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ABSTRACT

During the past decade, there has been a considerable increase in the number of published works on
multiphase machines and drives. This increased interest has been largely driven by a need-for the so
called green energy, i.e. energy generated from renewgahlces such as wind, and also an increased
emphasis on greener means for transportation. Some of the advantdtigzase machines offer over
threephase counterparts are better fault tolerance, smaller current and power per phase, and higher
frequencytorque ripple.

This thesis examines use of a multiphase induction generator in wind energy conversion systems
(WECS). In particular, multiphase generators that comprise multiple8e winding sets, where each
winding set is supplied using an independ&phase voltage source inverter (VSI), are studied. It is
claimed that these topologies offer advantages in cases where a WECS is connected to a multitude of
independent ac or dc microgrids, systems where a singlevhlgige dc link is needed or where a
simple fault tolerance is achieved when a complete winding set is switched off. All of these examples
require an arbitrary power or current sharing between winding sets.

In order to achieve arbitrary current and power sharing, the control can be imgemsing multi
stator (MS) variables, so that the flux and torque producing currents of each winding set can be
arbitrarily set. As an alternative, this thesis uses vector space decomposition (VSD) to implement the
control, while individual winding set fiitorque producing currents are governed by finding the
relationships between MS and VSD variables. This approach has all the advantages of both MS and
VSD, i.e. access to individual winding set variables of MS and the ability to implement control in the
multiple decoupled two dimensional subspaces of VSD, while heavy cross coupling between winding
set variables, a weakness of MS, is avoided.

Since the goal of the thesis is to present use of multiphase machines in WECS, modelling and
simulation of a simplenultiphase WECS in badio-back configuration has been performed at first. All
systems relevant to machine control where considered, such as grid and machine side VSis, grid filter,
indirect rotor field oriented control, current control in both flux/torgueducing and noproducing
subspaces, low order harmonic elimination, maximum power point tracking control, and voltage
oriented control of the grid side VSI. Moreover, various WECS supply topologies were considered
where developed current and power sigawould be a necessary requirement.

Development of the proposed current sharing control commences with an analysis of multiple 3
phase machine modelling in terms of both MS and VSD variables. Since the actual control is
implemented using decoupled VSDriadbles, VSD modelling has been studied in detail, resulting in
an algorithm for creation of the VSD matrix applicable to any symmetrical or asymmetrical multiphase
machine with single or multiple neutral points. Developed algorithm always decouplestiiraniato
orthogonal twedimensional subspaces and zero sequence components while making sure that all odd
order harmonics are uniquely mapped. Harmonic mapping analysis is offered as well. Next, relationship
between MS and VSD variables has been devdityyemapping MS variables into VSD subspaces.
Since VSD matrix creation algorithm is valid for any multiphase machine, relationship between MS
and VSD variables ispplicable to any multiple-Bhase machine regardless of the configuration
(symmetrical/asymmetrical), number of neutral points or machine type (synchronous or induction).

Established relationship between MS and VSD has been used to implement current sharing control
in decoupled VSD subspaces of the machine. It is shown that in order to aatbigraeyacurrent
sharing it is only necessary to impose currents in flux/torquepnasfucing subspaces. Hence, total
machineds flux and torque are not affected at
topologies are experimentally investigd, a parallel machine side converter configuration and the case
when a single high voltage dc link is created by cascadhtigkikeof the machine side VSis. In the first
case the ability of arbitrary current sharing between winding sets is validatiéslflvehsecond tested
topology demonstrates use of the developed control for the purpose of voltage balancing of the cascaded
dc links.
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Chapter 1

INTRODUCTION

1.1 Preliminary Considerations

The ®arch foralternativeenergysourcess of the utmost importance féne mankindespecially
when most of the currently generateldctricalenergy comes from fossil fuels such as coal and oil.
Fossil fuel reserves are limited and thegage polluteshe air, water and soilRenewable energy
sourcesan offer a solution to many of the problems associated with fossil Tirdsmergy delivered
to the Earth from theun is manifested in different ways. Tidal, wind and light energytte¢hree
renewable energy sources most frequently ugédd energy has beconmne of thefastest growing
renewable energy soucpNu et al., 2011]As aconsequenceahe demand for efficient and robust
wind energy conversion systefWECS) is growing.

Successful operation @fwind turbine depends ananyfactorssuch asheavailability of the wind,
mechanical construction of the turbine, ease of accesthardectrical subsystenidvancements in
the mechanical subsystem are mainly relatethe impovemens of the gearbox design in order to
increase its reliability. Further, it is possible to completely remove it by use of low speed high pole
number synchronous machinks far asthe electrical subsystem is concerned, many improvements
have been madever the years iterms of the efficiency and robustneasfsthe electrical systems
Namely, in the last 20 yearshere have beeadvancemestin switching technologydigital controland
electric generator design

The earlyWECS comprisedwind turbineswith 3-phase induction machines used as a generator
[Singh et al (2006)]. These were fixed speed WE©DSBsequentlyheywereable to work in a narrow
wind speed range and the generator itself was completely uncontrolled. A small amount of control was
achieved by pitch and stall control of the wind turbine bladieg. capability of these systems to extract
the maximum possible power from the wind regardless of the wind conditions is veryitwthe
development of high powesemiconductorswitches and ditpl signal processors (DSR power
electronics started to be usedWECS They madat possible to use variable speed driireSVECS.

This hada huge impact on the efficiency of the WECEhe operational wind speed range was
significantly increasd and WECS becamanore controllable to accommodate different operating

conditions and strict grid codes.
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Voltage source inverters (VSI) are usually used in variable speed drives due to their simple
construction. If high performance operation is required, sugirexssion speed or position control,
usage of a digital signal processor is usually mandatory. Variable speed operation of the electrical
machines is not beneficiahly for WECS. In almost any industrial application a lot of energy can be
saved with vadble speed drives. For exampleheating, ventilatiorand air conditioningHVAC)
system has huge improvement in efficiency if its compressor has variable speed. A lot of electrically
driven machinery has peak efficiency at different speleghending orits operating condition. On the
other hand, in some applications variable speed is mangatrigefore inverter control was developed
variable speedrives werébased on dc machines which were unreliabinly due to the commutator
and carbon brushes.

Historically speaking3-phase machines were the first ac machines to be used in variable speed
drives. Due to thé&-phase grid3-phase machines are the most researched ones and it was easy to
implement variable speed operation once the high power $mgtd¢hchnology and digital signal
processordecame availabléOne of the major issues with thepBase machines is that they are not
inherentlyfault tolerant meaning that when one of the phases fails usually the machine needs to be
stoppedA special mahine and/or inverter design would be needed to makpt@a8e machine fault
tolerant.Furthermore, when &phase machine is used in high power applicatidue tothe voltage
and current limitsa special winding construction is necessaPRurthermore, He limitations of
semiconductor devices lead to a requirement for increasingly complex inverter structures

Multiphase machines offer solutions to the aforementioned issues. Uthedbmachineshave
multiple 3-phase winding setsr a prime number of phaesgreater than 30ne of the obvious
advantages is that power is shared between more phases, meaning that power per phase is smaller and
there is no need to use special winding designs [Tessarolo (201€b#n expensive Roebel bars
technology Moreover,simpler inverter structures wiwitches ofillower rating can be used, resulting
in a cheaper system. Another huge advantage of the multiphase machines is fault tolerance. Machines
with more than three phases can operate with reduced capacitydf omae phases are lost due to a
fault. This is especially cruci&r operationin critical applications such as meegectric aircraft.

Regardless of the number of phases, an inverter decapiaachine from th8-phase grid. Hence,
themachine phase number is a design parameter available to the erigitially, researchers used 2
level voltage sourcénvertersto supply the multiphase machiriRecentlymultilevel invertershave
gained research intergBtordevic 2013] with the primay aim being to increase the power and quality
of the output waveformsMultiphase machines aparticularly well suited t@pplications requiring
high power high performance variable speed drivesch as traction, ship propulsion, WECS, more
electric arcraft andotherhigh power industrial applications [Levi et al (2007), Levi (2008)].

With requirement of variable speed operation and mud#tgawatt power ratings, WE@%e andeal
candidate for multiphase machines. More than three phases will leasistpdeer per phase and

inverter switches of the lower rating resulting in cheaper and easy for maintenance inverter design.
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Faulttolerance capability of the multiphase machines is ideal for offshore wind farms where
maintenance is not easily available ankry stop in operation is costly. Furthermore, mechanical
gearbox which izommonly apart of the WECS, benefits greatly from the lower torque ripple of the
multiphase machine.

Regarding the machine type, the most frequently used machines in WECS acéomd
synchronous with wound rotor and permanent magnet machines. Asynchronous machines with the slip
rings are predominantly used as a doubly generator wherthe rotor winding is supplied from a
smaller capacity convertdn this case,le control&bility of the machineluring the grid faultan be
challenging when comparéd a fully controllable drive with a converter that is rated to handle the full
power of the driveThis is the most frequent machine type used in WECS [Wu et al (2011)]. Aatlawb
of this system is an expensive rotor and slip rings maintenance issues. On the othérotmand
permanent magnet asdgeinduction machines benefit from the brushless operdsioth types require
a full capacity converter, but in retutimeir fault ride-through performance is superior when compared
to DFIG. When compared witta permanent magnet machine, larger rotor losses of the induction
machine are usually insignificant whéme robushessand low cost construction of the induction
machine rotors taken into consideration.

The canectionto themain grid in the large offshore wind farmssemetimeanade via a high
voltagedc link. Whena multiphase machingith multiple 3phase winding sefs used as a generator
morethan one3-phaseconverteris used to supply the machine andligher dc-link voltage can be
achieved without stepp dedc converter. For example, irbgphase machine tw@phase VSls can be
used withdclinks connected in series [Che et al (2012b)]. As a rdaheltotaldc voltage will be twice
the value ofthe individual inverters dc-link voltages. There is always wadeoff and in this

configurationthefault tolerance of the machine is compromised.

1.2 An Overview of Multiphase Machinesin WECS

Due to the unavailability fathe high power switches, firstly developed WECS had used constant
speed induction motor as a generator and their speed was governed by the grid frequency [Blaabjerg
and Chen (2006)]. This configuration ltasadvantage of robust and simple constructiout,the lack
of control has a consequence of very naroperationakpeed range and high mechanical stress.

With the advancement in switching devices technology and development of energy efficient
inverters, industry has moved to the variable speed WEKRESdoublyfed induction generator (DFIG)
offers an alternative solution to WECS requiring full capacity converters. In this configuration the stator
windings are directly connected to the grid, whileeduced capacity converter is usedstpplythe
rotor windings.The smaller convertalso brings disadvantages such as: wound rotor, slip rings and
smaller wind speed rang®n the other hand, induction generator with the squirrel cage rotor needs full
capacity converter, but in return providagoeriorfault ridethrough performangeobust construction

andalmost maintenanekee operation. Currently, the mostly utilized variable speed WECS are doubly

3
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fed or full capacity with induction or synchronous gexwer [AnayalLara et al (2009)L.iserre et al
(2011)].

The aimof this research is to explore the use of multiphase induction machines with full capacity
converter in WECS. With its simple construction, induction machine is the machine of choice due to
the robustness and low production and mainteneosts. When compared to tBghase counterparts,

a multiphase machine has many benefits, such as lower power/current per pihdaal#olerant
operation [Levi et al (2008)]. In addition, machines with multiBl{phase winding sets have an
advantage ofisingwidely available and wellinderstood3-phase inverters. Furthermore, series or
parallel connection of these inverteasables use different topologies; hence various application
specific requests can be accommodaither advantagesf multiphasemachines ovethe 3phase
counterparts have been reported in [Tessarolo (2010a)], where it is shown that production cost and
complexity of the high power multiphase machines are less when compare®{phthse ones. This

is mainly due the fact that mighase machirehave less current pghase and do not need special
winding constructionOn the other hand, aghase machine is a very w&hown and an ofthe-shelf

solution with a vast knowledge base on design and actual production psoaesidabé. Furthermore,
adoption rate of multiphase machines in wind energy is very low and each application would represent
a reach into unknown where design and production might be costly and challd@tngirefore, all these
circumstances need to be taken icbasideration when developing a raadrld multiphase WECS

When modelling of multiphase machines is concerned, three modelling approaches are usually used:
phase domain modelling, vector space decompositiorttenchulti stator (MSnodelling approach.
Modelling in phase variables is the simplest and most straightforward way. Nawrpélsgse machine
is modelled in its natura-dimensional space [Dordevic et al (201@[disadvantage of this modelling
approach is itcomplexity and very difficult impleentation ofany high performance control, i.e.
vector controlContrary to the modelling in phase variables, when transformation to arbitrary reference
frame is applied machine equation are simplified. Vector space decomposition (VSD) can be applied to
demuple machine equations into flux/torque producing andproducing subspaces [Zhao and Lipo
(1995)]. As a result, flux/torque producing subspace will be used for high performance vector control,
while nonproducing subspaces may be used for some sppuifoseslike fault tolerance [Che et al
(2014b)]. Of course, depending on the number of phases and whether the machine has one or multiple
isolated neutral pointsa different transformation matrix will be used [Levi et al (200T}je hird
modelling gproachis only applicable tanultiphase machines with multiple winding sets and it is based
on applying decoupling transformatiémeach of the winding sets [Nelson (1974)]. As a resalth
winding set can be independently controlled, but the disadgaris that it is hard to explain stator
current harmonic content since this approach does not consider flux/torgpeodoging components.

