tleetev@ isolated neutral points.
Harmonics mapped in they plane produce losses and do not contribute to the torque
development. Thus, by setting the vector reference in the second plane to zero, the performant
of the machine can be improved significgntl

In (Bakhshai et al., 1998)\vector classification technique is discussed as a way of
developing the inverter modulation method. This technique decomposewitbking state
vectors into two threphase space vector planes where the second plane is rotated by 30°
clockwise. It also uses four active and one zero vector in its switching states, as in VSD
approach, but one of the chosen active vectors is sntladlerthe others. This technique does
not consider the vectors mapped into the second subspace. On the contrary, a similar but bett
approach thafBakhshai et al., 1998)as proposed i(Grandi et al., 2008known as complete
threephase decomposition. This approach is capable of completely and independently
controlling both planes; thus, zeroing the harmonics majedthe second plane is also
possible.

In order to control the machine modelled by above methods, PWM techniques are
applied. In(Hadiouche et al.2006) continuous and discontinuous SVPW&thniqus for
two-level asymmetrical skphase drives are compared. The machine is modelled using the VSD
approach. The comparison shows that the discontinuous SVPWM produces better performanc
than continuous SVPWM in high modulation index range, while in the dod/ medium
modulation index range, it is the other way round. These control strategies are further improvec
in (Marouani et al., 2008)sing the same drive type, but the number of sectors is increased from
the original 12 to 24. The previous amdproved continuous and discontinuous SVPWM
techniquesire compared. Although previous discontinuous SVPWM shows better performance
compared to the others, in terms of switching losses, improved discontinuous SVPWM is bettel
since the changes of output s&per switching period are two or less, compared to four changes
in the previous discontinuous SVPWM.

Furthermore, it is possible to operate and independently control multiple motors at the
same time using a single multiphase inverter topology, althdughapplies to sinusoidally
distributed winding topologies only. The number of motors that can be operated together car
be determined asnm=(n1 2)/2, if nis an even number, arsm= (nT 1)/2, if nis an odd

number. The possible connections of thes®ors are either in series or parallel connection.

13
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The possibility and performance of operating several multiphase motors using series connectio
are discussed ifLevi et al., 2003)the parallel connection (which is of no practical relevance,

in contrast to the seseconnection) is discussed (fones et al., 2009b)ast but not least,
multiphase motors also enable realisation of integrateldoand battery charging systems in
electric vehicles. The stator winding is used as a filter with-ekrctromagnetic torge

production during battery chargif§ubotic et al., 2013)

2.4  Multilevel multiphase drives

The capability of multilevel inverter to sustain higherli voltage using the same
rating of power semiconductors used in di&gel inverter, while at the samiene reducing total
harmonic distortion, and the ability of multiphase machines to deliver higher torque with the
same stator current rating as in a thpbase machine (by distributing the stator current through
more phases) has drawn interest of researcin recent years. (hu and Corzine, 2005}he
combination of a multilevel inverter and a multiphase motor was investigated for the first time.
Since then several papers have been published disgudsn modulation methods for
multilevel multiphase drives, such éseon et al., 2010a, Leon et al., 2010b, Lopez et al.,
2008b)

As noted, a multilevel multiphase drive was inveg#agdefor the first time ir(Lu and
Corzine, 2005¥or threelevel NPC inverter supplied fivghase induction motor in order to
observe torque ripple and phase current harmonics. Thepliimee induction mot was
modelled in several planes orthogonal to each other and possible switching states-fevéhree
five-phase inverter were determined. Therelasmsvitching states for a multilevel multiphase
inverter. Hence for a thrdevel five-phase inverter #re are 3= 243 switching states. Out of
these 243 switching states, 32 are redundant, which makes the total number of phase voltac
space vectors equal to 211. It is showrflin and Corzine, 2005hat, by using the nearest
triangle space vectors (chosen from one layer before therootrand the outanost layer
space vectors), path and switching sequence adjustment (alternating between the one lay
before and outemost layer of space vector), therque ripple and low frequency current
harmonics in a fivgphase induction motor will decrease. However, it this paper the authors do
not consi@r the seconde. x-y plane. The harmonics in this plane are restricted only by stator
resistance and leakageductance, hence leading to large current ripple. Therefore, a reduced

torque ripple is obtained at the cost of increased current ripple.
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In (Qingguo et al., 2006)a different approach to determining the space vector
modulation for thredevel five-phase NPC inverter as used. Out of 243 space vectors, only
43 space vectors are chosen (40 active space vectors including ten redundant vectors and thr
zero vectors) as efficient working vectors. These efficient working vectors are divided into ten
sections and each sectis divided into four small triangular regions and four groups of voltage
vectors. The switching sequences are determined basically by following three principles, which
are: 1) only ondevel transitions of the output leg voltage are allowed in ordevaaaigh
dv/dt, 2) not more than two changes per leg per switching period are allowed in order to
minimize switching losses, and 3) the selected voltage vectors should balance theoegaitral
voltage since every voltage vector affects the neptait voltage. However, presented
methods follow thregoghase approach and do not considgmplane, hence increasing current
ripple and current THD.

Another multilevel multiphase SVPWkchniquds proposed and discussedliopez
et al., 2008bpnd tested using fivievel CHB inverter with fivephase induction motor. This
modulation algorithm is the combination of thavel multiphase SVPWM with a technique
which determines the multilevel modulation using a-texel modulator. First of all, phase
reference signals are normalised with dc supply voltage. Then the nornsigseds are
decomposed into integer and fractional part where the fractional part is sorted out in descendin
order. The permutation matrix (information produced to sort the fractional parts) is used to
rearrange the coefficients in the matrix (upper gyidar matrix) and extract the displacement
vectors. Next, the integer parts of normalised signals are added to the displacement vectors
get the switching vectors. Finally, the switching times are calculated by using fractional parts
of normalised signalvector. This modulation algorithm has also been applificbjpez et al.,
2008a)for threelevel threephase inverter. The same modulation algorithm with consideration
of switching state redwancy was discussed (hopez et al., 2009a)

Although the SVPWMechniquein (Lopez et al., 2008k valid for any number of
levels and phases, it is unable to correctly yield desired waveforms undeaniced dc supply.
Therefore, a multilevel multiphase feéatward space vector algorithm for unbalanced dc
supply was proposed and discusse(Leon et al., 2010ayhere the actual dc voltages of the
inverter were measured. The algorithm uses a similar approach(laspez et al., 2008b)
however, the type of the multilevel inverter topology has to be taken into consideration in the
algorithm. The algorithm was tested using-level five-phase unbalanced dc supplied CHB

inverter with a fivephase induction motor.
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A different SVPWM technique is proposed and discuss€teann et al., 2010b)it is
based on the modulation technique for multilevel shpdlase inverter, as proposed(ireon
et al., 2008 The algorithm was tested using NPC, FC and CHB inverter topologies. Depending
on the topology it is applied to, the reference voltage and the algorithm structure should be
different. Nevertheless, three steps must be followed regardless of whidlevaluihverter
topology is used. The possible switching states and control region need to be determined firs
this is then followed by normalisation of the reference voltage. Finally, the switching sequences
and duty cycles are determined based on twares¢ switching states corresponding to
normalised reference voltage in the identified control region.

A comprehensive analytical solution for SVPWM technique for multilevel multiphase
inverter is discussed ifiHu et al., 11) A matrix which consists of inverter output voltage is
decomposed by using eigenspace decomposition method. The algorithm is based on minimisin
the number of switchings of power semiconductors and total conduction time. This technique
also uses amteger and fraction decomposition method g$.opez et al., 208b) with a minor
modification. In(Chen and Hu, 2014}his technique is improved ugj quantization method
where the harmonic distortion is significantly reduced.

A VSD approachs used ifGao and Fletcher, 201@r a threelevel five-phase NPC
inverter modulation technique development, where the reference voltage reomtgpm the
secondk-y plane, i.ezi-z plane in(Zhao and Lipo, 1995gre set to zero and the vector space
in the firstU-b plane is further partitioned to determine the switching sequence. The number of
possible switching states is significantly redd from initial 243, to 113 switching states by
following pole voltage relationship between different phases principle, i.e-pedsector law.

In order to determine the possible switching sequence, there are three rules which need to &
followed and hese rules are as stated\wian der Broeck et al., 1988urthermore, switching
sequences were optimised using additional criteria in order to provid&dm@pacitor voltage
balancing.

In (Dordevic et al., 2013a, Dordevic et al., 2012bYSD modellingapproachs applied
with a modification of the modulation algorithm frofGao and Fletcher, 2010h the
calculation of sector partitioning and determinatidrsobsectors for selection of switching
sequences. Although this modulation technique requires many tedious calculations to determin
all the subsectors and switching sequences, all the calculations are done offline. The modifie
modulation technique is pjped to thredevel severmphase NPC inverter witR-L load. A

comparison between this and Pibdulation techniquevith double commommodevoltage
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injection was carriedu in (Dordevic et al., 2013ddpr threelevel five-phase inverter drive. It
is shown that both modulation techniques produce the same waveform although the executio
time for thelatter one is slightly lower than for the former technique.

Two schemes of space vector modulation for tihegel five-phase opemnd winding
configuration were proposed {dones et al., 2010yhich are named as equal and unequal
reference sharing schemes. When compared, the latter sehdmatter in terms of output
voltage quality with lower value of THD. Since then, this scheme has been further studied in
(Levi et al., 2012pand applied even in sev@mase OeW drivedBodo et al., 2011)A further
investigation of this scheme was conducte{lones et al., 2012y decomposing threlevel
space vector decagon into several-texel decagons. The CBPWM techniques for tHesel
five-phase OeW drive were investigatedBodo et al., 2013)t is dmonstrated that RBWM
shows better performance, in terms of output voltage quality, compared to the other carrier
based techniques. A comparison in terms of performance betweBMRDfor OeW topology
in (Bodo et al., 2013and PDPWM for singlesided supplied drive ifDordevic et al., 2013a)
was investigated inBodo et al.,, 2012)Both techniques give the same results, which
demonstrate that the same performance can be obtained bgingilegided supply and OeW
topology.

In addition, the above scheme is also applie(Patkar et al., 201Zpr symmetical
six-phase induction motor with opemd winding configuration using two twevel inverters.
Unlike the fivephase machine with opeand winding configuration, negative zeais has to
be taken into consideration since the mapped space vectorhisragis are not zero. However,
by using two isolated dc supplies, this issue can be avoided. Meanwhile, a comparison betwee
the performance of phasghifted PWM i.e. APOD-PWM and PBPWM modulation in an
asymmetrical sipphase drive with opeand windingconfiguration has been discussed in
(Jones et al., 2013Flearly, PBPWM techniquegives a better performance compared to the
other techniquesbased on the voltage THD. However, the situation is the opposite when
looking at the performance based on the current THD. Performance and modulation technique
used for symmetrical and asymmetricalpbhase drive with OeW configuration are discussed
in detail in (Patkar, 2013) Meanwhile, a fivgphase OeW configuration is investigated in
(Darijevic et al., 2013a)Two twaolevel inverters with isolated and unequatldk voltages
with a ratio of 2:1 are used to synthesise fiewel output voltage. Detailed investigation of
glitches caused by a de#ithe effect in this topology and a solution of the problem is presented
in (Darijevic et al., 2013b)
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A structure with four twdevel threephase inverters for driving an asymmetrical six
phase induction machine with opend winding configuration is proposed (@randi et al.,
2010a, Grandi et al., 2010byhe structure uses isolated dc supplies in order to avoid the
negative zero sequence current component flow in the system. It also adopted the nearest thr
vectors control strategy approach, as introducd@@anovic and Boroyevich, 2001pn the
contrary in (Oleschuk et al., 2013Your threelevel NPC thregohase inverters with four
isolated dc supplies (equal dc voltages) are used to drive an asymmetrahsexinduction
machine with OeW configuration. A weighted THD is usedan indicator to compare the
performance between synchronous SVPWM technique and discontinuous scheme for differen
modulation indices. The former scheme shows far better performance than the latter scheme.

In (Duran et al., 2010, Duran et al., 20lrEstrained search predictive control technique
is applied to a threkevel NPC inverter fed asymmetrical gpkase induction machine with two
isolated neutral points. The feasibility of using this control technique to drive the system is
investigated using simulations. Its performance, based on several performance parameters,
also compared to optimal standard predictive control. Although the tatalber of
commutations is greatly reduced using the restrained search predictive control technique, ir

terms of THD, optimal standard predictive control technique is far better.

2.5 Summary

In this chapter, numerous papers related to the research topigiaveeck At first, the
basic concept and topologies of multilevel thpkase drive are introduced. The available
control methods, i.e. SVPWM and CBPWM, for multilevel taptase drive are also surveyed
and identified. Then, twdevel multiphase drives adiscussed where more focus is placed on
the modelling techniques for multiphase machines, particularkplsse symmetrical and
asymmetrical induction machines. Last but not least, literature related to multilevel multiphase
drives with emphasis on th&\RM techniques for singisided supplied and opemd winding
topologies is reviewed. Although most of the references on multilevel multiphase drives are
related to machines with odd number of phases, special attention during literature survey wa
payed togather all those references which are relatadutiilevel sixphase drives, since this
is the main topic of this research.

The literaturediscussingspace vectomodulation technique®r singlesided supplied
multiphase drivess listed in Table 2.1As already mentionedspace vector algorithsnare

uniqueand tightly relatedo the analysed drive topologye. highly dependent on number of
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Table 21: List of literature discussing space vector PWM techniques for stidiel supplied

multiphase drives with single neutral point configuration.

No. of machine Space vectoalgorithm

phases 2-level 3-level
(Dujic et al., 2007b) (Gao and Fletcher, 2010)
5 (Duijic, 2008) (Dordevic et al., 2013a)
(Igbal and Moinuddin, 2009) (Dordevic, 2013)
6 (Correa et al., 2003)
(Symmetrical) (Duijic et al., 2007a)
6 (Zhao, 1995}

(Asymmetrical) (Zhao and Lipo, 1995%

(Dujic et al., 2007d)

7 (Dujic, 2008)
(Casadei et al., 2008a)
(Duijic et al., 2007c¢)

9 (Dujic, 2008)
(Grandi et al., 2007)

(Dordevic et al., 2013b)
(Dordevic, 2013)

11 (Moinoddin et al., 2015)

** Introducedthe derivation of vector space decompositiatrix, which is valid for both single and tv

isolated neutral points configuratioHowever,modification of the matrix is proposed later on in

thesis (see subection 5.3.1.3) for new space vector algorithm for this drive topology.
inverter output leg voltage levels, number of machine phases and the spatial distribution of the
machine (symmeftral or asymmetrical). Howeverspace vector PWM techniques for
multiphase machines with multiple neutral points configuration are excindeilist. This is
becausavell-establishedhreephaseSVPWM techniques are commonly uskxt these cass
when separately applied to each thpbase winding setin addition carrierbased PWM
technigues are also not listed since they can easily be expaaednumber of phases.

It canbeclearlyseen thathe development of space vecRAVM techniques fiosingle
sided supplied twoand thredevel asymmetrical and thrdevel symmetrical sbphase drives
with single neutral point are not yet addressed in the literakdeace, it can be said the
novelties of this researdb in focusingin closing these gap3he gaps for developmeruaf
space vector algorithms for thremsvel nine and elevenphase,are considered as potential

continuatiors of this research
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CHAPTER 3

PWM techniques for two-level symmetrical sixphase drives

3.1 Introduction

This chapter discusses modulation strategies based on space vector anbaseder
approaches for twevel symmetrical skphase drives with single and two isolated neutral
points. In the discussed space vector algorithm, the derivation of the eqdatioakulating
the dwell times is showrThe discussion of this space vector algorithm is necessary as it serves
as a foundation for the development of space vector algorithms for thelehetecase.
Additionally, another method for calculating the divienes through time matrix approach is
also presented. Unlike the derived equations, which are valid only for its particular drive
topology, the time matrix approach is more general and can be applied to other drive topologie
with simple adaptation. Th#eveloped modulation techniques are verified through simulations

using Matlab/Simulink and their performances compared.

3.2  Power circuit topologies and general equations

In a symmetrical sbphase machine, the stator phase windings are spatially shifted by
60° and the windings can be connected into star, either with a single or with two isolated neutra
points. Furthermore, the distribution of the machine windings is asktante sinusoidal. The
power circuit topology of a twdevel symmetrical skphase dre with single neutral point is
shown in Figure 3.1. The inverter is assumed to be supplied from a constant dc voltage sourc
(Vao). Each leg of the inverter consists of a pair of switches (the upper and the lower switch)
and the inverter legs are denotadA, B, C, etc. while the phases are denotedahly, c, etc.

The upper and lower switches are assumed to be ideal and they are complementary to ea
other. In other words, when the upper switch is on, the lower switch should be off and vice
versa.

From Hgure 3.1, one gets that the inverter output leg voltages)( when referred to

the negative dc raiNgc), can be defined as:

[VLEG] = [Vph]+ [1 17 1]T ®nN (31)
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Pdr
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Vdc +
—— F ¢— E ¢— D ¢— Ct B A o
S0 S0 S0 S0 S0 S0 LEG

Figure 3.1: Powecircuit topology of twelevel symmetrical siphase drive with single

neutralpoint.

wherevph are output phase voltages of the machine, whilés the voltage between the neutral
point andNgc. This voltage is known as the common mode voltage (CMV). Since the stator
windings of the machine are star connected, the suwp,@hust be zero. Hencegn can be

defined as:
vnN:%('[)l 1111 13[ve) (3.2)

Therefore, by substituting (3.2) into (3.1), the relationship betwg@emdv.ec can be obtained
as in:
agl 0?7 0g é& 17 lrag
@001 oj1d 1 1p
[V h]: u- ~ & ('53 [VLEG] (3.3)
%@ B @ 6¢@ B @;
é% 07?2 15 & 12 19
The power circuit topology for a twlevel symmetrical skphase drive with two
isolated neutrgboints is as shown in Figure 3.2. Since the stator windings are connected as two
threephase winding sets, additional numbering (in subscript) is added into the notations usec
for the inverter legs and the machine phases. From Figure 3.2, the outputdggs/of each
winding set YLec1 andviec2), when referred tdlae, can be defined as:
[VLEG,l]:[Vph,l]+[1 1 1]T ®nlN
(3.4)
[VLEG,Z]: [Vph,2]+[1 1 1]T ®n2N
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Pdr‘
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> >
Ndc
v

Figure 3.2: Power circutbpology of twolevel symmetrical skphase drive with two isolated

neutral points.

As both of the winding sets are star connected, the sum of the output phase voltages of eac
winding set {pn1 andvpn2) should be zero. Hence, the CMV daitb winding sets can be defined

as.
VN =%C[)l 1 1]3 [VLEG,l]
N =%C[)1 1 1]3 [VLEG,Z]

Finally, by substituting (3.5) into (3.4), the relationship betwegm@ndviec can be obtained

(3.5)

as:

0 Og & 1 1g0

1 Ou' %Cg 1 138 [VLEG,l]
1[;] a1 1H_

[Vph,l] =

(3.6)
0 0g &1 1ﬂ0

Ou' écg 1 1u0 [VLEG,Z]

1H a1 1[5]_

[EEN

[Vph,z] =

o

L Lo o

Since (3.3) and (3.6) represent general relationships betweemd viec for a six-phase
machine, these equations are also valid for either twomultilevel symmetrical and

asymmetrical siyphase drives, and hence will be used in the chapters to follow.
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3.3  Drive with single neutral point configuration

In this section, a space vec¥WM algorithm and carriebhased PWM technique for a
two-level symmetrical shphase drive with a single neutral point are discussed. The process of
choosing the switching sequences and the derivation of equations for dwell times calculation
for space vear algorithm, are shown. In addition, another approach of calculating the dwell
times is also presented. Ftire carriefbased approach, due to symmetry of the reference
waveforms, it is adequate to implement the conventional sinusoidal modulation techniqu
without any common modeoltageinjection. BothPWM techniques are implemented and
simulated in Matlab/Simulink for ideal case and when bnilhverter dead time is included.

3.3.1 Space vector PWM algorithm

The development of twievel sixphase space vectalgorithm (2L6PSymSV) is based
on(Correa et al., 2003, Duijic et al., 2007km) addition, a different approach of calculating the
dwell times, based on dwell time matrix, is also presented. This approach dosgunat any
derivations of the equations to calculate the dwell times. Thus, it offers the capability to
calculate dwell times for any chosen switching sequence and it is easily adaptable to any

number of machine phases.

3.3.1.1Projection of space vectors

In two-level symmetrical sphase drives, there are=264 (denoted as 0 to 63) possible
switching states. By normalisirtge output leg voltage levels/ Vqc, they can be represented
as sixdigit binary system i.e. as 000000 to 1111A% an example, switchingtate110011is
1-22+1-2%4+0-2%+0-22+1-2'+1-2° = 51 in decimal These switching states also correspondde
space vectors. In other words, by multiplying the switching states (in normalised representation
with transformation matrix, the projectionswic space vectors onto three mutually orthogonal
two-dimensional planestib, x-y and 0-0) can be obtained as shown in Figure 3.3. The

transformation matrix for siphase drive is defined &ordevic, 2013, Dujic et al., 2007a)

&, €1 coda) cod2a) cog3a

€, u

¢ ) cod4a cos(Sa)ﬂ &, o
v &0 sin(a) sin(2a) sin(3a
)
)

) )

) sin(4a) sin(sa )uvaﬂ
év,u_2 €1 cog2a) cof4a) cogba) cog8a) cod10a)u év.u
6 u==@ é
&y 6¢0 sin2a) sin(4a) sin(6a) sin(8a) sin(L0a)y (.;-Vdg
Vo Q2 y2 Y2 Y2 U2 U2 ¢ el

u
& 0 @1/2 U2 Y2 -U2 U2 -12 y @iy

0

e'vu

(3.7)
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Figure 3.3: Projectionf viec andvpn (dotsin red) space vector the analysed twievel

symmetrical sixphase drive with single neutral point in the: (&) (b) x-y and (c) 0-0" planes.

In addition, each of the planes can be associated with the mapping of low order

harmonics. The low order harmonics of the orderlott6l k= O, 1, 2, 3 é)
contribute to the torque production in the machine mapUiitplane. As fox-y plane, it maps

the low order harmonics of the order & 2 (k = 0, 1, 2, 3 é),
while for the 0-O plane, it maps b order harmonics of the order ok& = 1, 3, 5

(Dordevic, 2013) Since these low order harmonics contribute to the machine losses, their
existence is not desired. However, it will be shown later that by enstimngpace vector

components of these two planes to be zero in average, sinugeidaveforms can be realised.
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The projections ofph Space vectors into those three planes can be obtained in a similar
way by substituting (3.3) into (3.7). Note that the switching states in normalised form are used
in (3.3). One finds that the projectionsvef space vectors io-b andx-y planesareacually the
same as the projections wafc space vectors. However, they are different in thé @lane
(denoted as red dots) as shown in Figure 3.3(c). It can be seen that the projecstiosiganke
vectors with respect to"@xis are zero. This is bagse the Daxis represents CMV and thus, it
is expected that the,n space vector components for &is to be zero. In addition, by not
considering CMV in the development of the space vector algorithm, the sinusgidal
waveforms can be realised througplication ofv ec space vectors. Nonetheless, due to the
existence of switching state redundancy (switching state 0 and 63 yield ideptisphce

vector projection in all three planes), the number of projegieshbace vectors is 63.