The use of this approach has disenreported for thé&-phase case in [Jung et al (2009)] whag

phase machmis used iran ultra-high speed elevator. Comparison of & and VSD modelling
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approaches for thé-phase case has been presented in [Che et al (2014a)], where the currents in
flux/torque norproduchg subspaces are presentedieilating currents bateen winding sets.

Due to its simplicity, the most researched inverter ty@déwsel voltage source inverter. Realisation
of modulation strategies for VSI supplied multiphase drives varies. Firstly, developed modulation
strategies were based on 180 degreonduction mode, but development of high speed high power
switches has enabled pulse width modulation (PWM) strategies to be implemented, specifically, carrier
based PWM (CBPWM) and space vector PWM (SVPWM). Since CBPWM is based only on comparing
the rderencea with a carrier, it is easy to implemerggardless ofhe number of phases. On the other
hand, SVPWM requirescomplex dwell time calculation algorithm even for 8iphase drives. When
extended to multiphaseystems complexity of SVPWM implementation gets more pronounced
because the number of possible switching vectors is increaseleaiwiell time calculatioabecome
increasinglydemanding.

A detailed analysis 0B-phasePWM strategies is given in [Holmes and &if2003)]. For the case
of a 6phase induction machine with two isolated neutral points, comparison of the CBPWM with
different SVPWM strategies has been presented in [Bojoi et al (2002)]. When the multiphase machines
with nineand fifteen phases are conoed, work on CBPWM has been reported in [Dong et al (2008)]
and [Benatmane and McCoy (1998)]. On the other hand, SVPWM is widely implemented B both
phase [Dujic et al (2007a), Zhao and Lipo (1995), Prieto et al (20108-phdse [Dujic et al (2007b),
Grandi et al (2007a), Kelly et al (2003)] cases. Another inapbiparameter to consider is thelidk
voltage utilization. It is well knowthat SVPWM has 15.4% better-tiok voltage utilisation thapure
sinusoidal CBPWM for 3-phase systems. When extied to multiphase systems,-liftk voltage
utilisation is highly dependent otihe number of phases, whether the machine is symmetrical or
asymmetricaland the number of neutral points [Dujic et al (2Q1@Vi et al (2008)].

To be able to fully utilise available wind powerit is mandatory that the used machine has high
performance speed or torque contial.almost dl cases of variable speed WECS where induction
machine withcage rotor is useaontrol of choice igheindirect rotor field oriented¢ontrol (IRFOC)

[Wu et al (2011)].In the case of the multiphase machin&~OC is implemented by obtaining the
flux/torque producingl-g components by means thfe VSD or MS modelling approaches. For tbe
phase machine IRFOC implementation has beerrtegbon [Singh et al (2005a)], while in the case of
a9-phase machine the same has been done in [Hu and Yung (2011)].

In any high performance control strategy, it is of the utmost importance to have high speed current
controllerswhen compared tdhe mechaical time constastof the systemThe arrent control
algorithms used for multiphase machines vary. It is necessary to control currents in all sullspace
to the very low impedance in the flux/torque mpeducing subspaces huge currents can be grésen
to the asymmetry of the machine phases [Jones et al (2009)]. One of the possible solutions is to have
two PI regulators ind-q reference frame and resonant regulatorx-inplanes tuned at specific

harmonics [Che et al (2014c), Yepes et al (201@)pther solution to current control is proposed in
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[Bojoi et al (2003b), Hua et al (2006)], where machines with multiple winding sets were maatigd

the MS modelling approach and current control has been done in each afghsubspaces.
Alternatively, current control of the subspaces can be achieved by the multiple resonant controllers
[Yepes (2011)]. It was concluded in [Holmes et al (2012)] thathallinvestigatedurrent regulator
typeswill produce similar results whenrgperly tuned.

One of the benefits of the multiphase machines when usedsha& WECS is their fault tolerance,
meaningthat they can continue to operate with reduced capacity even if one or more phases is under
fault. This is of great importance whehe WECS are located in areas where easy access for
maintenanc@urposess notpossible The cetection of the faults in multiphase machines by the means
of analysing flux/torque neproducing subspaces has been proposed in [Zarri et al (2011)]. A number
of different solutions foloperationunder faultconditionshave been proposed. The simplest one is to
switch off the entire winding setontaining thefaulted phase in the machines with multiple neutral
points [Alberti and Bianchi (2012)]. Other solutigm®pose changen the control ssthe MMF is kept
at rated value [Fu and Lipo (1994)], minimisation of the losses in the remaining phases [Apsley (2010)]
and minimum torgque oscillations [Tani et al (2012)]. Another, very popular method is to ¢hange
transformation matrix to accommodate lost phases [Deilmani et al (2011)]. Alternativelgame
decoupling matrix can be usdaljt references to the current controllers-yplane should be changed
according to the present fa{@he et al (2014a)].

The onverter topologies used in WECS vary depending on the configuratioe\WECS itself. If
theWECS is connected to the loadlink of a wind farm or the highioltage cable than only machine
side inverters are used. On the other hand, if WECS is cauhdikctly to the grid then use of the
grid-side inverter is mandatory. Nevertheless, whenultiphase generator is used, there are many
possible inverter configurations to accommodate specificandizanely, if the machine has composite
number of phasesultiple inverters can be used on the machine siddc links of the inverter are
connected in parallel better fault tolerance and modularity is achieved [Sun et al (2015), Andersen and
Birk (2007), Brisset et al (2008)Pn the other hand, if thdc links of the inverters are connected in
series, high voltage level can be achieved which is highly desirable for offshoréawirsdregardless
of the actual connection to the mainland, i.e. HYDC or AC connection [Blaabjerg et al (2006)]. It should
be poirted out that despite all of the advantages of HVIDGegality there is only a handful of wind
farms that use this technologyeries connection of the inverters has been proposed in [Duran et al
(2011), Che et al (2012b), Che et2014b)]. Solutions fothe gridside inverters vary, but usually it is
required to use multilevel inverters to accommodate strict grid codes. Due to its simple construction
and easy control, one of the widely used multilevel inversaf thenneutral point clamgd (NPC)type
[Nabae et al (1982)].

Control of the grid-side inverter is usually dongsing thewell-known voltage oriented control
(VOC), where two PI current regulators in synchronous reference frame areplussshe Pl voltage

regulator fordc-link voltage contro[Blaabjerg et al (2006)]. Grid connected inverters require a grid
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synchronisation which is usually achiewgginga phase locked loop (PLL). PLL grid synchronisation
techniques with regard to the grid voltage and phase unbalances are proposed in [Q0&)gC20ng
(2000b), Arruda et al (2001)].

In every WECS the outer control loogtliemaximum power point tracking (MPPT) and it is related
to the characteristics tiewind turbine. Depending on the wind speed and turbine profile, MPPT wiill
provideatorque or speed referencethatthe optimal tip speed of the turbine blades is achieved [Wu
et al (2011)] This results in thenaximum power biag extracted from the available wind.

1.3 Research bjectives andNovelty

The am of this research is to explothe application omultiphase induction machines to wind
energy conversion systamwith the intent to develop current and power sharing between winding sets
of multiple 3phase machines that can accommodate rather different supply topologies and power needs
The dorementioned will be achieved by completing the followafgectives
1) Todevelop machine model using various modelling approaches: phase vamaltiegator (MS)

and VSD.All models should be developed fageneraln-phase case, with exceptiohthe MS
which is developed only for multipleghase machines. Furthermore, used VSD matrix should be
generalised so that it can be applied to both symmetrical and asymmetrical configukatidysis

of harmonic mapping and comparison of modellingrapphes should be carried astwell

2) To devebp a model of the complete WECiBcluding MPPT control, IRFOC, VOC, both grid
side current contrand synchronisation and machiside current condl including current control
of fundamental frequenogomponentsn a-6 andx-y subspaces and resonant current control for
low order harmonics eliminatiofrurthermore, models of machis&le 2level VSI and grieside
3-level NPC VSI should be implemented together with appropriate modulation techniques.

3) To urderstand the relationship between VSD and MS modelling approaches, so that the benefits
of both can be utilised. This will enable access to both MS variables, which hold information on
currents in individual winding sets, and decoupled VSD variables, weadies control
implementation.

4) Use the relationship between MS and VSD modelling approaches to develop arbitrary current and
power sharing between winding sets of multiplphZisewvinding machines so that @¢an be used
in a general case.

5) One of the posble uses of developed power sharing between winding sets is to balance voltages
of the cascaded dtinks supplying the multiphase machine with isolated neutral points. This
application will be explored and a-tiok voltagebalancing controller developed.

6) Develop an experimental prototype to verify proposed theoretical concepts and the developed
control algorithms. Compare the results with the numerical simulations and analyse the

performance.
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The novelty of the conducted work comes from the completion of the objectives mentioned above.
Starting with the modelling of the multiphase machines, an algorithm for the creation of VSD matrix
for any multiphase machine has been proposed resultingiiic [&taal 0178]. In addition, unbalance
in the zeresequence harmonics of the phase voltages in the case of asymmetrical multiphase machine
with single neutral point is reported in [Zoric et al (2016)]. Analytical expression for unbalance in phase
voltages that existeven if the leg voltages are balanced is found. When it comes to the current and
power sharing technique, a review of power sharing techniques between winding sets of a multiple 3
phase machine resented in [Zoric et al (20)]7The curent and power sharing has been developed
for any multiple 3phase machine ifZoric et al 01&)]. Here, a relation between MS and VSD
variables is found so that benefits of both modelling approaches can be utilised to the full extent, i.e.
decoupled comol of VSD and information on individual winding set variables of MS modelling.
Developed current sharing has been extended so thatthatid g-axis winding set currents of any
multiple 3phase machine can be arbitrargget. This allows independent cuopit of flux/torque
contribution of each winding set to the total flux and torque of the machine. Results are regported
[Zoric et al (2018b)].The developed power sharing technique is used to baladoekdmltages of
cascaded VSIs supplying a symmaeidtigphase machine resulting jZoric et al 2017

1.4 Organisation of the Thesis

This thesis is divided into 8 chapters as follows:

Chapter 1 provides an introduction to the wind energy conversion sabtehmultiphase machige
in general. A brief discussion of the advamtsgnultiphase machines possessr 3phase oneswith
regard to application in WECE offered. This chapter is completed with list of resealsjhctivesand
discussion ohovelty and organisation of theetis.

Chapter 2 provides a ditature survey of current statéthe-art in multiphase machine drives and
their application in WECS. The literature covered deals with multiphase madhingeneral,
modelling, modulation techniques, current control, cureerd power sharing between winding sets,
fault tolerance, converter topologies and finally the control systems required for operation of a single
WECS.

Chapter 3 introduces WECS and sets the context of the thesis by providing the possible applications
of the developed control strategies. All necessary subsystems, relevant to the multiphase machine
operation in WECS, are covered, such as: wind turbine blades, pitch control, geddvexn2achine
side VSI, 3level gridside NPC VSI, IRFOC, VOC, PLL for gr synchronisation, MPPT control and
various current control schemes. Different WECS topologies where a multiphase machine is used as a
generator are covered showing applications where use-phas® machine would not suffice.

Chapter4 deals with the maelling of the multiphase machines in phase variables, by multi stator
modelling approach and by the use of VSD. In order to develop VSD modellengeneral case,

creation of VSD matrix has been dealt with in this chapter as well. Most importantlghtpser
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provides analytical relationship between MS and VSD variables, which sets the basis for current and
power sharing developed in the following chapters. Furthermore, it is shown here that there is an
imbalance in zergequence phase voltages andents of an asymmetrical machine with single neutral
point even in the case of balanced leg voltages.