3.3.1.2Determination of potential switching sequences

As mentiored previously, the machine is assumed to have sinusoidal distribution
windings. Hence, it is desirable that the reference phase volagewmaveforms are also
sinusoidal. The/p, for symmetrical sixphase drive can be defined as:

Vi, =V, coqut - i (p/3) (3.8)
wherei = 0, 1, 2, 3, 4 and 5 whilsf; is the desired fundamental @f,. Thevpn waveforms are
as shown in Figure 3.4 and it can be seen ¥hathange their mutual ordén terms of
amplitudeat 0°, 30°, 60° etc. In fact, these angles also correspond to the sector anglés in the
b plane (see Figure 3.3(a)). Furthermore, by substituting (3.8) into (3.7), one finds that only in

U-b plane thevph space vector has the same magnitudéiashile in x-y and 0-0" planesypn

T T T T T T T T T T
xV, /2 s1 s2 s3 sS4 S5 S6 §7 S8 SO s10 Si1 SI2

Figure 3.4: Sinusoidal reference phase vol(ag® waveforms for symmetrical siphase drive.
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Figure 3.5: Space vectaansitions of S1 switching sequence3484957 59 63]
in: () Ub (b) x-y and (c) 0-0" plane.

space vector is zero i.e. is projected at the origin. Therefore, in order to realise singsoidal
waveforms, the space vector components of these two planes should be zero.

As a result, the potential switching sequences should be chosen such thatythed
0" space vector components are zero on average in each switching period. Notexists0
no longer considered here, as commonly done in space vector practice. This axis represen
CMV of the machine, and hence CMV is normally not controifespace vector algorithms.
An example oBwitching sequences that satisfiesprevious rules is [0 32 48 49 57 59 63] i.e.
0000001000060110000110002111002111012111111. Its space vector transition pattern in
Ubandx-yplanes as well as 8xis is shown in Figure 3.5. Sincedkxis is not being considered,
for easier illustration purposes,dxis is now shown as horizontal axis. Since the transition
pattern is within the first sector (S1) (see Figure 3.5(a)), it can be said that thilsirgyvitc
sequence belongs to S1. It should be noted that although there are seven switching states g
switching sequence, the first and the last switching state are in fact corresponding to the sam

space vector.
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One gets that this switching sequence comgise zero (0 and 63), two small (32 and
59), two medium (48 and 57) and one large (49) space vectors. These space vectors are deno
asvo, Vsm Vm andyi whilst their magnitude it}b plane arevo| = 0, [vsn] = 1/3Vae, vm| = 1/4/3
Vac and|vi| = 2/3Vuyc, respectively(in red in Figure 3.5(a))Due to symmetry between odd and
even sectors, the switching sequences for the rest of the sectors can also be determined ir

similar way. The chosen switching sequences of all twelve sectors are shown in Figure 3.6.

3.3.1.3Calculation of dwell times

By applying the voksecond balance principle and time balancing equation, the
equations for dwell times calculation of the applied space vectors, in one switching period, car
be derived(Correa et al., 2003)Generally, the dwell times determine how long the chosen
space vectors should be applied in one switching period. In other words, by applying the choser
space vectors i.e. switching sequence according to their respective calculated dwell times
desiredvph waveforms can be realised. The vedtcond balance prindgand time balancing

equation based on the chosen space vectors can be written as:

\_/*phTs:\_/OTO+V T +\_/me+\_/ITI (39)

T, =T, +T,,+T,+T, (3.10)
wherevph is the referencepn space vectofsis a switching period whilsko, Tsm TmandT, are
the dwell times for the zero, small, medium anddaspgace vectors respectively.

In U-b plane,vph and the chosen space vectors comprise of two compongatsl b
component). Furthermoreys{ is half of Y| whilst 0| is obviously zero. Therefore, by
separating those space vectors in (3.9) intod@maponents, one gets:

*\,a b
_VbVI A

Tm - VaVb _ vaa s (311)
I ¥m I ¥m
Tom _ VaVim ~ VoV
T+ 2t=—— 2T (3.12)

where theU andb superscript denote which axes the space vector components correspond tc
(e.g.vi = vIU+ jvlb). Yet, it can be seen that in (3.1Z) andTsmare dependent on each other. In
order to overcome this, a control variallgié introduced and it is defined as:
T

'I'I +Tsm

=

(3.13)
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Figure 3.6: Chosen switching sequences for theléwel symmetrical sbphase drive with one

where} ¢ a n

isolated neutral point (only #first half of the switching period is shown).

be any

val ue from

z g Oo(Cdrrea etoah, €003) .

Thus, by substituting (3.13) into (3.12), bddnandT, can be expressed as:

* b * 1,48
V,v_ -V \V
Tsm:2(1- )Z’Z [17]’2 S
VIVm-VIVm
AR
T|—f a. b by,a 'S
ViV - ViV,

and from (3.10)To can then be defined as:

TO :Ts - (Tsm+Tm +TI)

(3.14)

(3.15)

(3.16)

However, only, = 2/3 gives sinusoidakn waveforms(Correa et al., 2003)
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The reason for this lays in the transition pattern of the chosen space vectaxes 0
(see Figure 3.5(c)). It can be seen that only space vectors which correspwitdhiong state
32 and 59 i.evsmas well as switching state 49 iveare not projected at zero, with respectto 0
axis. As a result, in order for the space vector components onakis @ be zero on average
in one switching period and consequenglgtisfy one of the requiremisnfor realising
sinusoidalvph waveforms, the dwell times of both space vectors should be equal. Therefore,
according to (3.13), this can be achieved only wher2/3.

In addition,TsmandTm should also be equally distrited between their respective space
vectors in order to obtain sinusoidgh waveforms(Correa et al., 2003By distributingTsm
andTm in this manner, the space vector componenisyiplane become zero on average (see
Figure3.5(b)). Dwell timeTo is equally distributed between the two switching sté@srea et
al., 2003) Last but not least, the duty cycle of each dwell time (the ratio between the dwell time

with respect to the switching perioly) can be defined as:

gy=1o d,,=Tm d,=1n q=1 (3.17)
TS TS TS TS

The dwell times for each switching sequence are also shofvigume 3.6. Note that only the
first half of the switching period is shown, thus the duty cycles are divided by 2.

Another approach to calculate the dwell times of the chosen switching sequence is by
arranging the volsecond balance principle and timedraling equation i.e. (3.9) and (3.10) in

a matrix form as ifjDordevic, 2013)

N o
el. g eva,l Va2 Vaz Vaa Vas  Vag g ev, g
2 ' u é:u
g'l'zu &Vo1 Voo Vs Vea Vs Ves éVo Ul
AP u é-u
eT3l;l éVx,l Vx,2 Vx,3 Vx,4 Vx,5 Vx,6 u 3 éVX DO_ (3 18)
u=% A @ .
gr4l] Via Vy2 Vs Vs Vs VU Gy U
ér.u € u ¢e-u
a5y €1 1 1 1 1 lu e1u
éT6E] 8/0' 1 Vo2 Vo3 You Vo5 Vo ,ea Eé\/o-a

TheT: to Ts represent the dwell time of each space vector in the switching sequence instead o
To, Tsm Tm and T,. Hence, the dtsbution of the calculated dwell times between the space
vectors which have the same magnitude-inplane(e.g. between the small and medium space
vectors) are no longer a concern. However, it should be noted that since the first and las

switching state correspond to the same space vector, it is sufficient to take into account only th
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first switching staten the calculation and then divide calculatedequally between the two
later on.

Meanwhile, the sibby-six matrix in (3.18) is the inverse bfb, x, y and 0 components
of the chosen space vectors from (3.7). In addition, note that the fifth roe imiviérse matrix
is replaced by the time balancing equation from (3.10) sifi@xi8 is no longer considered
(CMV is not controlled) in the space vector algorithm. As the desjgd a purely sinusoidal
waveform, thex, y and 0 reference componentg,( vy andvy) in (3.18) are set to zero. On the
other hand, th& andb reference componentgandvs) are set td/-cosfr § andVi-sin(¥ .
This is equivalent to projections of the sinusoidalwaveforms in the three orthogonal planes
as statd previously.

3.3.2 Carrier -based PWM technique

Carrierbased PWM technique is the simplest way to modufatevaveforms and
achieve vph waveforms as desired. However, it is not possible to define the mapping of the low
order harmonics and the possibility to either individually control or eliminate them from
appearing invph waveforms using carridsased approach. Although it offers higlterbus
utilisation when commomodevoltageinjection (alsccommonly known as mimax injection)
is implemented, this injection is not possible for #&eel symmetrical sbphase drive. This is
because thepn waveforms are symmetrical around the times gsee Figure 3.4). Therefore,
the conventional way of implementing the cartiased PWM technique i.e. by comparing the

triangle carrier waveform with sinusoidaj waveforms (CBSin) is adequate in this case.

3.3.3 Simulation results

Modulators of the presnted space vector algorithm where (3.11), (3.14) and (3.15) are
used to calculate the dwell timep2(3SV) as well as using dwell time matrix approach
(2L6PSymSV) are developed and simulated in MATLAB/Simulink for full linear range of
modulation indexrg) in 0.05 increments. The same is also done for CBSin. The modulation
index is defined as a ratio between the magnitude of fundamental phase wtageys, and
half of debus voltage i.eV4d2, as in:

A
V,./2

m = (3.19)

At the machi ne ®Bblz thexchosed mdgmitedevdf wavetoyms iS/5= 100V.
SinceVqc = 200 V, according to (3.19), this means that it corresponais=dL.
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Figure 3.7: The regions of application for S1 switching sequgEng82 484957 59 63]
in Ub plane.

In fact, m = 1 is the maximum value that can be achieved #8SV (Correa et al.,
2003) Obviously, this is the same for CBSin. As Rirt6PSymSV, itcan be shown that the
maximum achievablen is alsom = 1. One of the methods for determining the maximum
achievablem is by identifying the limit of the region of application generated by the chosen
switching sequence id-b plane(Dordevic et al., 2013b)This region of application is simply
the visualisation of the locatioms the applied/pn Space vector, if the solutions of calculated
dwell times exist. In other words, by gradually increasing the magnitude of the appkedce
vector i.e Vi from zero to 2/¥4c(the vertex of the largest polygon), the dwell timethefspace
vectors in the chosen switching sequence are repetitively calculated based on (3.18) usin
Matlab code. A dot is plotted at the current location of applig@pace vector if the solution
for the calculated dwell times exist. As an examplegtreerated region of application for the
chosen switching sequence of S1 is shown in Figure 3.7. It can be shown that the regions ¢
application for all twelve sectors are all within the middle hexagon. Thus, its side is the limit
for this region, which i4/2Vqc, i.e. equivalent ton = 1.

The modulation techniques are verified using an ideal inverter and inverter model with

built-in dead time. The inverter drives the symmetricat@iase induction machine model
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Table 3.1: Parameters of symmetricalghase induction machine.

Parameter Value
Resistance R= 3.6 Y R= 1.8 Y
Leakage inductance Ls=8.1mH Ly =11.5mH
Mutual inductance Lm =205 mH
Polepairs 3
Rotatingmass inertia J=0.03 kg

developed based on the machine parameters listed in Table 3.1. The inverter dead time is set
6 €s (the same as on the real inverters available in the laboratory)ismdttcompensated. It
should be noted that only results obtained from the ideal case are shown. However, obtaine
results when the uncompensated inverter dead time is taken into consideration are included latr
on at the end of the chapter for the sakeomparison. As mentioned, the-buas of the inverter
is set toVac = 200 V while the switching frequency is set tafide 2 kHz. The simulation is run
for Tsim= 2 s (long enough to reach steady state speed) using coW$teantrol in open loop
without any load.

The performances of all developed modulation techniques are determined from the
calculated phase voltage and current total harmonic distortions ((BH® THD) using
(Dordevic et al., 2015)

h h
THD, = /évkz/vfalo@/o THD, = |A |k2/|123100’/0 (3.20)
k=2 k=2

whereVi andl represent th&-th components of voltage and current in the spectrum, While
andl; are the fundamental values of the phase voltage and the current, respectively. Harmonit
components from the firetharmonic up to a value bfthat corresponds to XHz i.e. the first
ten sidebands of the used switching frequency are included in both THD calculations.

Unlike the carrietbased approach where the switching signals are generated by
comparing the triangle carrier waveform with thg waveforms, for space vector algorithm,
the switching signals are generated by applying the chosen switching sequence according to i
corresponding dwell times. One gets that it is inaccurate to simply compare the applied
waveforms between the molation techniques. As axample, in the threghase case where
the vpn waveforms for space vector algorithm are sinusoidalvihevaveforms for carrier

based approach are sinusoidal waveforms with common wwitige injection Yet, both

33



Engku Ariff, Engku Ahmad Rafiqi PhD Thesis

vLEG' (rec) [V]

*

1.965 1.97 1.975 1.98 1.985 1.99 1.995 2
time [s)

Figure 3.8: Reconstructed reference output leg voltage £) waveforms of 2/3SVatm = 1.

modulationtechniques yield identical results. This is because in the space vector algorithm,
commonmodevoltageis naturally injected into they, waveforms(Wang, 2002) Therefore,

for the visual comparison of the algorithms the reconstructed reference leg voltage waveform:
(Viecred are used instead. Theec,ec Waveforms are obtained from the product of applied
switching sequence and its corresponding dwell times. It should bethatefec recis not a

part of the space vector algorithm but is only used for the visual comparison purposes.

The Viec,rec Waveforms fory 2/3SV whenm = 1 are shown in Figure 3.8. The same
waveforms are obtained fat 6PSymSV It can be said the obtaingg:c recwaveforms are the
same as theé,n waveforms shown in Figure 3.4. However, note that the magnitudésdt.
waveforms vay between 0d V4c. Additionally, one can also obtain the reconstructed phase
reference voltage waveformspfed by using (3.3). In fact, they are identical to Figure 3.4.
The removal of CMV from the/iec rec results invpnrec Waveforms to be shifted along the
vertical axis and their magnitudes are now in a rang&/ef2.

The pddavel d age, p h as ey w, &, wivd andvy)candhphasen e n
@ current waveforms of the machine driven
specta for the)2/3SV, 2L6PSymSV and CBSin are shown in Figure 3.9, 3.10 and 3.11,
respectively. It can be seen that obtained results for the three modulation technicuagdye
the same. Theiradf wrodwdmpgaed alrent flths &e299.96 V and
1.49A whilst THDy and THD are 72.32% and 32.13%, respectively. In addition, the obtained
[Valfundis in agreement to (3.19) & = 1. It can be seen in Figure 3.9 and 3.10 that the low order
harmonics, which map ontgy and 0 axes & indeed zero (do not exist), as set out during the

development of the algorithm.
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3.4  Drive with two isolated neutral points configuration

In this section, a space vector PWM algorithm and cabased PWM technique with
min-max injection, for the twadevel symmetrical sbphase drive with two isolated neutral
points configuration are discussed. Since the neutral points dededsothe modulation
techniques are based on tlevel threephase PWM techniques. In other words, there are two
modulators for each modulation technique with the reference waveforms for each modulator
shifted accordingly. These modulation techniquesianalated in Matlab/Simulink for an ideal

inverter and an inverter with dead time included.

3.4.1 Space vector PWM algorithm

The number of switching states for a thewel symmetrical sbphase drive with two
isolated neutral points configuration is the saméhassingle neutral point case, namely 64,

because the same inverter topology is used. However, the transformation matrix now become:

&v, g el coda) cod2a) cog3a) cod4a) codba)e év,s
Va 2 g &t
ud D sre) selan) snfa) sefa) s !
v 0 2.8 & cos(Za) cod4a) cod6a) cod8a) 005(1051?)33 &l 3.21)
&,y 6 @ sin(2a) sin(4a) sin(6a) sin(8a) sin(10a)u &% g
&0 & 0 1 0 1 0 YU éu
VI U é°u
& & 1 0 1 0 1 g e

Notice that the coefficients of the fifth and sixth row are different from those in (3.7). In fact,
they represent the CMV of each winding set (denoted by the numbers in the subscript).
Therefore the projection of the voltage space vectors remains thers&rb@ndx-y planes as

in the single neutral point case (see Figure 3.3(a) and 3.3(b)). However, foOt@dhe, the
projections are different, and they are shown in Figure 3.12.

As the neutral points are isolated, each of the winding sets carorisolied
independently. Thereforedual two-level threephase space vector (D2L3PSV) PWM
modulators are used. However, the reference waveforms for these two modulators must b
shifted by60°, which is in accordance to the spatial angle between the wisdisgrhe
maximumm for linear range of operation that can be achieved using D2L3PSV is 1.154, which

is equivalent to the thrgghase case.
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Figure 3.12: Projection ofec andvpn (in red) space vectors for twevel symnetrical sixphase
drive with two isolated neutral points ia-0, plane.

3.4.2 Carrier -based PWM technique

Similarly, two PWMmodulators based on the conventionaltexel threephase PWM
technique with common modeltageinjection (DSINCMI) are developed to control each
winding set. By injecting the common modaltageinto the reference waveforms, utilisation
of the debus can be increased by 15.4Pherefore, the maximum modulation indew)(for
the linear range of opation becomes 1.154. The reference phase voltage waveforms with
common modeoltageinjection (/phosincm) for the developed dual PWM modulatoravat=
1.154 are as shown in Figure 3.13.

3.4.3 Simulation results

The modulation techniques, D2L3PSV and DSinCllile developed and verified
through simulation in Matlab/Simulink for full linear rangemafup tom = 1.154.TheViec rec
for D2L3PSVwhenm = 1.154 are shown in Figure 3.14. One can see that the obtainge:
waveforms are identical ¥n psincmishown in Figure.13. This shows that the space vector
algorithm does naturally introduce the common mode voltage into the reference waveforms.
However, from (3.6), by removing the common mode voltageyhe. waveforms become
sinusoidal asshown in Figuré.15. Although it can be seen that the amplitude/@fec
waveforms is much higher tharnVg, it does agree with (39), where atm = 1.154,V; is
0.57Ndc.
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Figure 3.13: Sinusoidal reference phase voltage waveforms witlcalmahion mode voltage

injection (/pn,psincm) for two-level symmetrical siphase drive an = 1.154.

The pdobaswo Mivag, 8y, Vo, Vo, andaphaser ént wavef
machine driven by the ideal inverter, as well as their correpgrspectra for the D2L3PSV
and DSIinCMI, are shown in Figure 3.16 and 3.17, respectively. One can see that both
modulation techniques yield the same restith e i r f u n d aaiwe nvt cal Vi a@phea s(¢
and current {{ijund) are 115.59 V and 1.5 whilst THD, and THD are 48.89% and 28.53%,
respectivelyln addition, it can be seen that although low order harmonics, which are mapped
ontox andy axis, do exist they are negligible. Furthermore, sinan@ Q axes correspond to
CMV of each winding st, their phase voltage components are zero. Consequently, this results
in the absence of their corresponding low order harmonics.

3.5 Performance comparison between the modulation techniques with both neutral
point configurations

The obtainedvpnlung, the magnitudes of the obtained fundamental output phase current
(liphkund), the calculated THDand THD, for the full linear range om, of all discussed
modulation strategies, are shown in Figure 3.18. In ordezotdirm the validity of the
modulation streegies,the correlation between th@nfund with respect tan is observed. One
can see that thephfunaincreases linearly with respectrtowhich is in accordanceith (3.19).

An uncompensated inverter dead time will caugéuhato be lower(Jae Hyeong et al., 2001,
Jones et al., 2009ajlowever, from Figure 3.18(a) one can see that the influence of the dead
time on Vphlund IS Negligible. On the other handne can see its impact is more pronounced in
THDy and THD (Figure 3.18(b) and 3.18(d)). This is because inverter dead time also
contributes to the existence of low odd order harmof@ias Hyeog et al., 2001, Jones et al.,
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Figure 3.14: Reconstructedference output leg voltage éc ) Waveforms of D2L3PSV
atm = 1.154.
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Figure 3.15: Reconstructed reference output leg voltaged waveformsof D2L3PSV
atm = 1.154.

2009a) The magnitude of these low odd order harmonics (particularly thhaBmonic)
increases asy decreases and this relationship can clearly be observed incheiacteristic
that corresponds to the modulation techniques for the drive with a single nmaitrial.e.
12/3SV, 2L6PSymSV and CBSifRecall that the '3 harmonic maps onto” @xis (Dordevic,
2013) Furthermore, the @xis impedance is much lower than thé plane impedance where
thefundamental harmonic components are mapped. Since the neutral points of the winding set
are connected, current can freely flow between the two winding sets and thus result in highe
34 harmonic current. The value of the current fundameriglin}, is practically constant for
the full linear range afn since constan¥/f control is used. Exception to this is at lower values
of m because no voltage boost has been implemented.

Comparing the performances of the applied modulation techniques for the aiag
two isolated neutral points configurations, one can see that the modulation seshitigthe
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Applied PWM techniques for single neutral point case:

CBSin Sinusoidal PWM
1 2/3SV Space vectoalgorithmbased or{Correa et al., 2003, Duijic et al., 2007a)
2L6PSymSV | Space vector algorithm using time matrix approach

Applied PWM techniques for two neutral points case:

DSinCMI Sinusoidal with common mode voltage injection (dual thplease modulators)
D2L3PSV Two-level threephase space vector algorithm (dual modulators)
Note: Td i denotes that the inverter detuhe is considered in the simulation

Figure 3.18: The performance of applied modulation strategies for full linear rangbaxed on:
(a) obtainedV\pnlund (b) calculated THBR(c) obtainedijnfund and (d)calculatedTHD;.
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latter configuration (D2L3PSV and DSIinCMI) are slightly better. This is largely because these
modulation techniques are able to offer bettebdsutilisation. In addition, since the neutral
points are isolated, the low odd order harmonics due to the uncompensated inverter dead tim:

the 39 harmonic in particular, simply cannot exist anis thelps to lower the THD.