Chapter 5 develops current and power sharing techniques between winding sets of a multiphase
machine. The relationship between MS and W@Dables detadd in chapter 4f the thesis is used as
a starting point. Arbitrary current sharing is developed in both statiomaty énd synchronously
rotation @-g) coordinates. Further on in the chapterrent/power sharing in rotational coordinates has
beenverified on the example of asymmetricapBase induction machine by simulation and experiment.
Two different current sharing modes were developed and tested. The first one equally varies both
and g-axis currents of each winding sets, while in the second dasend g-axis current are
independently changed.

Chapter 6 explores one possible use of developed power sharing tecArBepiease machine with
three isolated neutral points is suppliedthiple 3-phase VSI with cascaded &inks. This topology
provides benefits of having a single high voltagelidk which easies stepp conversionusually
mandatory in high power WECS. The developed power sharing technique is employed here to balance
individual declink voltages. Operation of symmetrical configuration is checked by numerical
simulation, while asymmetrical one is verified by the experiment.

Chapter Bummarisethe work done in the thesis and provides conclusions. In addition, possibilities
for future work are discussed in this chapter as well.

Chapter 8 provides list of references used in the thesis.

The last part of the thesis consists of appendiceghere sora important derivation and
implementation codeare presentedirst (Appendix A). A description of the experimental setup
including hardware and softwaie detailednext(Appendix B) Lastly, publications resulting from the
thesis are listed (AppendiX)C



Chapter 2

L ITERATURE SURVEY

2.1 Introduction

This literature survey is focused on the application and control of multiphase machines in wind
energy conversion systems (WECS)he pincipal topics covered are modelling, modulation
techniques, current control, current sharing between winding sets;tdi@sant operation, and
converter cofiguration possibilities. Even tlugh this literature survey primarily deals with multiphase
machines, it is necessary to include otaspectof WECS as well. Hence, maximum power point
tracking (MPPT), wind turbindasic operation, voltage oriented control (VOC), rotor field oriented
control and grid synchronisation are covered. Multiphase machirpsstafularinterestin WECSare
6-, 9-, 12- and15-phase induction machia@ both symmetrical and asymmetrical configuratidrse
6-phase machine is the most researched multiphase machine; hence, the matbatyitefature
discussed here considéhis type of multiphasenachine.To begin, it is convenient to provideshat
review of multiphase machines and WECS in germfairemoving on to a more detailed examination
of thespecifictopics mentioned earlier

One of the reasons for considering wind energy applications laye fact thatit is one ofthe
fastest growig renewable energy sourseln 2015the annual growth of newly installed wind power
reached 63 GW [REN21 (2016)[he size ofwind turbineshas also increased with machinesto®
MW now being offered by major manufactur§semens AG (2016), MHI Vestd2014)]. Although
in terms of installed capacitye majority of WECS use thephase dobly fed induction generator
[Ma et al (2015)], high power requirements @melability to continue operating under fault conditions
has set multiphase machines d@schnologicallyiable sdution, especially the multipl8-phase ones
[Vizireanu et al (2007)]Alongside multiphase WECS, othapvel solutionscan be found in the
literature These include superconducting wind generators [Wang et al (2013), Wang @14),(2
integrated ac/dc generation [Feifei et al (2012)], do@gdmase machirsewith dissimilar number of
poles per winding set [Munoz and Lipo (2000)] aadcaded generator usage [Kato et al (2001)]. None
of thesesystemdhas attracted much attentiaor the point of view ofealworld WECS andsothey

will not be considered further.
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The kasicoperatingprinciples of WECS can be found in [Wu et al (2011)]. Both mechanical and
electrical subsystesnare consideredincluding turbine characteristics, WEGSassification grid
synchronisation, and machine control for differeypies of 3phase generaterSome of the earliest
applications o WECS were based ahe self-excited3-phase induction generat@imilarly, use of
selfexcitedé-phase inductiogeneratom WECSisexaminedn [Singh et al (2006), Singh €t@009),
Nounou et al (2014)]in thesecases, considered WECS supplies isolated loadt isea standalone
power systenconfiguration.

A comprehensive survey of multiphase machines ireg# is available in [Levi et al (2007), Levi
(2008)]. Some of the covered areas are: basic characteristics of multiphase machines, advantages over
3-phase ones, modelling, harmonic mapping, modulation techniques, current contralridietdd
control,voltage oriented control, direct torque control, faalerant operation and multhotor drives.
Another survey paper [Parsa (2005)] consideesidvantages of multiphase mactgsech asmaller
perphase current, lower torque pulsation and improvddhiéty. Benefits of multiphase machines
regardingwinding constructioimanufacturingare investigated in [Tessarolo (2010b)]. In addition,
more recenteview papersdiscussingnewly published research in multiphase machine drines
becomeavailable [Barrero and Duran (2016), Duran and Barrero (2016)i (2016)].

2.2 Modelling

Successful control of multiphase generawwith multiple 3-phase windingsaturally requiresan
appropriate mathematical model. The most obvious way of modelling would be to model the machine
in phase domain [Dordevic et al (2010¥].doing so, am-phasdnductionmachine is represented with
phase variables artte resultingnodel consists of¢  p nonlinear differential equations with time
varying coefficientsClearly, the poblem with this approach is the model complexity, which mékes
design andmplementation ohigh performanceontrol algorithms very difficult.

To overcome the complexitthemodellingprocessisually employs transformatisto simplify the
equations [Nelson and Krause (1974)] and therefore the control algorithm. This kind of modelling is
based om method proposed [Rark (1929)] whera 3phasesynchronousnachine is resentd in a
synchronousotating reference framag-0. In the case of multiphase machines with multgfghase
windings, the modelling isundertakenusing multipled-q transformations. For example,6aphase
induction machine can be modelled udingso-called doublal-g approach [Lipo (1980)]. This method
considerss-phase machine as tvidsphase machines. Two separétg transformations are applied to
the double3-phase windinggquationsresulting in two separate flux/torque producing subspaces. An
example of the doublg-qg modelling can alsbefound in [Singh et al (2005b)], wheass-phase self
excited induction generator is modelledsing this approachTwo pairs oftorque/flux producing
currents irthedoubled-q synchronous reference frame at#ained. By aligning thd-axis of obtained

reference frame with t he machi neods rotor fl ux,
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corresponds to the rotor flux oriented control (RFOC) 3gphase machines, so thikecurrent
components will comol machine flux andy-current components will control machine torgnea
decoupled manneirhe added complexitys that, in the case & 6-phase machine, twd-q current
controller pairs are neededid there is a coupling between two setd-qfequatians; hence additional
decoupling isrequired Themultiple d-g modelling approach has bealsoappliedto machines with

more than tw@-phase winding setdn [Jung et al (2009)] an ultfaigh speed elevator usin@ghase
machine is presentedriple d-q transformation is used to model the machine; hence, three current
controller pairs in thel-q reference frame are used. Another example can be found in [Rubino et al
(2016)] where al2-phase machine is modelled and controllsd application of aquadryle d-q
transformation.An unfortunate ensequence of modelling the machinging multiple flux/torque
producing subspacésthe presence of heavy cragsupling between subspace equations [De Camillis
et al (2001)]In addition, due to the neideal natwe of the machine and convertewtorder harmonics
canappear in each subspace and their elimination is notteaasghieve.A solution for this isto
introdue an additional tansformation to diagonakzthe inductance matrix [Kallio et al (2013)]
Furthermorewhen there are more than t@ahase setsl-q axes of each set are not decoupled due to
the coupling of stator leakage flux [Tessarolo et al (2013a), Tessarolo et al (2013b)]. This will take
effect if the current amplitudes ithe 3-phase satare different due tany imbalance between sets.
Finally, goart from tlese issuesit is obvious that with multiple-phased-q modelling approach,
machines with number of phases different than multiple of three cannot be modelled.

Multiple d-q modelling approach represents application3p has e Par kdé s totar ansf o1
specific type ofamultiphase machine (6, 9, 12, etc. phasetereP ar k 6 s t r a n3sphaser mat i o |
Clarkeds decoupling t arearbigdryaoafereace frasna Hol wesv erro,t aQli aor
transformation is a special casé the symmetrical components theory originally developed in
[Fortescue (1918)F or t e s ¢ u eah be appéettblary d-phase machinas discussed ifwWhite
and Woodson (1959)]. This theory has basad to model &-phase induction machine in [Zhao and
Lipo (1995)] leading tehe sacalled \ector space decomposition (VSD) modelling approach. The VSD
is based on transforming originaldimensional space into new2 (n-even number) om¢1)/2 (n-odd
number) orthogonal subspaceBhe machine equations aredecoupled ito a single flux/torque
producing subspace, multiple flux/torque moducing subspaces amzérosequencecomponents
[Levi et al (2007)]. Electranechanical energy conversitakes placen the firsta-b subspace, while
components in other subspacesy) andthe zerosequence (z) only produce losses. This feature
provides better insight into machine operatimmoves the need for complicated decoupling systems
and easethe design andnplementatiorfor the control algorithmObtaining a VSD transformation
matrix for symmetrical machines is straightforward and is developed from symmetrical components
theory [Levi et al (2007)]. However, findinghappropriate transformation matrix fasymmetrical
machinesis less straightforwarénd multiple solutions have been proposedTessarolo (2009a),
Tessarolo (2009b), Abbas et al (1984), Rockhill and Lipo (2009), Rockhill and Lipo (2015)]. All of
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them produce the same or very similar transftion matrices and have in common that-odier
harmonics are uniquely mappiedo the subspaces.

Comparison betweethe double d-q and VSD modelling approaches for asymmetriggdhase
induction maching is presentedn [Che et al (2014c)]lt is shownthat the currents in the nen
flux/torque producing subspace can be physically interpreted as circulating currents betweethe two
phase sets. Asymmetries between3iphase sets will be visible as fundamental frequency currents in
the nonflux/torque poducing subspac@hese currents can hagi#ferent sequences depending on the
nature of the asymmetry. Thigrk has been extended to any symmetrical multiphase machine in [Liu
et al (2016)]. It is shown thatpair of current controllers in each subspeae mitigateheimbalance
originally present in phase values.

Another, recently developedapproachto multiphase machine modelling has been reported in
[Zabaleta et al (2016a), Zabaleta et al (2016)E work is part of a parallel research streanmhi® t
thesis and is a PhD research project exploring multiphase PMSGs for WE@8s#mation similar
to VSD has been obtained by uS3he fuptbrquenprddacing | e
subspace is the same as in the case of VSD. Howbeery subspaces contain informatiaboutthe
differences between flux/torque producing components in each winding set. This approach provides the
benefits of VSD modelling,e.decoupled machine equations, but witeaddition of having the ability
to influencethe contribution of each winding set to the total flux and torque produdtiomever,

unique harmonic mapping, available witlsD, is lost.

2.3 Modulation Techniques

In the early days of power electronics, due to the unavailability of fast switchihgchigent
devices,the first variable speed machines were supplied by inverters with 180 degrees conduction
mode. One of thearlyexamples of thisupplytechnique applied to multiphase machines can be found
in [Nelson and Krause (1974} 6-phase indu@n machine was considered in both symmetrical and
asymmetricalwinding configuratiors. It was found thata machine in symmetrical configuration
behaves in the same manner as3iphase machine, while in the case of an asymmetrical machine
lower torque and current ripple was observed when compare8phiase counterpargimilarly, 180
degees conduction mode was explored@oand9-phase induction machines in [Kats (199MHthe
results were compared wigtsinusoidally excite@-phase machiné more detailed analysis is offered
in [Klingshirn (1983a), Klingshirn (1983b)] where various configurations of multiphesshinesvere
compared in terms of torque ripple productiohhe first paper deals with theoretical consideragjon
while the secondorovidesexperimentalalidation In [Wei et al (2014)] effestof current harmonics
on magnetanotive force and consequently on machine torque have been andliigetheorywas
testedusingfinite element simulations. With the advent of high power {sgbed switches, this type
of modulatiorhasbemme obsolete due to the hiparmonic content aurrentsand torqueNowadays,

high power machines can be supplied usmaggulation techmjuessuch asspace vector pulseidth
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modulation (SVPWM) and carridrased pulsavidth modulation (CBPWM) albeit at sub Kz
switching frequencies

The SVPWM technique has been widedgearchdfor multiphase machines. In combination with
VSD modelling it provides good insight into machine operatiand converter control algorithm
developmentSVPWM offers neasinusoidal output waveforms, low harmonic distortion and increased
dclink voltage utilisation An abundance of paperssiaeen published¢onsideringSVPWM for 6-
phase machines. In [Zhao and Lipo (1995)] an asymmetrical induction machine with two isolated
neutral points was used. By using VSD for modelling, an illustration of space vector projections in
different subspaces has been showns Itoncluded that, by proper selection of space vectors, an
improvement can be made ouwbe simplesCBPWM with puresinusoidal referensaand triangular
carrierin terms of ddink voltage utilisation. A potentisddvantage of the SVPWM is a possibility
reduce commomode voltagdan certain casesA symmetrical6-phase machine/as investigated in
[Correa et al (2003)%ndit wasshown thatby properly selectinghe space vectorghe instantaneous
commonmode voltage can be reduced, so bearing cigaamdthereforedeterioration of bearings will
be reducedThe SVPWM techniquecan produce phase voltages that are sinusoidal or near sinusoidal
while theaverage commaemode voltages kept at zero [Duijic et al (2007a)]. Further resedarha
symmetrica6-phase machine has been conducted in [Kianinezhad et al (2005)]. It is concludleel that
proposed multvector SVPWM technique using symmetricalswitching sequence gives better
performance than traditional SVPWM using asymmetrical switching sequé&hzese voltages are near
sinusoidal andhe harmonic content is lower.