3.6  Summary

Modulation techniques bed on the space vector algorithm and the cabdsed
approach for twdevel symmetrical sbphase drives with a singlg2/3SV, 2L6PSymSV and
CBSin) and two (D2L3PSV and DSIinCMI) isolated neutral points configuration are presented
in this chapter. Discssons regarding derivation of the equations to calculate the dwell times
for } 2/3SV and dwell time matrix approach used in 2L6PSymSV are presented in detail. In
general, they revolve around ensuring thatxthgand 0 components are zero on average in
one switching period, thus obtaining sinusoidgd waveforms. All discussed modulation
techniques @ verified through simulation in open loop for full linear rangen®fusing
Matlab/Simulink. Although the obtained simulation results show that the mamtulati
techniques based on the space vector algorithm yield the same performance as their equivale
carrierbased approach, D2L3PSV and DSIinCMI offer slightly better performance than
12/3SV,2L6PSymSV and CBSirHowever, this is largely due to the absencéhef neutral
point connection between the winding sets, wlteeclow order harmonics of the order & 3
(k= 1, 3, 5 ¢€) sThimipallowingtogdhose winhding sets ® be controlled by
two separate PWM modulatgiis this caseby using dualtwo-level threephase modulatsr
Consequentlythe dc-busvoltage can be utilised aroud®&% betterthanin the case ofsingle
neutral point. All in all, for better performance and higheibds utilisation, drive with two
isolated neutral points configation is recommended. Additionally, if simple implementation

is desired, modulation technique based on cab@sed approach should be chosen.
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CHAPTER 4

PWM techniques for threelevel symmetrical sixphase drives

4.1 Introduction

Spacevector algorithms based on time matrix approach and cévased modulation
technique, with irphase disposition method (PD), for thiteeel symmetrical sbphase drive
with single and two isolated neutral points, are presented in this chapter. Theegtepsng
the potential switching sequence selection, such that the output phase voltages should nc
contain low order harmonics for the drive with single neutral point configuration, are described
in detail. Furthermore, since the potential switchingiseges in each sector generate their own
respective region of application, the conditions for accurate determination -sestas to
which the reference belongs and the corresponding switching sequence that should be applie
are also derived. All presewntemodulation methods are verified through simulation in
Matlab/Simulink and this is followed by experimental validation. The performance of the
modulation methods is compared in terms of phase voltage and current total harmonic
distortions as well as thesxecution time.

Original contribution of this chapter, in particular of ssdrtion 4.3.lwhere novel
space vector algorithm for thréevel symmetrical sbphase drive with single neutral point
configuration has been presented in a conference f&pgku Ariff et al., 2016and published
in a journal papefEngku Ariff et al., 2017a)

4.2  Power circuit topologies

Unlike the twelevel inverter, the threlevel diodeclamped or neutrgboint clamped
(NPC) inverter has two pairs of switches per leg, as shown in Figure 4.1 and 4.2 for single anc
two isolated neutral point configurations, respectively. Previously introduced notations for
inverter output legs and phases in Chapter 3 are also applicable here. The switches are assun
to be ideal and upper and the lower switch pairs are complimentagctoother. In other
words, when the upper switch is 6ond, the
versa. Those switches are differentiated by additional number notation (in subscript) to indicate
which pair they belong to. As an examplg; 81d S.°is the first pair and & and $2°is the

second pair for the first inverter leg. Moreover, there are two additional diodespii.@ndd
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Figure 4.1 Power circuit topology of threlevel symmetrical shphase drive with single
neutralpoint.

Da2, which are connected to the nddebetween two capacitors,@nd G. These capacitors
equally distribute the dbus voltageVq4c). Hence the midpoint of those capacitors is equivalent
to the midpoint of déus, which is also known as inverter naligroint. To put it simply, the
diodes are used to clamp the output leg voltage to hatcof

Based on the switching state of the two pairs of the inverter switches, four possible
output leg voltage levels could be possible. However, one of them iatendilduncontrolled)
output leg voltage and hence this state is not taken into account in the development o
modulation techniques. The relationships between the switching states of the inverter switche:

of the first inverter leg and their possible outfag voltage levels are tabulated in Table 4.1.

Table 4.1: Relationship between switching statesvasnd

Switching States Output leg voltage| Normalised leg
Su Sud Sud Su Va voltage
off off on on 0 0
off on on off Vud2 1
on on off off Ve 2
on off off on High impedance -
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Figure 4.2: Power circuit topology of thrvel symmetrical sbphase drive with two isolated
neutral points.
Furthermore, it should be noted that the relationships between output leg voltaggs (
common mode voltage (CMV) and output phase voltaggs &s in (3.1) to (3.6), remain valid

for the thredevel caseas well.

4.3  Drive with single neutral point configuration

A space vector PWM technique (3L6PSymSV) and its corresponding daased
approach, using #phase disposition (PDSin) technique, for thieeel symmetrical sbphase
drive with single neutral pot, are presented in this section. More emphasise is put on the
development of 3L6PSymSV where the processes of selecting the switching sequences an
determination of sulsectors are explained in details. Both modulation techniques are verified

and validagd through simulation as well as experimental testing in the open loop.

4.3.1 Space vector PWM algorithm

A process of developing new space vedlgorithm for thredevel symmetrical six
phase drive with single neutral point configuration is presented in thisesion. The
switching sequences are chosen by following several requirements and conditions such that tt

sinusoidalvph waveforms areealised. In general, the selection of the switching sequences is
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performed through analysing all possible transition patterns in each sector in the two mutually
orthogonal planes and one of the zero component axis graphically. Corresponesegteud

are then determined using visualisation of numerical solutions of the calculated dwell times.

4.3.1.1Projection of space vectors

Since there are three possibiec levels, there are®3= 729 possible switching states,
which also define% 2°= 665 phase voltagesn, space vectord.opez et al., 2009bBimilarly
as in Chapter 3, by implementing VSD approach, these space vectors can be projected into thre
mutually ortrogonal twedimensional planes, i.ekb, x-y and 0-0" plane, where corresponding
low order harmonics are also mapped. The mapgpirtige low order harmonics tee same as
in two-level casé.e. harmonics of ordesk+1 (k= 0, 1 are mapping takb plane,6k
+2k= 0, 1 ,tox¥ planégand8k)k= 1, 3to 0"-® plan&This is sosince the
mapping of the low order harmonics does not depend on the number of levels of the inverter.
By normalising the three possible=c levels(as liged in Table 4.1py V442, all 729
possible switching states (0 to 728) can be represented-diggixernary numbers (000000 to
222222). Therefore, from (3.8), the projections of the normalised leg voltage space vectors cal
be obtained as shown in Figu4.3. The projections ofec andvpn Space vectors ontdb and
x-y planes are identical. One can see that all possible switching states are projected onto 6
different locations in the planes and those locations can be clustered into nine groups based c
the distance of the location to the origin, i.e. the magnitudeeaitapped space vectors. These

nine groups are illustrated b andx-y planes as: six hexagons with magnitudes o¥/d/6
1/(2~/3)Ve, 1/3Vde, 1/2Vde, 173 Vac and 2/3/ac; two dodecagons with magnitudes-bf /6Vac

and 13/6V4c, and a dot at the origin, i.e.rain magnitude.

The projections ofiec andvpn Space vectors into"@ plane are different, as can be
seen from Figure 4.3(c) where the projectgspace vectors are denoted as red dots. One can
see that all projecteghn space vectors are zero wisspect to Daxis, which is expected since
0" axis actually represents CMV. Therefore, by not considering'thgi in the development
of space vector algorithm, one can see that the projectiomss@Endvph Space vectors become
identical. Hence, itd possible to realisg;n waveforms by applying the switching sequences
that are based onec space vectors, i.e. corresponding switching states. Since there is much
higher number of switching states than the projected locatiobkbjrx-y and 0-0° planes,

existence of/pn space vector redundancies should be expected.
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Figure 4.3: Projections of ec andvpn (dots in red) pace vectors of the analysed thtegel
symmetrical sixphase drive with single neutral point in the: () (b) x-y and (c) 0-0" planes.

The aim of the space vector algorithm here is to synthesise the desired sinusoidal
reference phase voltagé,{) waveforms. In order to achieve that, the switching sequence that
conssts of a set of space vectors should be chosen in such a way that the average value of th
phase voltage componentsxty plane and Oaxis are zero. The number of the chosen space
vectors in each switchinsequence should be the same as the number of machine(pledlges
et al., 2003)i.e. six in this case. For eachct®m shown in Figure 4.3(a) (each sector span is
30°), there is a total of 147 switching states, including those which are located at the secto
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borders and at the origin. Therefore, it can be said that the process of choosing the righ
switching sequenceecomes more difficult. Thus, a simple method of reducing the number of
switching states by selecting only the switching states that meet the requirement of the order

persector law, is applied first.

4.3.1.2Reduction of the number of space vectors

The ordetpersector law method is introduced (Gao and Fletcher, 201®) reduce
the number of switching states in order to improve the process of selecting the right switching
sequences. The principle of this method is based on trerageequation which defines the
relationship betweewph andviec (3.3). The subtracted CMV (the second term) is in fact a scalar
value and behaves like an offset ¥px. Therefore, one can say that the order of the degjed
waveforms should be thersa as the order of the desired reference output leg voliags) (
waveforms. According to (3.8), the desirgg waveforms for the analysed symmetrical-six
phase drives are sinusoidal and they change their mutual order after every 30° in one perio
(seeFigure 3.4). Note that this 30° angle also corresponds to the sector ddflplane, hence
t he namepeesfecGdorrddrawb.

The changes of the orderwafzc waveforms (which also correspond to the order of the
desiredvin waveforms) are tabulated in Table 4.2. The order e in the first row must be
greater than or equal to the ordengéc in the second row, then the ordenidks in second
row must be greater than or equal to the order@fin third row, etc. As an example, the order
of Viec waveforms in the firstextor (S1) is/a Ovs Ovie Ovic Ove Ovp. Nevertheless, it can
be said that the implementation of the ordersector law is simply identifying whether the
projected space vectors satisfy the condition of the greesector law of their corresponding

Table 4.2: Ordepersector law of symmetrical siphase drive.

Sector
S1 S2 S3 S4 S5 S6 S7 S8 S9 | S10| S11 | S12
VA* VB* VB* Vc* Vc* VD* VD* VE* VE* VF* VF* VA*
8 Ve VA VC* Ve Vo© VC* ve' vo© Ve ve' VA Ve
:g VF* VC* VA* VD* VB* VE* VC* VF* VD* VA* VE* VB*
S v | W | W | Vv | W v v | v | v | W
=
O VE* VD* VF* VE* VA* VF* VB* VA* VC* VB* VD* VC*
VD* VE* VE* VF* VF* VA* VA* VB* VB* Vc* Vc* VD*
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sector. To put it differently, the reduati of the number of space vectors can simply be done
by comparing the states ofiec (or the switching states in sdigit ternary number
representation) with the stated condition of the epssector law.

Therefore, by comparing each possible switghstate with the ordgsersector law
listed in Table 4.2, those that do not meet the requirement will be discarded. As an example
switching state 407 (120002) is projected in S1Hn plane; however, it does not meet the
requirement of the ordgrersedor law of S1. This is because ifs is less tharvg, while the
orderpersector law requirega to be greater than or equalvie(see the first column of Table
4.2). Hence, switching state 407 is discarded. The implementation of this methodasiggific
reduces the total number of possible switching states and space vectors from 729 to 189 ar
from 665 to 157, respectively. The projections of these remaining space vectors, i.e.
corresponding switching states, otdd, x-y and 0-0 planes are showim Figure 4.4. The
decimal representation is used in Figure 4.4, and if switching state of.eathrequired, the
conversion into six digit ternary representation should be done accordinglg @0t =
1-P+1-3+0-F+0-F+0-3+1-F = 325y).

As can be seen in Figure 4.4(a), the remaining switching states are still being projected
onto 61 locations. However, the possible switching states (including those which are located a
the sector border line and origin) that need to be considered for swisggngnces selection
in each sector have decreased from 147 to 28 switching states. As a result, the process
choosing the right switching sequences becomes more feasible. On the other hand, th
remaining switching states are projected into only nindt@sations in the«-y plane, as shown
in Figure 4.4(b). Note that the axis scale end values are smaller than in Figure 4.3(b). By
comparing these two figures, one can see that the remaining hexagons in Figure 4.4(b) ar
actually the first three inner hexaus of Figure 4.3(b). As for*@ plane, the number of
locations of the projected switching states has also reduced significantly (see Figure 4.4(c)).

4.3.1.3Determination of potential switching sequences

In order to obtain sinusoidakn, waveforms, the potentisswitching sequences are
chosen such that the average valuesyodind 0 components are zero. Recall thatOmponent
is not considered in the development of space vector algorithms. Moreover, as mentionec
previously, the number of the chosen space vectors ought to be the same as the number
machine phases. In addition, to minimise the losses and reddtetike transition ofi e also

needs to be taken into consideration. The desirable number of transitions is one, eithe
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Figure 4.4: Projections aof ec andvph space vectors of the analysed thieeel symmetrical six
phase drive with single neutral point after orgersector law implementation in the:
(@) Ub (b) x-y and (c) 0-0 planes.

increasing or decreasing. In addition, it is desirable that the transitipacah one switching
period is symmetrical. In other wordte viec transitions increase in the first half of the
switching period while they decrease in the other half. Hence, the order of the chosen spac
vectors is simply reversed in the second half of the switching pérasdder Broeck et al.,
1988)

The process of determining the potential switching sequences begins by choosing the
potential starting switching states. The potential starting switching states should only consist of
either Oonesd or O6zerosd, or ixedgitidénary aumbeno n o
This is because, in the first half of the switching period, the transition of the leg voltages cause:

theviecl e v el to increase by one. Thus, havi ni
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Figure 4.5: Possiblgansitions of voltage space vectors for the S1 int@)(b) x-y plane

and(c) 0 axis.The starting switching states amecircled in red.

possible since the maximum achiblewv e level is two, i.e. equal t¥qc. Therefore, out of 28
possible switching states in the sector, only seven can be chosen as the potential startin
switching states. In fact, this is also true for the other sectors. As an example, the potentia
stating switching states for S1 are shown within the red boxes in Figure 4.4(a).

Each increment of a certamec in a switching sequence corresponds to a certain
transition of the space vectorlkb, x-y plane as well as ori xis. As an example, all possible
transitions of/.ec space vectors in S1 are illustrateith different colour arrows in Figure 4.5.

Note that 0axis is now shown as horizontal axis for easier illustration purpose. When all
possible switching state transitions are identified, one should be able to determine the possibl
switching sequences xie

As already mentioned, each switching sequence should satisfy the requirement that eac
Vieg level increases by one level in the first half of a switching period. Hence, starting from a
potential starting switching state, those six transitiong_af levels will graphically form a

pattern that comprises six different colour arrows-mandx-y planes, as well as onXxis. In
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addition, these six transitions also result in seven switching states per switching sequence
However, only six space vectaage required in order to obtain the desired sinusepdalhis

means that two of the switching states yield identical space vector projectidn sy plane

and on 0 axis. In other words, they are subjected to redundancy of switching states. The
redundant switching states are the first, i.e. the starting, and the seventh switching state. As a
example, the potential starting switching states and their redundant (the seventh) switching
states of S1 are: 0, 364 and 728; 243 and 607; 324 and 688; BB8%n352 and 716; and
finally 355 and 719.

On the basis of all these considerations one finds that there are 64 potential switching
sequences in each sector. The list of the potential switching sequences of S1 is given it
Appendix A. These 64 switchinggguences can be further categorised based on the formed
space vector transition patterns. One finds that there are 32 different space vector transitio
patterns, which correspond to the originally determined 64 potential switching sequences.
These patternare illustrated indb, x-y plane, and Oaxis, as shown in Figure 4.6, 4.7 and 4.8,
respectively. The number of mapped switching sequences together with their assigned referenc
numbers (see Table Al) are also incorporated below their correspondimggd&itethermore,
it can be seen that some transition patterns encompass several potential starting switching stats
which indicates the existence of redundancy in the switching sequences. As an example, on
can see that the switching sequences 114100001-211001221001221011221111221112
and 110000110001111001211001221001221011221111 of S1 are clearly different, but
they produce an identical space vector transition pattern (highlighted in grey in Figure 4.5) in
the U-b andx-y planes, as well da 0 axis (this pattern is denoted with D in Figure 4.6, 4.7 and
4.8). Hence, this example confirms the existence of switching sequence redundancies.

Although there are 32 space vector transition patterns in each sector, not all of them
meet the requireant that the average valuesxpfy and 0 components are zero. In order to
single out those transition patterns (and hence corresponding switching sequences), a graphic
method of analysing the transition patterns of those potential switching seq(l2oicksic et
al., 2013b, Gao and Fletcher, 20i9®)mplemented. The graphical method for the elimination
considers the projections of the statez-inplane and on-Gxis: if all states are located at one
side of the line crossing the origin and on one side @xiB, that space vemttransition pattern
cannotlead to zero on average in that plane and axis. Hence, those patterns and correspondir

sequences can be eliminated
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Figure 4.6Patterns representing leg voltage transitions of the potential switching sequences

in U-b plane and the number of corresponding potential switching sequence redundancies (

of switching sequences, with corresponding sequence numbers qure brackets, is given in

Appendix A). Letters A to F stand for patterns that will be selected while numbers 1 to 26 ste

those that will be eliminated later.
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Figure4.7: Patterns representing leg voltage transitions of the potential switching sequences

in thex-y plane.
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Table 4.3: Potential switchirgequences for S1. Switching sequences in bold denote the fir

selected switching sequences.

Sub | Patternin| Sequence Potential switchingequences
sector| Ubplane| ref. no. (2% half of the switching period)
1 0-243-324- 325- 352- 355- 364
2 243- 324- 325- 352- 355- 364- 607
8 324-325- 352- 355- 364- 607- 688
A A 23 325- 352- 355- 364- 607- 688- 689
43 352- 355- 364- 607-688- 689- 716
58 355- 364- 607-688-689-716- 719
64 364-607- 688-689-716-719- 728
3 243- 324- 325- 352- 355- 598- 607
9 324-325- 352- 355- 598- 607 - 688
B B 24 325- 352- 355- 598- 607- 688- 689
44 352- 355-598- 607- 688-689- 716
59 355-598- 607- 688-689- 716- 719
14 324-325- 352-595-598- 679- 688
Ci C 28 325- 352- 595- 598- 679- 688- 689
47 352-595-598- 679- 688- 689- 716
17 324-325- 352-595- 676-679- 688
D: D 30 325-352-595- 676- 679- 688- 689
48 352-595- 676-679- 688- 689- 716
E: E 35 325-568- 595- 598- 679- 680- 689
Fi1 F 37 325-568- 595- 676- 679- 680- 689

By graphically analysing the corresponding transition pattermxsyiplane, one finds

that only eight (transition patterns of A to F, as well as 1 and 2) out of 32 transition patterns

surround the origin, and are thus capable of achieving zero valuexrythl@ne on average.

Likewise, on Oaxis, another two out of theght remaining transition patterns are identified,
such that the average value ofcOmponents cannot be zero. As a result, only six transition
patterns (transition patterns A to F) remain. These transition patterns also correspond to twent
potential switching sequences. The list of the switching states associated to these remainin
switching sequences in S1 is listed in Table 4.3. Note that only switching states in the first half

of the switching period are listed, since the order of the switching states is reversed in the secon

half.
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4.3.1.4Calculation of dwell times and sector division

Although all the space vector transition patterns and their corresponding potential
switching sequences in each sector have been determined, the relevance of those switchir
sequences for the actual implementation purposes is yet to be examined. This is bachus
transition pattern yields different solution for dwell times calculatidordevic et al., 2013b)

In general, the dwell times are the duration of the applied space vectors in the chosen switchin
sequence and they can be calculated based on theecold balance principle and time
balancing equation, as in (3.9) and (3.1Burthermore, depending on the magnitude/af
space vectol(;), the solutions of the dwell times for the transition patterns only exist in certain
regions within their corresponding sector in thi plane. These regions are commonly known

as regims of application.

The regions of application can be determined either by using analytical calculations
(Gao and Fletcher, 201®r through visualisation of numerical solutions of the calculated dwell
times in theU-b plane(Dordevic et al., 2013b)The latter method is adopted here. The dwell
times of each transbn pattern are repetitively calculated using (3.18) by gradually increasing
the value o%, of Uandb component referencegiandve), from zero to 2/¥4c (governed by
the largest hexagon in theb plane). The calculations are done using Matlatec@his ensures
that the entire regions in all twelve sectors are considered as the possible regions of applicatiol
If the solution for the dwell times exists for that partici\Mara dot is plotted at its coordinate
in theUb plane. Hence, the regismf application corresponding to each transition pattern can
be visually determined. As an example, the space vector transition pattern D, which also
corresponds to the switching sequences of 17, 30 and 48 (refer talT@bkenerates a region
of application as shown in Figure 4.9. As a result, one finds that there are six regions of
application (denoted &% to F1) per sector and there is no overlapping between them.

The regions of application divide the sector into six-settors in the shape of right
angle triangles and several vertices of those triangles are located at the locations of the projecte
space vectors (see Figure 4.9). In addition, the borders betheeiglitangle triangles are
straight lines. Since the locations of the projected space vectors and the angles of émgleght
triangles are known, these borders, which are basically the limits of eade&ob, can be
determined by simple trigonometrcalculations. Later in the next sgbction, these limits
serve as references to determine in whichsdtor the/p, Space vector is currently projected

at a particular time.
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xVyd2

Figure 4.9: Region dipplication corresponding to space vector transition pattern D (shade

transition pattern in Figure 4.5 plotted by dots generated using Matlab code).

4.3.1.50ptimisation of potential switching sequences

In Table 4.3, four out of six sefectors have more than one potential switching
sequence available. Thedundancy of the available switching sequences offers flexibility in
choosing the best switching sequences for thessators. The chosen switching sequences
should have minimum number ofec level transitions between the ssbctors and thus
minimise tke switching losse@vicGrath et al., 20030ne can see thatalswitching sequences
which satisfythe mentionedequirement,.e. havingthe same starting switching state, are
switching sequences 23, 24, 28, 30, 35 and 37 (denoted in bold in Table 4.3). As a result, thes
six switching sequences are the ones thatgareg to be implemented in the space vector
modulation for S1.

4 .3.1.6Determination of sub-sector

Since the location of the projecteg, space vector dictates the ssictor and the
switching sequence that is going to be applied, a method for accuratelyidegtgriine sub
sector, as the projectaf space vector is moving through them, has to be implemented. One
such method is described (@ao and Fletcher, 201,0)here the borders of the sabctors
serve as the limitg1 determining the location of the projectégh space vector based on its
magnitudeand phasgVs, in theU-b plane, at any given time. As an example, the illustration of
how the method is implemented for S1 is shown in Figure 4.10.
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P>

Figure 4.10: Sutsector determination based on the location of the projegispacevectorin S1.

Clearly, there are five borders which divide the-sabtors and these borders can be

projected onto four perpendicular axes, which are denot@d tasPs. The distances of these

projected borders on the respective axes to the origin (denotadaals) are then calculated

using simple trigonometry calculations which result.ine Ls = V10/6Vac, L2 = La = 0.25/qc,
and Ls = 0.5V4.. Since the highest value for the limits is \&& according to (3.19) the

maximum achievable modulation index ) for the analysed drive topology is hemgghax= 1.