SVPWM has been considered for the asymmetiigahase machines as well [Hadiouche et al
(2006)]. The gerformancs of various SVPWM strategies ¥@been studied by analysing maximum
modulation indicesand current harmonics. It is shown that performance is dependent on the ratio
between leakage inductancetive d-q andx-y subspace Furthermorea comparison has been made
between continuous and discontinuous SVPWM and it is verifiesshiylation and by experiment that
both techniques can produce nesrusoidal output currents. When SVPWM is used &ghase
machines, subspaces are usually divided into 12 sectothehatell times are calculated accordingly.

In [Marouani et al (2008)$ubspaces are divided into 24 sectors, Wwiyields reduced stator current
harmonics when compared tioe 12-sector SVPWM technique. Another SVPWM techniquedor
asymmetricab-phase machine is proposed in [Prieto et al (2010)]. By changimiistiiétion of zero
space vectoradditional reduction icurrent andorque harmonics is achieved.

Inverterswith higher phase number (i.e. &fer many more possibilities for space vector selection
and proper application of SVPWM requires careful selectieanture thathe average voltage value
in all nonproducing flux/torque subspaces will be equal to zero. In [Dujic et al (208@plFation of
the VSD results infour orthogonal subspacés a symmetrical9-phaseinduction machine with one
neutral point. Eight phase voltage active space vectors are used per switching periaudérow

harmonic components are successfully eliminated and sinusoidal output is achieved. Another
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implementation of the SVPWM fa 9phag machine based @phase decompositida proposed in
[Grandi et al (2007b)[The nodulation is achieved by decomposing $hghase machine ia three3-
phase machine@ triple d-q approach, and using thre&-phase SVPWM. If a machine has three
isolatad neutral points, three stand&ghase SVPWNMlgorithmscan be used-or the configuration
with one neutral point, zersequence control for all thre@phase SVPWM must be includekh
[Grandi et al (2007a)a multiple space vector approach is used &b fgurd-q subspaces. In order to
get sinusoidal phase voltage output, average voltage vectors-praoaurcing flux/torque subspaces
are set to zero.

An alternative to SVPWM is carridrasedoulse width modulation CGBWM. This technique offers
simpler impementation than SVPWM. Modulation &chievedby a simple comparison between
reference signalanda carrier. Azerosequence injection technique can be used to achieve the same
dclink voltage utilisation as SVPWM. Comparison of different SVPWM strasegiel CBPWM
including zerosequence injectiohas been presented in [Bojoi et al (200)] an asymmetricab-
phase induction machine. It is shown theith modulation technigueeachievethe same results
regarding the torque/current harmonics andimic voltage utilisation with the CBPWM method
havingthe advantage of simplémplementationThe higherdc-link voltage utilisation of SVPWM
reducesas number of phases is increased. An example has been reporgedyfometrical9-phase
induction machineKelly et al (2003)], where both modulation techniques were used and compared.
Application of CBPWM technique foa9-phase induction maching examinedn [Dong et al (2008)].

It is concluded thathe CBPWM technique is superior to SVPWM for high phasmbers due to its
simplicity and flexibility. While an improvement of 15.5% in diok voltage utilisation is possible for
3-phase VSI, thiseducego 1.54% for9-phase or 0.55% fdr5-phase caseh. shouldbe noted that dc

link voltage utilisation for meghines witha composite number of phases dependtherconfiguration
(symmetrical or asymmetrical) anlde number of neutral points [Dujic et al (2010l.is concluded

that in the case of multiple neutral point configuration, maximum modulation ingexds solely on
number of phases in each windisgt On the other hand, when machine is with single neutral point,
maximum modulation index is the same in both symmetrical and asymmetrical configgifatien
number of phases is an odd number. Howeifghe number of phases is an even number and the
machine is with single neutral point, better dc bus voltage utilisation is achieved in asymmetrical
configuration (in the symmetrical case maximum modulation index is equal Emrl)he machines
with a prime number of phases-tlok voltage utilisation has been analytically determined in [Levi et
al (2008)]. It is shown that mulfrequency output voltage generation increases maximum dc voltage
utilisation.

Control of the machines with high phase numfierelve or more), due to the aforementioned
research, is usually done using CBPWM. An example is given in [Benatmane and McCoy (1998)],
wherea 19MW 15-phase induction machine, used for the ship propulsi®supplied usingCBPWM

and scalar control. A nmme sophisticated approach is reported in [Sun et al (2015)], where a 20MW
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asymmetricall5-phase (triple5-phase) induction machine is supplie a 3-level neutral point
clamped (NPC) inverter in opand configuration. CBPWM is used as modulation teamignd

advanced vector control is implemented for speed regulation.

2.4 Current Control

Implementation ohigh performance control such BFOC requires proper current control. When
astandard®-phase machine is used, one pair of current controllers is efaugtiependenfux/torque
control. Whereasin the case of multiphase machines more than one current controller pair is usually
required. Besides the flux/torque producing subspace, muléph@zachines have one or more
flux/torque norproducing subspaseConsequently, the multiphase drikegquirescurrent control in
every subspace, either to minimise the losses or to implement some advanced mugdtipbiise
control strategyCurrent measuring in multiphase machines requires multiple current sdretonsslit
increasehecost of the systenit is shown inNBojoi et al (2006b)ihat for a phase machinareduction
of the number of current sensoo only two is possible with proper sensor placement.

Currently, the most common current control techaeigs based on proportiorategral (Pl)
regulators. It is capable of tracking a slowly varying or constant reference. In normalstdady
operationthemachine currents are near sinusoidal. Therefore, straightforward implementation of Pl in
stationaryreference frame is not adequate since large error in current will be present during operation
at high modulation indexn [Vukosavic et al (2005)], FOC for symmetriéaphase induction machines
is presentedTheVSD approach is used for modelling and current control has been implemented in the
stationary reference frame. Since currents in the stationary reference frame are sinusoidal quantities,
standard PI regulators require high bandwidtAlternatively, Pl reailators can be usedin the
synchronous reference frame (SRF) with frequency tuned at fundamental frequency. As a result, current
references will be constant, thus the Pl regulators can successfully achieggaenacking in steady
state operation.

Asymmetry in machine windings will produce currentsomflux/torque producing subspaces. A
solution is proposed in [Jones et al (2009)], using an additional pair of Pl regulators in SRF to control
currents inx-y subspace. [Che et al (2012a)] shows thfiernt types ofwindingsimbalance will
require different rotational transformatioms order to successfully eliminate currents in tiey
subspace. These are synchronous andsgnthronous reference frame transformations. This means
thattwo Pl regudtors per current component, one in synchronous and another-sy@etironous
reference frame, will be neededitigateeffect of asymmetries in machine phases [Che et al (2014c)].
Furthermore, in the aforementioned paper a proporti@snant (PR)egulator in SRF is also
proposed as a solution to remove current harmonics produced by the inverter deddiimg PR
regulator at six times fundamental frequency and placingahentisynchronous reference frame is

shown to successfullyemove curent components atSug and-7ue. Similar results were reported in
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[Hu et al (2014)] whera dual 3-phase permanent magnet machine is considéradore detailed
analysis of the application of the resonant regulators in symmetrical multiphase mé&chirstable

in [Yepes et al (2013)]. It has been shown that, by using multiple PR regulators in SRF, odd current
harmonics can be effectively removed in symmetrical multiphase mackhinewore generalised
approach on asymmetry removal by use of additionaieaticontrollers irx-y subspaces is offered in

[Liu et al (2016)]. It covers general case for the multiphase machines with symmetrical winding
distribution.

Current control of the machines with number of phases equal to a multiple of three can be
implemented as in 8-phase machine. Namely, multiBephase current controllers can be used. Such
an approach has been reported in [Hua et al (2006)] where four pairs of Pl regulators in SRF were used
for current control of d2-phase machine. Another exampliecarrent regulation in SRF has been
reportedin [Bojoi et al (2003b)]where different solutions are proposed depending on the modelling
approach (VSD or doublg-q). FOC with two pairs of Pl regulators in SRF has &lsenreported in
[Singh et al (20054.

A weakness of the classical Pl regulator in SRF is that it needs decoupling between current
components [Briz et al (2000)], otherwiadoss ofperformancecan occur One way of decoupling is
based on moving the pole of the load to coincide with tihe aEthe regulator. Another way is to
implementa so-called vector PI regulator. In doing so, the regulator zero is moved to match the pole of
the load.The erformances of both solutions are the same. However, more than one vector Pl regulator
can be imfemented in parallel to control multiple sequences or harmonics simultaneously [Yepes
(2011)].

Current control by means of PR regulators has been proposed in [Yepes (2011)]. Used regulators
are in stationary reference frame but their resonant frequentynésl at frequency of interest
(fundamental or harmonic). Besides, PR regulators can be represented as a sum of two PI regulators in
synchronous andntisynchronougeference frames. In this case, they will effectively control both
synchronous andntisynchronoussequences-urthermore it is possible to use more than one PR
regulator in parallel, so that multiple harmonics can be contrélledxample of use of resonant current
control has been presented in [Bojoi et al (200@aHR regulator has beesed for controllingurrents
in flux/torque norproducing subspacé-phase machine is used, but withddidnal pairs of PR
regulators.The same approach can be extended to machines with more th&mphase windings.
Tuning of resonant controllers jsesented in [Rodriguez et al (2012)]. Good performance is verified
for seconebrder generalised integrator resonant controller. Additiondigresonant frequency must
be precisely set. For fixed fundantal frequency operation (griilde convertersyse of resonant
regulators is reported in [Zmood et al (2001), Guillaud et al (2007)]. On the other hand, operation of
PR regulators under variakfiendamental frequency (machisale converters) has not been studied to

a great extent [Yepes et al (2012)].
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Another type of resonant regulators can be obtained as a sum of two vector PI regulators, one in the
synchronous and another in thetisynchronouseference frame. lthe stationary reference frame,
these sealled VPI regulators, tuned at the desireggfiency, will act like a resonant regulator
simultaneously controlling both synchronous attisynchronoussequences. VPI regulators are
proposed and analysed in [Lascu et al (2007), Lascu et al (2009)] as current regulators for higher
harmonics elimin@on in active power filter application (APF). Sinttee model of controlled system
in APF hasthe similar form asthe model ofaninduction machine, these regulators can be used for
current control for both fundamental and harmonic components [Yepeg}2011

Current control is essential for arfield orientedmachine control. When properly tuned, all
mentioned current regulators will achieve similar performances [Holmes et al (ZIH&}lection of
a specific controller will be governed by practicaluiss such axomplexity of implementation and

sensitivity to parametesariations

2.5 Current and Power Sharing Between Winding Sets

The machines with multiplé-phase winding sets (e.g, 8-, 12, 15phase) are used most frequently
since3-phase inverterare a mature technology and widely available. Moreover, multiple winding sets
can be isolated, a feature successfully utilised in development oftawaod charger for EVs [Subotic
et al (2016)] and realisation of higioltage dc link by cascading indiwidl inverters [Sulligoi et al
(2011)]. One of the important properties of machines with multiple winding sets is that each winding
set can be supplied by an individual inverter. This may be used to develop arbitrary current and power
flow between windingets, leading to arbitrary power flow between different sources.