Likewise, the lengths which are associated to the projectiong ohto the same

perpendicular axes (denoted \ésto V4), are also calculated and then compared with their

respective limits (represented by the same group of colours in Hdude As an example, one

can see thaV: is clearly located in subectorD:. Thus, in order to verify that the current

location ofV+ is indeed in susectorD;, the projections o¥; need to satisfy the conditions of

\/*1 C)Ll andV’Z > La.

Addi

ti onal

Yy,

t he

n e d< $6smaust yoldc o n

true as wellThe conditions defining the stdectors in S1 are listed in Table 4.4. Therefore, by

Table 4.4: Condibns defining the subectors for S1.

Projection Subsector
of Vi Au B: C D1 E F
Vi - - oL oL, >, >,
V> oL, > L, - - i OLs
Vs - OLs > L3 - - -
Va - - OLs | >Ls | OLs | >L4
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S1

s7 " s12

s9 " s10
Figure 4.11: Sulsectors of all twelve sectors in thb plane.

satisfying the conditions set by these limits, the right-sedior can be identified and

consequently, the corresponding switching sequence can be applied.

4.3.1.7Potential switching sequences and subectors determination of other sectors

Until now, only S1 is used as an example in presenting the processes of choosing the
switching sequences and determining the-sediors. Therefore, by following the same
processes as in swgaction 4.3.1.1 till 4.3.1.6, the switching sequences anessators for the
other sectors can also be determined. The list of the chosen switching sequences of the first su
sectorAkk= 1, 2, 3 €& 12), is given i ectoradsivadl 4.
as other sulsectors in th&kb plane are shown in Figure 4.11.

Due to the symmetry of the siglector division (see Figure 4.11), it is possible to relate
the switching sequences of the other sectors to those switching sequences offiitls@met
this relationship is simply based on changing the order of the rows in the switching sequences
according to the order ofec in the orderpersector law (refer to Table 4.2). As an example,
the order of/iec of S1 isva Ovi OV Ovic Ove Ovp, while for the second sector (S2) the order
changes to’s Ovia Ovic Ovi Ovp OVE. This means that the first row of S1ighing sequences

(which corresponds te’a) becomes the second row in S2 switching sequences (it now
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Table 4.5: Chosen switching sequences forsadtorA of all twelve sectors.

Sector | Subsector Switching sequences
S1 Ax 325- 352- 355- 364- 607- 688- 689
S2 Az 351- 352- 361- 364- 445- 688- 715
S3 As 351-360- 361- 364-445- 472- 715
S4 Ay 117- 360- 363- 364- 391- 472- 481
S5 As 117-120- 363- 364- 391- 400- 481
S6 As 39-120-121-364- 373- 400- 403
S7 A7 39- 40-121-364-373-376-403
S8 As 13- 40-283-364-367-376-377
S9 Ao 13- 256-283- 364- 367- 368- 377
S10 Ao 247 - 256- 337- 364- 365- 368- 611
S11 A1 247-328- 337- 364- 365- 608- 611
S12 A1z 325- 328- 355- 364- 607- 608- 689

corresponds tag), etc. An illustration, which demonstrates this relationship using four first
subsector switching sequencasto A4 as in Table 4.5, is shown in Figure 4.12.

Based on the pattern of how the order of those switcb@giences is changing in
Figure4.12, the relationship between the switching sequences of other sectors and S1 can &
further simplified. One can see that the third sector (S3) switching sequence can simply be
obtained by circularly shifting the S1 switolgisequence by one position. Similarly, the fourth
sector (S4) switching sequence can also be obtained from the S2 switching sequence throuc
the same method. Hence, by circularly shifting either S1 or S2 switching sequences accordingl
(up to five positims), other odd or even sector switching sequences can be obtained. In general
it can be said that the odd sector switching sequences can be obtained through circularly shiftin
the S1 switching sequences accordingly. Similarly, the even sector switehjungnses can be
obtained by first changing the order of the rows of the S1 switching sequences according to th
orderpersector law, so that it becomes the S2 switching sequence, and then circularly shifting
the sequences accordingly.

Since switching seance is basically a set of chosen switching states, the previously
presented relationship is also true for generating the switching states corresponding to othe
sectors. In other words, by mapping the odd and even sectors onto S1 and S2 the switchin
staes of other sectors can be obtained through this sector pair mapping. The S1 and S2 al
grouped as the first sector pair (SP1), S3 and S4 are grouped as the second sector pair (SF
etc. As an example, as one can see in Figure 4.4(a), switching stats238(Q) is projected
in the fifth sector (S5) and it belongs to the third sector pair (SP3). If S5 is mapped onto S1,
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Odd sector Even sector
Sub-sector:A ; Sub-sector:A,
vies | 325] 352] 355 364] 607 688] 689 vieo | 351] 352 361 364] 445] 688 715
Al 1 1 1 2 2 2 A1 1 1 1 1 2 2
B|l1 1 1 1 1 2 2| B|l1 1 1 1 2 2 2
clo 1 1 1 1 1 1 cla1 1 1 1 1 1 2
plo o o 1 1 1 1 plo o 1 1 1 1 1
Ejl]o o 1 1 1 1 1 EJ]o o o 1 1 1 1
Fl1 1 1 1 1 1 2 Flo 1 1 1 1 1 1
Orderper Circularly Orderper Circularly
sector law shifted sector law shifted
Sub-sector:A 5 Sub-sector:A ,
Vieo| 351] 360 361 364 445| 472] 715 vieo | 117] 360 363] 364| 391 472] 481
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Figure 4.12: Ordepersector law implementation in determining the switching sequences «
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othersectors.

one can see that it is located at the same location as switching state 649 (220001) in S1. Thu
in ternary number representation, one se@ that switching state 012200 can be obtained from
switching state 220001 by circularly rotating its elements to the right by two placgkem o
words, SP3 1 = 31 1 =2. Thus, switching states and hence switching sequences of any other
sector pair can easily be generated based on those in SP1.

In terms of determination of stdectors, the previously presented method where the
borders of thesub-sectors are used as limits can also be applied for the other sectors. However,
it can be seen in Figurell that the subectors of the even and odd sectors are mirrored to
each other. Therefore, not only the four perpendicular Bxés P4 and theprojected borders
onto the respective axes are mirrored, even the lengths of the projected borakgsare also
mirrored and retain their values. As an example, the illustration of determining the -S2 sub
sectors is shown in Figure 4.13. This makescthaditions which define the location gt for
determining the current stgectors remain the same. Hence, the conditions listed in Table 4.4

are valid for all sectors.
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Py
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Figure 4.13: Sulsector determination based on the location of the projegtegpacevectorin S2.

On the contrary, the projections \gf in S2 will be different from those in S1 dte
their dependency on the angle with respedi &xis Therefore, by mapping the odd and even
sectors onto S1 and S2, one finds that the lengtht gfrojections onto their respective

perpendicular axes can be generalised as:

V" =V, cod(i - 2)p/6- (g- p/6(k- 1)) Oddsector
(4.1)
V' =V, cod(i- 2)p/6- (ko/6- g)) Evensector

wherek= 1, 3, 5 ék=12,f o4, oaldé aha ifDh 2 3,d\Hemge, s e
by comparing the length of the projectédwith the stated conditions in Table 4.4, the current
subsector and its corresponding switching sequence can be accdettaiyined.

4.3.1.8Implementation of the presented space vector algorithm

Although the selection process of finding the optimal switching sequences iegpomp
the final implementation of the developed SVPWM algorithm is rather simple. By mapping the
odd and even sectors onto S1 and S2 and implementing the sector pair relation, one finds th
only switching sequences of S1 and S2 and their inverse matsice$318) (for dwell time
calculation) are required to be stored in the memory. It should also be noted that, by simple
manipulation, it is also possible to generate switching sequences of S2 and other sectors sole

from S1 switching sequences.
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Circular rotation to right for > Dwell times calculation(3.18):
SP 1places [Ty, To €, T6]
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First, thereference voltagmagnitude Yf ) and angled) of appliedvph aredetermined.
Then, the sector pair (SP) mapping dahdcurrent suksector in which the reference is located are obtained.

Also, the reference values matrix fiwell timescalculation is prepareolased on obtained andd.

= 4 -4 -

Next, the saved switching sequence and its corresponding inverse matrix are fetched from the memor
based on the mapping tfe current suksectoronto S1 and S2.

1 Finally, the current appliesiwitching sequence is obtained throulgécircular rotation At the same time,

its corresponding applied dwell timasecalculated using (3.18) based on the fetched inverse matrix and

already determined reference values.
Figure 4.14: lllustration of thenplementation of presented 3L6PSymSV.

Furthernore, only two components are essential for developing the modulator of the
algorithm. They are: 1) the method to precisely determine the location of the reference phas
voltage space vector projection and the relevant switching sequence, which is gemerated
mapping the corresponding sabctor with respect to S1 and S2 sators, i.e. (4.1) and
Table4.4; and 2) the dwell time calculation of the respective switching sequences (3.18). Since
the calculated dwell timeasre associated with the transition patterns, it is possible to use the
pre-calculated inverse matrix values as in (3.18) of the switching sequences of S1 and S2. Thi
i's because the transition patterns oftooth
those from S1 and S2 after sector mapping.

In general, the implementation of the presented space vector algorithm 3L6PSymSV

can be summarised as an illustration with a simple block diagram shown in Figure 4.14.
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4.3.2 Carrier -based PWM technique

The carrietbased PWM technique, commonly used for multilevel multiphase drives, is
based on irphase disposition (PD) technique introduce@arrara et al., 1992pgether with
the application of double commanodevoltageinjection as i(Grandi and Loncarski, 2014,

Lee etal., 2000) In adlition to its capability of offering the lowest THD compared to other
disposition technique@-ukuda and Suzuki, 1997, McGrath and Holmes, 2002) principle

of how it generates its switching signals are equivalent to the SVPWM techniquewere
levels increase in the first half of the switching period and decrease in the oth@Wiadf,
2002) Therefore, the implementation of PD together with double common waltkge
injection yields the same results as SVPWM technique as demonstrated feplthsee five
phase and sevegrhase thre¢evel caséDordevic et al., 2013a, Dordevic et al., 2013b, McGrath
et al., 2003)

Nevertheless, in case of a symmetrigatghase machine, there is a symmetry of the
sinusoidalvph waveforms (see Figure 3.4) and thus the application of double common mode
voltageinjection is not possible. More precisely, the application of common waithkege(as
in two-level case) or doublcommon modeoltageinjection will not change the shape\g,
waveforms. As a result, only PD technique without any injection i.e. PDSin is implemented for
the analysed drive topology. Therefore, the referepeaaveforms of PDSinvpn,ppsn) at m
= 1 are identical to the desiregh waveforms shown in Figure 3.4. Note that the maximum

achievablem for PDSin ismimax= 1, which is identical to 3L6PSymSV.

4.3.3 Simulation and experimental results

The PWM modulators of the presented 3L6PSymSV and PDSin are developed and
verified through simulation in Matlab/Simulink on the model of the symmetricablsise
machine with parameters as in Table 3. 2.
chose@ Vi is 100 V (which, according to (3.19), correspondsite 1 sinceVgc = 200 V). The
simulations are run for full linear rangeraf(from 0.1 to 1) with 0.05 increments in open loop
with unloaded machine. The simulation time is set to a large enalgh so that the machine
reaches steady state. Using (3.20), the phase voltage/ BAD phase current (THDtotal
harmonic distortions are calculated from the firearmonics, up to value bfthat corresponds
to 21kHz, i.e. the first ten sidebands.

The developed modulation techniques are also validated further through experimental

testing. A reatime platform dSpace ds1006 is used and the modulation techniques are
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3-Level 6-Phase NPC Inverter | |

Symmetrical G-phasé
Induction Motor
T

Figure 4.15: Experimental setup of thlegel symmetrical sbphase drive.

programmed using Matlab/Simulink. The experimental setup is shown in Figure 4.4B. Det

description of the setup is presented in Appendix B. Thieudcvoltage is set tdgc = 200V

using Sorensen SGI 600/25 external dc supply. There is no load attached to the machine. Tt

machine is driven using a custom made tHesel sixphase NPC werter switching at

fs=2k Hz . The inverter dead time is 6 &€s and

are validated in open loop for full linear rangeef

The reconstructed/iec (Viecred Waveforms of 3L6PSymSV ah = 1 are shown in

Figure4.16. It should be noted thates recare not part of space vector algorithm and they can

be obtained from the product of the applied switching sequence and its calculated dwell times

However Viecrecwaveforms are useful for visual comparison with cafi@sed methods. As
one might expédg the Viec rec Waveforms are identical tepn waveforms (see Figure 3.4). In
addition, one can also obtain the reconstrugigdvpn ) waveforms from (3.3). Since CMV
is a scalar value and does not affect the shapesgf.cwaveforms, the/pnrec waveforms are
also sinusoidal and identical e ec Waveforms, Figurd.16. The amplitude of thén rec
waveforms is equal to half &qc, which is in agreement with (3.19)rat= 1.

In Figure 4.17 and 4. 18, awliageudhase volage

r

€

components\{, Vo, Vx, VW, Vo and vo) and aphaser &nt wavefor ms

corresponding spectra) of the machine driven by an ideal inverter, for the 3L6PSymSV and

70



PWM techniques for threlevel symmetical six-phase drives CHAPTER4

[ | T
<Vul? 2 o~ —

-
[4)]

*
vLEG (rec) [V]

o
3

1.965 1.97 1.975 1.98 1.985 1.99 1.995 2
time [s)

Figure 4.16: Reconstructed reference leg voltagere. (i.e. phase voltagen ) waveforms of
3L6PSymSV am = 1.

PDSin, are shown. By observation of the timing was@fand spectra one can see that both
modul ati on techniqgues yield ident iabcaVvolrteas
(IValfund) is in agreement with (3.19), withafuna= 99.99 V i.e. half oV, at used value of
m = 1. Moreover, since, y and 0 axes components are controlled to zero in the developed
3L6PSymSV, as one might expect, the magnitudes ofdi@er harmonics which correspond
to x, y and 0 axes, are practically negligible when comparedvianp. Therefore, this also
results n having negligible correspondingleswr der har moadi ¢eel t agphas
waveforms.

For the sake of investigation of the ddade effect, the simulations weadsorepeated
with taking into account dedtme of 6us (which corresponds to the experimental setup). Both
modulation techniques again yielded identical results. The obtaujed vas slightly lower
than the one in ideal case, and the magnitude of'tHeaBnonic has also increased slightly,
which are known and expected effects of the dead filme obtain simulation resuli®. phase
@b Vv o itstampgoaents\y Vb, Vi, W, Vo' andvo) a n d adp hcausrer ebnt wavef o
their spectrajor SL6PSymSV and PDSjare shown in Figure 4.19 and 4.20, respectiv@éhe
can clearly see that the magnitude of the third harmonic has slightly increased in phase voltag
spectraand more appardugtin the current spectravhen compared to the ideal case.

The measuaded emhaod tage, phase voltage
VA, Va and ia, respectively, in the oscilloscope screen captarescorresponding sptra
whenm = 0.4 andm = 1 for both modulation techniques are shown in Figu2é dnd 4.2,
respectively. Clearly, both modulation techniques yield the same results. One can see the

[Vajiund Obtained using the developed 3L6PSymSYV is very clod4,toe. 40 V and 100 V, as
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Figure 4abl 7v.o |Pthaagsee, Op h a s ey v/ W Vy, Voaagdey), phasamdo n
current and corresponding spectra of 3L6PSymSYV for the machine driaridsal inverter

atm =1.
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Figure 4.18P h aabe viol t age, phas e;,ww\,vaagdy), phasapdo n

current and corresponding spectra of PDSin for the machine drivemitbgal inverter atn = 1.
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Figure 4 a6l 9v.o |Pthaagsee, Op h a s ey v/ W Vy, Voaagdey), phasamdo n
current and correspondisgpectra of 3L6PSymSV for the machine driveriryerter withbuilt-in

dead timeatm = 1.
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Figure 4.20: Phasie6 v ol t age, phas e;,ww\,vaagdy), phasapdio n
current and corresponding spectrd&@fSinfor the machine driven by inverteiith built-in dead

timeatm =1.
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shownin Figure 421(c) and 4.2(c), respectively In addition, one can also eséhat the
influence ofthe dead time on the value of the fundamental is more pronounced in the lower
modulation index region, as there arerm switching periods within a fundamental period.
Recall that the inverter dead time is not compensated at all.

Furthermore, although it can be seen that the low order harmonics are present in bott
phase voltage and current harmonic spectra, they atevebtasmall. Ideally, the low order
harmonics should not exist. In reality, this is not the case. The dominant low order harmonics
are the %, 5" and 9" harmonics. This is expected since the dead time is not compensated and
it leads to the appearancklow order odd harmonics wpn waveform(Jeong and Park, 1991,
Jones et al., 2009a)Moreover, the largest odd harmonic caused by the dead time!“the 3
harmonic, is mapped onto the dxis where the impedance is very low. This is because it
consists of only stator resistance and leakage inductance while the impedand#firpliuee,
where the 8 harmonic maps is much higher. As a result, this cortebto larger '8 harmonic
in stator current, as can be seen from the phase current haspenica (see Figure24(d)
and 4.2(d)). However, it should be noted that the difference of these low order harmonics (in
terms of magnitude) between the simulatand experimeat resultsis due totheinfluenceof

nonadequate parameter estimation of the used machine

4.4  Drive with two isolated neutral points configuration

In this section, PWM techniques for thieeel symmetrical sbphase drive with two
isolatad neutral points configuration are presented. Due to isolation of the neutral points, each
winding set can be controlled independently by using two identical -girv@ge PWM
modulators which are developed based on the established space vector algoritdamiemnd
based technique for thréevel threephase drives. The PWM techniques are verified through

simulation in Matlab/Simulink and validated through laboratory experiment.

4.4.1 Space vector PWM algorithm

Although the neutral point configuration is changbeé, numbers of possible switching
states andpn Space vectors remain the same, i.e. 729 and 665, respectively. This is becaus
they are only dependent on the topology of the inverter itself. However, in case of the drive
with two isolated neutral point#)e VSD transformation matrix becomes as in (3.21). The two
zero sequence axes are now denoted asd0Q, where the sulscript indicates the winding set

they arerepresenting. The projections @, space vectors onto these axes are shown in
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Figure 4.23: Projectionf viec andvyn space vectors of the analysed thieeel symmetrical six
phase drive with two isolated neutral points in th@Lplane.

Figure4.23. Note that th@rojections into the other planes p andx-y) remain as in Figuré.3,

i.e. 4.4. Further, each zero axis also represents CMV of the corresponding winding set.
Consequently, the low order harmonics of the ord@kdgk= 1, 3, ybill @o)exist.d e a |
Still, due to the isolation of the neutral points, each stator wirséhgan be controlled

independently using dual thréevel threephase space vector PWM modulators (D3L3PSV).
However, the reference waveforms between the two modulators should be spatially shifted by
60°. Themodulators are developed based on space valgorithm presented i(McGrath et

al., 2003)and themaximum achievablen for linear range operation is 1.164hich is the same

as for thregphase case).

4.4.2 Carrier -based PWM technique

The same idea also applies to the caivesed PWM technique. The winding sets are
also controlled separately using dual thieesl threephase modulators. The modulators are
developed based ofGrandi and Loncarski, 2014, Lee et al., 20@@)ere thregohasevpn
waveforms with doubleommon modevoltageinjection are comparetb carrier waveforms
based on PD technique (D3P2CMI). However, the reference waveforms of the modulators are
spatially shifted by 60 The vpn waveforms of these modulatorgfpsrzcmi ) atm = 1 are
shown in Figure 42 Themaximum achievabley for linear range operation of D3P2CMI is
also 1.154.
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Figure 4.24: Sinusoidal reference phase voltage waveforms with dual double common m
voltage injection(Vpnoer2cmi) for threelevel symmetrical sbphase drive an = 1.

4.4.3 Simulation and experimental results

Based on the D3L3PSV and D3P2CMI, two sets of PWM modulators are developed
and verified through simulation in Matlab/Simulink. In addition, they are validated further in
laboratory experiments for the full linear rangen®ffrom m = 0.1 tom = 1.154, wth 0.05
increment. The same setup as in the single neutral point configuration is used.

TheViec recwaveforms oD3L3PSVatm = 1 are shown in Figure 4£2As one might
expect, the obtainediecrec Waveforms are identical t@pnse2cmi Waveforms shown in
Figure4.24. Also, thevpn ecwaveforms, obtained from (3.6), are shown in Figu@s. Clearly,
the obtained waveforms are sinusoidal. Meanwhile, the simulation reful3L3PSV
(phasemi6 Vv ol t age, phas eyw W, Wivaando) c ampdoaperratase r (6
waveforms as welas their corresponding spectra) when the machine is driven by the ideal

T
XV, /25 r : : \ / - .

—
a
T

vLEG (rec) [V]
T

*

o
o
T

1.965 1.97 1.975 1.98 1.985 1.99 1.995 2
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Figure 4.25: Reconstructedference output leg voltage éc ) waveforms of D3L3PSV
atm =1.
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Figure 4.26: Reconsictedreference output phase voltagsn(e) waveforms of D3L3PSV
atm = 1.

inverter are shown in Figure #.2As for the results of D3P2CMlI, they are shown in
Figure4.28. Clearly, both resultare, as expected, identic@ince again, the influence of the
dead time was examined. So, @ieulations were repeated with dead time included. Both
modulation techniques still performed the same and the effects were as before.

The oscilloscope captures ghaser;d l eg voltage, phase
waveforms, as well as their corresponding spectra for D3L3PSV and D3P2CMImwhé
andm = 1, areshown in Figure 42and 430, respectively Not only that the waveforms for
both modulation techniques are identical, even their fundamental phase voltage and current at
practically the same. The magnitudes of the measured fundamental phage {afund), for
both modulation methods, are very close to the expected values of 40 V and 106\, Got
andm = 1, respectively. Finally, as the consequence of uncompensated dead time the low orde
odd harmonics can be observed. However, #reyof very low value in both pise voltage and
current spect.

Unlike in single neutral point case, therd voltageharmonicwhich maps into 0:-02
planetheoreticallydoesnot exist,since thisplane now represents CMWWf the winding sets
Moreover, thehird current harmonits simply unable to flow between the two winding deé
to the absence diie connection between theutral points As a result, the magnitudes of the
third voltage and current harmonics aignificantlylower inthis cases can be seen indtre
4.29(c}(d) and 4.30(c)d) when compared toigure 4.21(cYd) and 4.2%)-(d).
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Figure 4.27: Phases6 v ol t age, phas eyww,vpagdes,), phasam®d n

current and corresponding speafdD3L3PSVfor the machine driven bigealinverter atm = 1.
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