Developing an algorithm for arbitrary current or power sharing between mtjghase winding
sets usually involves a requirement ttwial flux and torque of the machine stay the sameithimthe
defined derated value€onsequently, a multipld-g modelling approachlung et al (2009)Nelson
and Krause (1974)Lipo (1980] i s an obvious choice. By apply
transformation to each winding set, it is possibledntil the flux and torque production on a-per
winding set basis [Scarcella et al (2018))e onsidered machine has multi@ehase stator windings
that are spatially in phase. This is not a multiphase machia¢rire sense afhe word, but threes-
phasemachinessharing the same rotor. Nevertheless, the same technique can be applied to multiphase
machines with spatial displacement betwegiase windingsas shown ifiRubino et al (2016), Bojoi
et al (2016)].A shortcoming of this approach is theepence of heavy coupling between winding set
equations, leading tarequirement for more complicated current control, especially when low order
harmonic elimination is considered.

Alternatively,themachine can be modelled by use of VSD. This yields@upled machine model
with a single flux/torque producing subspace and multiple-fhiditorque producing X-y) ones.
However, this modelling approach does not provide insight into individual winding set variables and

current sharing between winding setshot easily achievable. Nevertheless, it is shown in [Che et al
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(2012b), Che et al (2012c), Che et al (2014l)ran et al (201T)Yhat the x-y subspace of &-phase
machine can be utilised to develop power balancing between winding sets. For thie paéfuhase
induction machine has been supplied by Bvphase voltage source inverters (VSI) with dc links
connected in series. By doing so, the totalink voltage is doubledThe developed power sharing
technique has enabled balancing of individdlink voltages even in the presence of imbalance in
machine parameters. When machines with more than sixgér@smodelled by use of VSD, relation
betweenx-y currents and individual winding set currents is not so obvious. Nevertheless, a current
sharng technique has been developed for an asymmettizphase machine [Tani et al (2013),
Mengoni et al (2016)]. The machine has been modelled and controlled using VSD; however, by
combining VSD and multiplel-qg modelling approaches, relations between imdigl winding set
currents and-y currents have been found. It is shown that current amplitudes in each winding set can
be arbitrarily controlled, while currents within each winding set are balanced. Applied current sharing
does not have any influence thre total flux and torque production.

An alternative approach to arbitrary control of power flow between winding set§-adrad a9-
phase permanent magnet synchronous machidesisribedn [Zabaleta et al (2016a), Zabaleta et al
(2016b)]. A transformaton si mi l ar to VSD is obtained by apj
transformation on each winding set. The machine is decoupled into a single flux/torque producing
subspace and multiple auxiliary subspaces that define relation between flux/torduemyaurrents
of individual winding sets. However, in contrast to VSD modelling,-odter harmonics are not
uniquely mapped within the created subspaces. Nevertheless, proposed technique combines all the
benefits of decoupled control, a feature of V&Bd ability to influence currents in individual winding
sets.Moreover the developed method can be easily extended to any machine with m@Hpplase

winding sets.

2.6 Fault Tolerance

Faulttolerant operation is of paramount importance in any critical application where electric
machines are used, e.g. more electric aircraft or ship propulsion and generation. Similarly, in wind
energy conversion systems uninterrupted operation is imperapegially in the remote offshore wind
farms where service is not readily available, so that any interrupt in operation would represent a
significantenergy and money loss. Evidently, multiphase machines represent an obvious choice in these
circumstances dto their ability of continual operation under faults. Machine drives can become faulty
due to the inverter or machine failure. A short or open connection of one or more machine phases is
considered a machine fault, while an inverter fault is a failumnefor more seminductors of the
inverter. Operphase machine and inverter fawan usually be regarded as an eplase fault.

For successful implementation of any fatolierant control algorithm, machine modelling and fault
detection must be firstlgonsideredThe gator winding of the machine can be represented as set of

coils [Apsley and Williamson (2006)]. Each coil is modelled individually and considered as a
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concentrated winding so its impact on MMF and its harmonic content can be calcLiigemd!l allow
easymodelling of any type of fault; although possililés complex and impracticébr reattime control
implementationAnother approach to modelling and detection of faults in machineswittid number

of phases is presented in [Zagtial (2011)]. Imbalance in machine phases, which essentially can be
considered as a type of fault, is manifested as fundamental currents-fluxitarque producing
subspaces. By determinitigetype of the imbalancehefaulty phase can hidentified

Machines with multiple3-phase windingffer one of the easiest and most obvious ways of
achieving faultolerant operation, due to the possibility of simple disconnection of the faplwase
winding set. In the case 6fphase machine, when oBgha® winding set is disconnected, machine
will continue to work as 8-phase onéDepending on coil configuration different magnetotive force
(MMF) can be expected; hence, different performance under fault will be achieved [Alberti and Bianchi
(2012)]. Hee, an experimental verification has been conducted by suppling the machine in open loop
configuration. Opeitircuit fault has been emulated by opening one oBthbase winding sets, while
the supply of the healthy winding set is unchanged. During tHeawbtest, phase current in the
remaining winding set is found to be 1.8 times larger than tHeatbcurrent in healthy operation
regardless of theoils configuration. However, when the same test is repeated while the machine is
under 50% of the nominal load, phase current exceeds nomindl 1.28imes depending on the coil
configuration. Furthermore, a test where one of the winding sets iegthortwh i | e t he ot her ¢
unchanged has been performed as well. Machine load has been reduced again to 50% of a nominal
value. It is found that not all coil configurations offer a viable solution and that the phase currents in
the remaining winding sare 1.75 2.5 larger than nominahnother concept of fauliolerantoperation
with multiple 3-phase machines is to supply each winding sets with two paralleled VSis [Duran et al
(2016b), GonzalePrieto et al (2016)]. In the case of the VSI leg faoltresponding phase can be
supplied with half of the rated current. Faugterant operation under set condition has been achieved
by offline calculation of appropriate current references for each p&a#able currentaferences are
calculated by use adptimisation softwarelt should be noted that in these examples, only electrical
aspect of fauttolerant control has been considered. When one or more phases of the machine are
switched off, absence of flux production along the stator circumference doe faulted phases may
produce unwanted vibrations that will decrease bearing lifetime.

Machine control under fault can be adjusted to compensate for individual lost phases so that the
machine MMF is kept at rated value. Naturally, currents in the rémgdirealthy phases will increase.
Analysis has been performed for, 3-, 6- and 7phase machines with one opgimase fault [Fu and
Lipo (1994)]. It is concluded that these machines can work with one phase cp&mthéemachine
will require aneutral pint connection) whileghe MMF is kept at rated value. Machines with higher
phase number will neealsmaller increase in healthy phase currents. Since currents in the remaining
phases are increased, stator copper losses will be higher, so a techniguedanmstator losses has

been proposed. In the case of Baghase machine, operation under fault has been analysed in [Apsley
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(2010)] and two strategies were discussed: minimum stator losses and equalisation of currents in
remaining healthy phases. In #&ilth to the aforementioned strategies, keeping torque ripple at a
minimum is essential for the mechanical subsystem (e.g. gearbox). A technique to keep torque ripple at
the minimum possible value if-phase machine with up to three phases open is proposed
[Kianinezhad et al (2008)]. For machines with an odd number of phasesofatdint operation was
explored in [Tani et al (2012)] where three different strategies for operation undeplugsn fault

have been presented: minimum stator losses, miniowrent peak and minimum torque oscillation.

One of the ways to model and contaoghultiphase machine with an opphase fault is to discard
faulty phases and modile machine as one witllower phase number. This can be achieved by using
a different tansformation matrix so controls thq reference frame will stay essentially the same. The
aforementioned method is used fd-phase machine in [Deilamani et al (2011)] and féidase one
in [Guzman et al (2012)A similar technique is used in thage of thé-phase machine where different
transformation matrices are used dependmghether the fault is present or not [Guzman et al (2014)].

In this casea modetbased predictive current control is used.

An alternative way of dealing with opganasdaultsis to consider thahefault will change machine
currents, but not the construction. In this case, the same decoupling matrix can be used [Che et al
(20143]. It is shown that depending on the machine construction (one or two neutral pgint)ere
sequence currents will not be decoupled when a fault is prédergover new flux/torque producing
a-b currents should be afsmaller value so that the phase currents in the faulted machine do not exceed
rated. Effectively, this reducethe total available power. Ratio between pémtlt and prefault
flux/torque producinga-b currents is defined as derating factor. Current control uses Pl regulators in a
synchronous reference frame, while for the ffasit operation additional arsiynchronousegulators
are added. Two strategies were used for-faagt operation: minimum stator losses and maximum
torque. It is concluded that a machine with a single neutral point has better performance for both
strategies, i.e. smaller derating is needed amdexjuently more power is availab&milarly, post
fault operation for the same machine type without chanfiegecoupling matrix has been proposed
in [Miranda (2013)]. Namelyafaulty phase has been simulated in such a way that voltage imposed on
thefaulty phase is equal to ba&MIF of that phase; consequently, the same decoupling matrix can be
used. Since additional PI regulatorantisynchronouseference frame was needed, a simplified one
consisting of two PI regulators (one in synchronous adher inantisynchronouseference frame)
has been proposed. Furthermore, a modified resonant controller in stationary reference frame has been
also presented as a viable solution for current control.

Fault tolerance by utilising hybrid converter configiions and multiphase machines has been
investigated in [Ruba and Fodorean (2012), Gonzalez et al (2014)]. In the first p&pphase
synchronous machine has been suppl&dg al2-phase VSI in such a way that all three neutral points

are connectedtseparate inverter legs. This solution offers ftlitrant operation with up to 78% of

21



Literature Survey Chapter 2

the machine faulted (7 phases under gplease fault). The second paper proposes solution vdth a
phase induction generator with sefigallel VSIs. Namely, two S per3-phase stator winding are
used and connected in parallel. Then these two pairs of VSIs are connected in series to form a medium
voltage dc linkThe fault is considered aopen connection of one of the legs of the VSis. It is shown
that imbalane in stator currents will produce different voltages on local dc links and if voltages are
kept at the same level only 25% of power will be available. Proposed solution is based on lowering flux
value depending on the machine torque. As a result, theblapgower is up to 50% of the nominal.
Concerning noftontrolled permanent magnet brushless dc generators, a solutioa 1#phase
generator and diode rectification is proposed in [Zhuoran et al (2010)]. One diode per phase is used and
it is connectedn series with phase winding, while all phaliede combinations are connected in
parallel to form a dc link. Various combinations of opércuit faults are analysed by FEM analysis
and on the experimental prototype. Similarly, in [Tessarolo (2010a)k diectification has been
explored by using diode bridges and synchronous generator that can be reconfiguréd 8s&hd
12-phase.3-phase stator winding sets are connected in series to form a high voltage dc link. It is
concluded that, when an opphase fault is present, configurations with higher phase number will have

smaller dc current drops.

2.7 Converter Topologies

Due to the presence of more than three phases, converters that supply multiphase machines can be
configured in more than one way. Congently, the system may have one or more desirable features
such as better fault tolerance, higher output dc voltage and use of commercially aSqilzdide V.

The configuration of the athineside converters can vary dependinglemachine type. Othe other
hand, gridside converrs are usually weléstablished-phase2-level VSI or 3-level neutral point
clamped (NPC) converters [Nabae et al (1981)]sottiey will not be discussed further.

There aretwo basic categories of machig&le convertes, namely uncontrolled and controlled.
Uncontrolled converters are used in machines with excitation on the rotor, e.g. permanent magnet or
synchronous machine. Numerous solutions have been proposed for dc voltage generation using
uncontrolled diode bridgesctification. For example, &phase synchronous generator is used for ship
based power generation in [Sulligoi et al (2010)]. Two sets of stator windings were connected to the
diode bridges and then cascaded to form a medium voltage da boktinuaton of work is presented
in [Sulligoi et al (2011)Jwhereanultra-high speed (22000 rpnip-phase permanent magnet generator
is used. Again3-phase diode bridges were used for rectification with difference that now four diode
bridges were used to get fandependent local dc links. Afterwards, these local dc links were connected
to four cascaded edc converters to form a single medium voltage dc link. Alternatively, for a grid
connected system, VSI was used on grid side andBtpltase diode bridge réioers were employed
with 6-phase axiaflux synchronous generator on the machine side [Di Gerlando et al (2012)]. In

addition, both parallel and series connections of diode bridges were exgRaszhrch involving
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uncontrollable rectifiers was conductied aircraft applicatioain [Jordan and Apsley (2011)]. On the

one hand, advantages of diode bridge rectification are high robustness, efficiency and simple structure,
but on the other harthtemachine cannot biellly controlled and this will lead to nemptimal machine
operation.

When controlled machingide converters are considertdtere are several available configurations:
one multiphase converter, parallel connection of multiple VSIs to form one dc linkitdsbakk
design, series connection foghivoltage dc link or hybrid approach when combination of series and
parallel connections is used. Additionally, there are some application specific topologies of multiphase
drives. For example, a single inverter is used to supply multiple multiphasenesidunnected in
parallel [Jones et al (2009b)] or series [Duran et al (2005)]. By use of additional degrees of freedom
available with multiphase machines independent flux and torque control over each machine is achieved.
Another application specific exaepcan be found in [Subotic et al (2016)], where a six phase machine
drive doubles as propulsion and charger unit for electric vehicle.

A singlemultiphase converter is the most usual solution for systems wiemember of phases is
a prime numbeiVhenthemachine has a composite number of phases, instead of one, multiple inverters
connected in parallel with the dc link can be used. This approach was applied in [Sun et al (2015)] for
a 15-phase machine where thréghase VSIs were connected in paraliing so allows a modular
design to be achieved and in the case of fault or service needs, one VSI can be disconnedhed while
others are still in operation. Anothaseof parallel VSé can be found/hen the system is connected to
the grid and multiplgarallel backo-back inverters are used [Andresen and Birk (2007)]. In this case
six 3-phase backo-back VSIs where used to connect a&phase machine to the gridhis
configurationpermis independent VSlto beswitchedoff whenthe power levels below rated, giving
rise to increased overall system efficiency. A similar solution has been presented in [Brisset et al
(2008)], where &-phase axiaflux permanent magnet synchronous generator was connected to the grid
usingthree3-phase backo-backconverters.

Alternatively, VSIdc links can be connected in series to form one single high voltage dc link. This
solution is of great interest in offshore wind farms where kigholtage is usually used for energy
transfer [Blaabjerg et al (2006)[he nmain benefit is possibility to use low voltage generatioa lmigh
voltage dc system. This approach has been presented in [Duran et al (2011)]6vpleas@permanent
magnet synchronous generator is connected to th&-ptase VSIs with dc links connedten series
to form a high voltage dc outptithe gid-side connection in presented solution has been achieved with
3-level NPC inverter. Similarly, in [Che et al (2012b), Che et al (2014b)Btploase VSIs with series
connected dc links were used forasymmetricab-phase induction generator. An innovative approach
for controlling voltages in series connected dc links is presented. Namelpyodurcing flux/torque
subspace currents were used to baldhealclinks voltages. Another solution to creatiof high

voltage dc link is analysed in [Yuan et al (2012), Ng et al (2008)]. Each maeshideng coil is
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supplied by a single full bridge inverter with inverter dc links connected in series. By domgigl,
voltage dc link is produced.

There are Wbrid configurationghatdo not strictly fall iio any of the aforementioned categories.
An example of thigype of topology can be found in [Xiardgun et al (2012)] whera 12phase
permanent magnet synchronous generator is connected ®fbase Viennaectifiers. Two parallel
connected pairs of rectifiers are connected in series todbigh voltage dc link, while connection to
the grid was achieved with two paralEnnected NPC converters. Another hybrid configuration is
proposed in [Gonzalez el @£014)] where fouB-phase VSIs are used to supply-phase induction
generator. To increase fault tolerance, a pair of pa@iehected VSIs is connected to e&gphase
stator set. Later ghedc links of these pairs are connected in series to fomedium voltage dc link.

2.8 Control Systems of WECS

Wind energy control is a complex system with a number of control |Itopsddition to thenachine
current control, in the bado-back configuration there are three more major corguiisystems
maximumpower point tracking (MPPT), vector control foretmachineside converter and voltage
oriented control (VOC) for the gridide converter [Liserre et al (2011)]. Furthermore, it is mandatory
to implement a grid synchronisatisgstenmsuch as a phase locked loop (PLL).

Whenthewind is belowtherated speedhe WECS needto extractthe maximum available power.
This is done by the use of MPPT control that measures (directly or indirectly) wind speed and adjusts
shaft rotation speed tibtain optimal tip speed ratio [Wu et al (2011)]. There are three different methods
for implementation of MPPT: turbine power profile, optimal tip speed and optimal torque control. Input
of the first and second MPRTMethodss wind speed, while the outpistthe required power or speed.
The optimal torque control is based on measutieghaft rotational speed and calculatthgoptimal
torque. All three methods prowdptimalreferencegpower, speed, and torque) required for maximum
available energy»éraction. The &sk of the machinside converter is to set the machine operation to
track the given referencesThis is usually achieved by implementing (RFOC). Moreover, additional
control is required (speed regulator, power profile analyepgnding o the chosen MPPT control.

Two types of RFOC are used: direct RFOC (DRFOC) and indirect RFOC (IRF@&ptor field
position can be obtainagsingflux sensorsor it can be estimated based on measurement of the rotor
position, the stator voltages andmnts.The RFOC for multiphase machisés the same a®r the 3-
phase case. Namely, VSD approach will regutinly one flux/torque producing subspace and in the
case of multiphase machines with multieohase windings, multipl@-phase modelling cabe
applied. In both casetjeimplementation is similar as for the stand&8rghase machine, the notable
difference being the required transformatidm. example of DRFOC applied to an asymmetrigal
phase induction machine is presented in [Bojoi et@032)]. The machine model is obtained by VSD,
while carrierbased PWM witlzerosequencénjection was used as a modulation strategy. It is shown

that standard DRFOC control by use of single pair of Pl regulators in rotational reference frame is not
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sufficient to remove asymmetries between machine winding sets. Hence, the control strategy is
modified so each winding set is controlled by single pair of PI regulators in rotational reference frame,
calledtherea double synchronous frame current control. Applied rotational transformat@®adapted

to accommodate phase shift of the corresponding winding set, while stadydalda s e CIl ar k e €
transformatios have been used to produegeb currents as an input thé implemented rotational
transformations.

When IRFOC is usedherotor flux position is estimated by usitiige measured rotational speed or
position of the shaft [Singh et al (2005a)]. In this papérphase asymmetrical machine with arbitrary
angle béveen stator winding sets is usethe nmachine model is obtained by using doublg
modelling approach, while current control is done with two pairs of Pl regulators (one [fipimese
winding set). This current control approach can be extended towamier of3-phase winding sets.
Similarly, for the9-phase case, IRFOC was applied in [Hu and Yang (20Thg. machine was
modelledusingVSD so four subspaces were obtained. Two cases were explored: with and without
current harmonics control. Hence, vetfirst case only currents in flux/torque producing subspace were
controlled, while in the second case currents in all subspaces were considered. It is clearly seen in
experimental results that current ripple is much smaller when currents in all sulmeacastrolled.

Well-known VOC is used for the griside converter control in bag&-back configuration. This
control is very simple and it is based on inner current control loop and voltage control [Blaabjerg et al
(2006)]. The nmain task of VOC ido regulate thedc-link voltage by changing the current flow to the
grid. Obviously, for the successful operation VOC needs to be synchronised with the grid. This is
achieved by using one of the grid synchronisation techniques.

Grid synchronisation can be achglusing azeracrossing detection method, filtering grid voltages,
or by using phase locked loop (PLL). The first technique has the simplest implementation but poor
performance when grid voltage variation is present. Filtering grid voltages givesrestiks, but the
delay is presentwhich also leads to neoptimal operation. Current statef-the-art synchronisation
techniques are based on Byphase PLL [Blaabjerg et al (2006)his gives better performance than
the first two techniques. This tymé PLL consists of two main parts: phase detection device and the
loop filter [Chung (2000a), Chung (2000b)]. Phase detection is achieved by ugingtth@sformation
andtheloop filter is characterised with two parameters: damping factor and natural frequency. These
parameters will definthedynamic characteristic of the system. It is showndhegtdeoff between the
filtering abilities and the speed must be made to acamhaie voltage/frequency imbalances of the grid
voltage. Furthermore, other types of PLLs have been analysed in [Arruda et al (2001)]. Bpbidss
PLL structure, singlphase PLL and zefcrossing method were analysed. Another solutioBanase
PLL based on the PID regulator is presented in [Mart@ezt al (2013)]. This technique gives
improved overshoot when cascaded lead compensators are used. MoreovEmwiaeh can be

implemented to improve PLL tracking performance [Liccardo et al (2011)].
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2.9 Summary

A literature survey ofhe available research in areas relevant for this thesis has been presented in
this chapter. Advantages of the multiphase machines 8y#rase ones are briefly explained.
Furthermore, it is shown that these advantages char@dicial in WECS. Different types of modelling
approaches for multiphase machines have been reviewed, followed by the various modulation
techniques including both CBPWM and SVPWM. Numerous current control techniques were surveyed
and special attention &deen devoted to resonant VPI current regulaidest, section deals with the
current and power sharing between winding sets. Since fault tolerance is one of the greatest advantages
of the multiphase machine, many fatdterant operation strategies weansidered. Depending on the
type of the WECS one or more VSIs can be employed, so different VSI configurations have been
reviewed. Since WECS requires some advanced control strategies, it is necessary taibcete
survey of MPPT and RFOC. Furtherme gridside converter topologies-{@vel and 3evel) have
been briefly surveyed followed by the grid synchronisation techniguesrea PLL is considered as
current statef-the-art.

Although adaption of multiphase machsie real world WECS is scarce, reviewed literature shows
that abundance of research exists in the field of multiphase machines and that theyulifie
advantages over-ghase ones for the WECS with fully rated converters. Further, it is shown that the
most promising candidate for the use in WECS are multijpleede machines. However, it was found
that modelling and contraif these machines is mainly done by use of either MS or, \g6rned by
the requirements of theystem at handJse of any modelling approach constrains design to benefit the
advantages of the either a V$®decoupled machine modebr MS (anaccess to individual winding
set variablesonly, but notfrom both. Therefore, this thesixplores modelling and controf multiple
3-phase machine by considering both MS and VSD and bridging the gap between them, so that benefits
of both can usedrhus,the machine can be modelled and controlled in decoupled subspaces of VSD,
while access to individual winding set variablef MS is still possibleSubsequent chapters of this
thesis will analyse the complete WECS wahmultiphase machineDifferent solutions will be
considered for current control, fault tolerance, VSI configuration, -gjdd VSI and grid

synchronisation.
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Chapter 3

WIND ENERGY CONVERSION SYSTEM

3.1 Introduction

The multiphase machine control methods developed in this thesis are targeted winduetsergy
conversion systems (WECSJhroughout the thesis the developed control techniques are used in
conjunction with wellknown control techniques, usually applied in multiphase machine drives, such as
carrierbased pulse width modulation, indirect rotor field oriented control and low order harmonic
elimination by use of resonant controllers. Therefdris, mecessary to dedicate a single chapter of the
thesis to explain all major control mechanisms used in WECS, so that the rest of the thesis can focus on
work that is more novel. Furthermore, it is convenient to add a review of WECS topologies with
multiphase machine used as a generator in the same chapter, with the aim of setting the context of the
thesis and providing the reader with possible applications for the developed control techniques.

Here the basic WECS is considered to be the grid connecedvibh backio-back inverter
configuration;hence all of its components relevant for the electrical domain will be consid@tes.
complete systems will contain:

A Wind turbine model with gearbox and pitch control
Maximum power point tracking (MPPTEpntrol
Multiphase machine model
Indirect rotor field oriented control (IRFOC) for machisiee converter control

2-level and 3evel inverters in backo-back configuration

To Do Do Io I

PLL for grid-side inverter synchronisation

A Voltage oriented control (VOJor grid-side inverter control

A block diagram of the WECS with all aforementioned elements can be seen 81lFlgshould
be noted thathis is a simplified model with emphasis on converter control. Mechanical components
are disregarded since thepve little effect on the electrical subsysteBince the generator is a
multiphase machine, different control strategies can be utilisedrionisé torque or current ripple;
hence tweevel inverter is used on the machine side. On the other Bgrithsegrid provides very

little possibilities to minimise current ripple since the switching frequenagually verylimited here
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Figure3.27 WECS in backo-back configuration.

3/-phase

due to thehigh switching losses in high power driv8herefore, thre¢evel, or any other multilevel,

inverter is used on the grid sideabide to the strict grid code.

3.2 Topologies of WECS with Multiple Three-phase Machine as a
Generator

In the backio-back (B2B) configuratiorshown in the Fig3.1, the use of a multiphase machine as
a generator provides additional degrees of freedom so that different load requirements can be
accommodated by having different converter configurations. saig to say that multiple-@hase
machines (i.e.69, é -fdhase) are by far the most used multiphase machine type. The issidsdn
they can be supplied using standarghZise VSIs, a case that is considered in this thesis. The simple
backto-back @nfiguration, shown in Fig3.1 for a general case when a multiplpl3ase machine is
usedis illustrated in Fig3.2.

The machineside converter consists of multiplgoBase VSIs with the dinks connected in paralle
forming a single dc link. The singldc link is connected to a-Bhase grieside inverter. Tis
configuration offers a fauliblerant capability possible by use of a multiphase machine. If the
multiphase machine has a single neutral point configuration, even better fault tolerance ig,possibl
while the topology with multiple neutral points provides galvanic isolation between winding sets.
Limitations of this topology are the voltage ratings of the inverters (i.e. power switches and capacitors)
and insulation ratings of the machine. Naméigh-power transfer usually requires high voltage that
is in this case limited by the dimk voltage. Therefore, use of step transformer is necessary.

In order to partially mitigate this limitation, the configuration with multiple neutral points daeut
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Figure3.47 WECS with modular backo-back 3phase VSIs.

3/-phase
generator

the benefits of galvanic isolation of the machamge VSIs. Dc links of the machirsgde VSiscan be
connected in series to fornsangle highvoltage dclink. By doing so, machinside inverters can have

| times smaller voltage rating, whdris the number of the winding sets. This configuration is shown in

the Fig.3.3. Having a larger diink, step up conversion might not be negde at least is made easier

due to the smaller stagp ratio. It is naeéd that even though the machside inverter ratings are
smal l er, the machineds i nsul a-ink woliages unleds Ispeciale e d s
SVPWM methods are used t@strict the application of zero vectors [Che et al (2014lm)]the other

hand, ly far the largestirawbackin this topology is the loss of fattiblerant caability of the drive.fl

one of the inverters is lost due to the fatlgwhole system needs be shut down. In other words, this
topology represents a tradéf between the higher dink voltage and faultolerant operation.

If high modularity is required, it is possible to build the power stage using isolaieas® backo-
back invertersas shown in the Fig3.4. This configuration provides fattiblerant operation with
additional benefits of having the power stagenposedf widely available Sohase inverters in back
to-back configuration. Although a somewhat complicated-sefransformeneeds to be designed in
order to accommodate multiple inputs, having the galvanic isolation between B2B blocks can greatly
improve fault tolerance and make maintenance easier since power stage building blocks are standard
B2B 3-phase VSils.

Until now, it wasassumedhat the system is supplying an ac grid. However, dc grids are also in use,
especially in offshore wind farms where high voltage dc transmission can have benefit of smaller
transmissia losses. In this case, machside VSIs are the same aswinan Fig.3.27 3.3, while the
grid side is replaced witstep up dalc converter. The system possesses the same features as in the case
of the ac grid.

Another system where use of a multiplpt®ase machine may be advantageous is where theSWEC

supplies multiple ac or dc micigrids [Duran et al (2017)]as illustrated irFig. 3.5a7 3.5b. Each
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winding setcan supply amsolated ac micr@rid by the means of B2B inverter, or dc mignad, in
which case there are only machisigle convertersand dc micrayrids connect directly to thdc links.

In both cases the machis&le control can be made such that it effectivetisBes potentially rather
different power needs of the individual ac or dc migrias. Further, it is possible to use the machine
as a means of transferring the energy between sgiids, depending on whether the individual micro

grid acts as a load ass a source.

3.3 Wind Turbine with Gearbox and Pitch Control

Regardless of the load requirements and the topology of the WECS detailed in the previous section,
majority of the wind turbines used todayeanorizontalaxis wind turbineshence theyareconsidered
in this chapter. Usually, modelling of the wind turbine is associated with the amount of wind energy
generated by air mass of densitflowing at the speed, through an areA [Wu et al (2011)]. IfC, is

wind turbine efficiency, equation foaptured wind power by the turbine is:
R :%rAv@Cp 3.1)

Turbine efficiencyC, is highly dependable otine approacing angleof the windand blade pitch.
Systems controlling these parameters are yaw and pitch control. Yaw mechanism directs the turbine
blades to perpendicular position to the wind direction, while pitch limits captured wind power when
wind speed is above nominal. Yaw conisbmitted from the turbine model since it does not have any
impact on the electrical subsystgim.it is assumed that turbine blades dveags perpendicular to the
wind.

On the other hand, it is necessary to implement pitch control, so that a priepar &lgorithm can
be developed-ere the fich mechanism is simplified and it keeps turbine efficiency at maximum while
the captured power and consequently wind speed are below rated values. When the wind speed is above
rated, captured power is limitedttee nominal valudy the pitch mechanisnthis has been modelled
by a simple limiterSince the turbine torque value is necessary for the rest of the system, it is obtained
by divisionof the turbineproducedpower withtheshaft speed. Howeveaproblemwith this approach
is division by zero. To overcome this, turbine shaft speed has been limitedatger thad0®, which

hasa negligible impact on system operation.
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Figure3.6 7 Wind turbine model with gearbox and ideal pitch control.

Angularspeedof large wind turbineshafs is usually very lowWhengenerators do not have large
pole number antheir rated speed is high,gearbox is used to connect wind turbine gederator
shafts.In the developed model, the gearbox is considered iddwdrefore, gearbox inertia and
efficiency are disregarded and the only settable parameter is gearbox ratio.

Wind turbine inertia should be considered as well. Since there is a gearbox in the system it can be
added to the model before or after the gearbothis case, the latter approach has been implemented,
i.e. it has been added as an additional inertia of the generator. Hence, the value of the additional inertia
is n? times smaller than the actual turbine inertia, wineie the gearbox transfer ratiGomplete wind

turbine model is shown in the Fig6.

3.4 Maximum Power Point Tracking

The @nversion efficiency of horizontal axis wind turbine is dependent on two parameters, blade
pitch angle and tip speed ratio [Wu et al (2011)].

The Bade pitch anglés governed by a pitch mechaniswihen the wind speed is below ratéuk
pitch mechanism should keep blade pitch at the optimal value so that maximum conversion efficiency
can be achieved. On the other hand, when wind speed is above rated, blade [Ethdeweased.
Therefore, conversion efficiency is reduced and captured wind power is kept at the nominal value.

Tip speed ratio is defined as a ratio between blade tip speed and the speed of the wyiisd. If

rotational speed of the turbine blades ans turbine rotor radius, tip speed ratio is defined as follows:

/ = 4 T (32)

Vw

Maximum turbine conversion efficiencyilwbe achieved when both blagkétch angle and tip speed
ratio are at their optimal values. If optimal tip speed ratibojsand blade pitch angle is kept at the

optimal value, maximum conversion efficiency is achieved at the rotational speed:

we= 1l (33)

t
This means that, when the wind speed is variable and below rated, rotational speed of the wind turbine
should be also variable so maximum power conversion efficiency can be achiewvamhtrol
mechanism that keeps WECS in maximum power conversion mothe isidximum power point
tracking (MPPT) algorithm. There are many ways in which MPPT can be rephaedt al (2011)].
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Figure3.7 7 Maximum power point tracking controller.

All of them use the turbine power characteristic given by the manufacturetepahding on the wind
speed, appropriate power, speed or torque is calculated. The MPPT method chosen here measures shaft
speed and calculates optimal torque.

By analysing the turbine power characteristic, it can be noted that maximum power point dependen
on shatft rotational speed is defined as follows:

R~wu (34)
Considering the gearbox as idehle power available at the machine shaftis equal to the captured
power by the wind turbinB;. Relatiorshipbetween power and torque available on the machine shaft is
given with:

P = Tltn (35

Considering the above, MPPT can be realised D
proportional to the square of the shaft speed:

T ~ WA (3.6)

Of course, the exact equation of an MPPT controller will be governed by the used wind turbine
power characteristics and coefficidty, will be chosen accordingly. MPPT control block diagram is
very simple and is illustrated in Fig.7.

In this caseKopt is choserso that when the extracted power from the wind turbine is at nominal
value, resulting torque reference sets the machine speed and power to their nominatsakets/ely.

One of the reasons for choosing this type of MPRirobis that it is very easy to reguldbe machine
torque when IRFOC is implementeice. machine torque is proportional to the stafeaxis current.
Therefore there is no need to use any other controller, as would be the casa MR controller

provides the speed reference.

3.5 Indirect Rotor Field Oriented Control

Operation of WECS requires highly controllable speed or torque values of the generator. This
requirement is achievable with high performance machine control. Since the machine used is an
induction machine, rotor field oriented control (RFOC) willused

Successful implementation of RFOC requires thatmachineis represented i synchronously
rotating reference frame, i.@-q variables[Singh et al (2005a)]In chapter four vector spce
decomposition(VSD) will be usedto obtaina model in flux/torque producing-6 and norproducing
x-y-z variables wheredefinition of all variables can be found as w&lince RFOQ:onsiders only the
control of flux and torque, only equationsdnb subspaces are needé€ither machine subspaces are

disregardedn this sectionOne of the advantages of the VSD modelling approach is that equations in
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flux/torque producing subspace are always the same regardless of the phase number or whether the
machineis symmetrical or asymmetrical. The number of neutral points is also irrelevant in establishing
equations in the&-b subspaceln order to obtain equations diq variables, rotational transformation

by arbitrary anglegx needs to be applied to the machine equations in stationary referencdHtame

and Yang (2011)]as follows:

é/dﬂ ¢R5+Ls% 0 Lm% 0 7] e|dﬂ

quu G[Tqa] [o] gg 0 Ro+Ls§ 0 Lm & Bqua] [o] I?’e'q a 3.7)
gou” el [l g wle R+LE wml Yg o] [r] gdru '
g0y @ - Welm Ln < /A R +L, %H 8q

Matrix [Tg] is rotational transformation for arbitrary angleand is governed with:
)= ecodgn) sin(ga)o
117 sif) codea)

Resulting equations in rotatirdyq reference frame are divided in voltage and flux linkage equations

(3.8)

for better interpretation and aasfollows:

e/dg e Rs - LsWa 0 - Lol ﬂeid ﬂ éyd ﬂ

é u é ué u u

évqg: é Lsia Rs LnWa 0 aéla o, d eyq u (393

203 g 0 - (4 - we )L R - (w4 - me)Ls Ueld,LJ dt @ '

0y &us- m)Ln 0 (s - we )L R Bl &l

&ag els 0 Ln Ogéivp

e u é ué. u

¢au_e0 Lo 0 Lnigly (3.9b)

g/er\j el—m 0 I—r 0 l(lqdr < '
u-e ue - u

o 60 Ln O Ligéal

Torque equation fathen-phase machine is &allows:
T. :gp(ydiq ~ Veia) (3.10)

Angular speedsw, e and ug are arbitrary reference frame rotational speed, rotor electrical rotational
speed ad rotor slip speed respectively. Together with rotor flux rotational spgethdanglege they
aredefined agollows:

G = [ydt, G = fjdt, go = fjpadt, gu = fpedt, ng =g - e (311
wsin equation(3.11) is the angular frguency of the stator variables.

To implement any high performance control it is necessary to have independent control over the
machi neds f, louixother avords & oontgpluoeer the machine currentthéconsidered
reference framdn the case of aimduction machine, independent control of flux and torque is achieved
by aligning rotor flux vector with thd-axis ofthe arbitrary reference frame [Krishn (2001)] i.e.

@ = g Consequentlyg component of the rotor flux vecter, is zero. Stator voltage, current and rotor

flux space vectorgether with stator, rotor and arbitrary refeze frames are shown in Fig)8.
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Figure3.81 Machine stator voltage, stator current and rotor §pace vectors

From Fig 3.8t can be seen thawvhen the arbitrary reference frame is aligned with rotor fispis
equal to the arbitrary reference frame rotational speeth other words s and s are equal to the
rotor flux speeduw. Consequentlyall stata variables will have dc valuesllowing the use oftandard
PI controllers for current control.

Applying yo = 0to the machine equation3.9) - (3.10), theexpressions famachine flux and torque

become
L, d)/ dr .
P — =L 3.12
Y R dt d ( 9
To=o Pt—:”iqydr (3.12b)

Usually, inRFOC prefluxing is used, meaning that flux is kept constant during operatitve base
speed region. Therefordifferential part in the3.12g can be omitted. To simplify the modelkther,
it is assumed thdahe machine is not required to work the field-weakening region. Hence, new rotor
flux equation is now given with:
Var = Lmig (3.13
Equations 8.12b) and @.13) show thathe machine flux and torquentrolare decoupled whepy
is considered constarfthetorque is controlled by thg component of the stator current, while flux is

controlled with thed component of the stator current. References for stator current are given with:

id :Liy;r (3149
jp=2b To (3.14h)
nP Lm ydr

For successful implementation of RFOC it is necessakpdav the instantaneoustor field angle.

If this angle is directlybtained, e.gflux sensorsand measured stator currerttgen direct rotor field
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Figure3.97 Schematic of indirect rotor field oriented control.

oriented control (DRFOQ)esults The poblem with thissolution is operation at zero spee@éinother
approachs indirect rotor field oriented control (IRFOC), where rotor mechamigsitionis measured
with a resolver or optical encoder astlp is estimated. From Fi®.8 it can be seen that arbitrary
reference frame angle needed for RFOC is a sum of rotor electrical@ragld slip angleg. When
stator variable angular frequeneoy equals the arbitrary reference frame sperd slip angular

frequencyw can be estintad as:
Wy =—2 (3.15

Finally, angle of rotor flux oriented reference frafmator flux angleg) can be calculated as follows:

o

L
Ga = o = f%&f—% we it (316
¢

r ld =
Schematic of atRFOC is illustrated in the Fig.9.

To compete the machinside flux and torque controlt is necessary to implement current
controllersas well Since only flux and torque producing components will be considered, two current
controllers are used, one for each ofdkestator currents. Transformation from phaseables tad-

g domain using VSD and rotational transformatvati be explained in detaiin the following chapter
and will not be discussed further here.

The eferences produced by IRFOC control are currefargaces. In this case, machiside
converter is voltage source inverter and it is necessary to provide appropriate voltage references.
Therefore, machine stator equatioB®4 i (3.9b) should be taken into account in designing current
controllers. When IRFOC is appliedngle g from (3.16) is used for transformation of the stator
currents to rotor flux oriented reference frame. Now, rotor flux is aligned dkdgtkis and machine

equations for stator currents can be rewritten in the following form:

. & Lhod. a Lna
Va = Relg + ks - L—8d—|d - Words - L—8q (3179
g r o= t (; r =
.4 150d. ,
Vg = Relq + & - L—8alq + WeiLsig (317D

¢ T
From (3.17a) and (3.17lt can be seen thdt andg-axisvoltages a& not decoupled, since there is

a mutual dependency on currentsdilnd g-axis. Consequently, the current controller needs to be
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Figure3.107 Proportionalintegral regulator with crossouplingdecoupling (Plccd).

complemented with the decoupling terms. Controlled variables and decoupling terms, which should be
added to the current regulator outputsteidecoupled control can be achievea governedwith:

.
Vo = Rig +, - 89, (3183
&L Ba
.
Vo = Rig + . - 895, (3.18b)
&1 Bt
L
& =- e - s (3.199
¢ L=
€ = W Lsia (3.19b

Finally, from (3.18a) and 3.18b) it can be seen that proper current control can be achieved with
proportionalintegral (PI) regulators. P andl are proportional and integral constants, transfer function

of the standard PI controller is as follows:

Gr(s)=P+1 (3.20)

S

Integator windup is one of the problems inherent to the integral control. Wieeautput of
regulator is saturated and there is still an error in the controlled variable, integrator will continue to sum
up the error value. This will result in overshoot andili@ions of the controlled variable whehe
system returns from saturation. To avoid thisjmpleantiwindup mechanism is implemented to stop
integrationoncesaturation occurs.

When decoupling parameters are taketo ioonsideration, Pl with crog®uping decoupling
(Plccd) regulator is created, illustrated in the Bd.0. Plccd enablesiilependent control oveq
currents Consequently, independdhix andtorque controls achieved, whicknables implementation
of high performance speed orgition control (so called servomechanisrim this case, implementation

of servanechanisnis not needed, since chosen MPPT regulator has torque reference as output variable.

3.6 X-y Current Control and Low Order Harmonic Elimination

Until now, only flux and toque control has been considered. Hence, it wasreglyiredto control
flux/torque producing current&{b/ d-q) and for that Plccd current controller has been used. However,
as it will beshown later throughout the thescurrent control irx-y subspaes is necessary as well,

either to produce imbalance between machine phases, or to eliminate low order harmonics induced by
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nortideal machine construction or inverter deaxe. A proper realisation of the control in both cases
requires machine equatioimsx-y subspacefHu and Yang (2011)which are for theonvenience given

here in complex domain in both stationary and rotatingd-g.., reference frames as follows:
v, = (R +Lss)i,, (3219

Vagy = Roluge + Skisl gqey + JU1Lisl (321D

daxy

Although the indexl-gyx.y used here is at the first glance vegmplicatedit is found to be convenient
for distinguishing stationary VSD coordinaies b, x-y) androtational onegd-g). This nomenclature
will be used throughout the thesis, while more details is availatdkapter 4 Transformation to the
rotational reference frame is done by simple Park transformation for the angle of rotor flux gpsition
Since both3.21a) and§.21b) are of the same form as are the equatioasiotiuctive filter, the chosen
controller types are Complex Vector Proportiehmegral (cvPl) and its resonant variaMector
Proportional Integral (VPI)Uascu et al (2007), Lascu et al (2008¢pes (2011)].

For the control ok-y currents ofundamental frequency cviebntrollersare chosen since they are
internally decoupled and less sensitive to error in parameter estimatiowevhpared to Pl with cross
coupling decoupling (Plccd Another advantage over Plcésl a possibility to use multiple cvPlI
controllers in parallel. Furdrmore, when cvPI are properly tuned, there is no overshoot in current step
response. Ifus is fundamental frequency) is the controlled harmonicken and ki, are regulator
constantsthe general fornof the used cvPI controllers is as follaw

Sken + Kin + jnugken (322)

chPm(S) = s

Since only components at the fundamental frequency are controlledhieris equal toms and
controller constants beconke and k.. Furthermore to compensate for the complex pole added by
decoupling terms, cvPI regulatortised as follow:

k_R ok (323
I(P Lls LlS

The constank represents regulator bandwidth and it is the only parameter requiring tuning in order to
get fast enough controller response, whiithe same time avoiding influence of the switching noise
on the controller performance. Schematic diagram of the tuned cvPI controller is given in th&lFig.
and its transfer function is as follows:

GM%Q:kﬂii%ii%ii (3.24)
s

Since the machine isvmerter supplied, low order harmonics are induced by the inverter dead time
[Yepes et al (2013)and their elimination is a mandatory step when it comes to implementation of
current control. Resonant controllers are chosen for this purpose, more specifically VPI type. The

transfer function is as follows:

S%Kpn + Ski
Gvein(9) :szih—hszh (3.25
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Figure3.1271 Vector Proportionalntegral resonant controller.

VPI controllers are tuned accordingtte equatios in the x-y subspace321a) in the same manner
as cvPl, i.e. as shown iB.23). Transfer function of the tuned VPI is as follows:

s(sLs +R,)
s? + h2uf

Implementation of the VPI regulator is donerbgan®f two integrators as shown in F§j12. Once

Gein(S) = kn (3.26)

again, it is onlynecessaryo tune the controller bandwidth by setting the parangter

During the experimental validationi@w order harmonic elimination wafound to be necessary.
Namely,the +5" and +7" harmonics are present due to theerter dead time, while29" and -31%
harmonics are presetitie to the notideal machine constructiollarmonic elimination strategy by use
of resonantcontrollers in synchronous reference frames, applicablastanmetrical multiphase
machines[Yepes et al (2016)]has been adoptedere. Inthis particular case, not all learder
harmonics arpresent. Consequently, resonant controllers and synchrogfeusnce frames are tuned
to different harmonic orders thaine optimal ones proposed|iviepes et al (2016)Harmonic orders
to which synbronous reference frames and VPIs are tamedjiven in the Tabl@.1. To further reduce
harmonic contendf phase currents, eight different harmonics are eliminateatah as per Tabla.1.

Table3.17 Configuration of implemented resonant controllers

Resonant . Harmonic| Controlled
Subspace Rotation )
Controller order harmonics
VPI 1 - 4 9 +5/-13
VPI 2 iR 27 +23/-31
VPI 3 - D 9 +7/-11
VPl 4 Y2 27 +25/-29

In order to demonstrate the effectiveness of the VPI current controllers, experimental results are given
in Fig. 3.13. Full description of the experimental setup, includioth hardware and softwares
available in theAppendixB of the thesiswhile corrol implementation is detailed in the following
chaptersThe machine operates with IRFOC at 1000 wgithout harmonic eliminationOne period of
the phase curref(it.) with the corresponding spectrum is shown in the two upper plots of thg Fg.

It can be seen that, in addition to the fundamental frequency componerit atte: the 29 harmonics

are significant. The'7 11", 239, 25" and 31 harmonics are alspresent but to a lesser extent.
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Figure3.137 Phase currents with the harmonantrol switched off and on.
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Figure3.141 Backto-back inverter configuration.

The same experiment is repeated, but with activdRidesonant controller.he thase current and
the spectrum are given in the lower plots of Bi@3. The pectrunshows that the lowerder harmonics

are successfully eliminated.

3.7 Two-Level and Three-Level Voltage Source Inverters in Backo-Back
Configuration

To implement any control technique, it is mandatory to have a supply which is capable of providing
variable frguency neasinusoidal voltages. Two types of the supplies are typically used for driving the
machines: voltage source inverters (VSI) and current source inverters (CSI). Since the majority of
WECSs are connected to the grid, in addition to the requireshéuit controllability and bidirectional
power flow useof a backto-back configuration is necessaleeping in mind that the goal of this
chapter is modelling of the WECS in general, the simplestiéwal VSI will be used on the machine
side.However it should be noted tha&t the high power applications, multilevel inverters are common
due to the lower current ripple and smaller stress on the switches.

Due to the strict grid code, geislde inverters usually have three or more levels to achieve lower
current ripple with the smaller inductance valugsrea 3-level NPC inverter is usedlock diagram
of the nverter configuration is shown Fig.3.14.

Control of the machinside inverter is done by pulse width modulation (PWM)noted in chapter

2,two modulation strategies are predominantly used: space vector PWM (SVPWM) and carrier based
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dead time delay

dead time delay

Figure3.157 CBPWM diagram for one of the phases.

PWM (CBPWM).SVPWM is based on selecting different voltage vectors and calcutgijmmppiate

application tims inrorderto producedesiredwavefornms. As the number of phases increases SVPWM

becomes more complicated and requires more computational resources for implementation. On the

other hand, CBPWM is simple and its complexity is not increased t h e

Sincethecontrolled machine has nine phases, CBPWNked.

number

of

phas

CBPWM modulation strategy is based on comparing the reference signals with triangular carrier

signal and switchinghe output voltage to zero or-tlok voltage value. Consequently, average value

of the output voltage over one carrier period will be equal to the reference signal value. Diagram of
CBPWAM for one of the phasesilisistratedin Fig. 3.15. Detailed analysis of CBPWIan be foundh

[Holmes and Lipo (2003)].

Signalsvi” and ¢, are references anithe carrier respectively, whererepresents phase number.

References;” are obtained by scaling phase voltage referev{ce%m dclink voltagevalue Vg, as

shown in the Fig3.15. Therefore, references are in rang¢0, 1], the same as the carrier sigrzibital

signals Sisi and Sisi are the higkside and lowside transistor gating signals. Due to the required

semiconductoturn-off time, dead time is implemented so bethitchesin one inverte leg cannot be

switched orat thesame time. Otherwise, diok will be shorted at each switching.

Carrier signat; is the same for all of the phases and it has triangular waveform ranging fodin O

Referencesy” are governed by the ment controllers. Depending on the machine configuration,

whether it is symmetrical or asymmetrical or with one oe¢hmeutral points, different dws voltage

utilisation can be achieved by zesequence injection [Dujic et al (2010t is concludedhat the de

bus voltage utilisation in the machines with multiple neutral points depends on the number of phases in

the winding sets. On the other hand, multiphase machinessitigle neutral point and odd number

of phases have the same dc bus voltagksation for both symmetrical and asymmetrical

configurations, while asymmetrical ones with even phase number have better dc bus voltage utilisation

when compared to the symmetrical machines. Maximum dc bus voltage utilisation opliased

machine depading on the configuration is given in the TaBI2.

Table3.27 Maximum dc bus voltage utilisation of thephase machine.

NP number | Symmetrical| Asymmetrical
1 1.0154Vqc 1.0154 Vqc
3 1.1547 V. 1.1547 Ve
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Figure3.161 Carrier, reference and legltage of one period of sinusoidal reference.

Figure3.171 One_leg of a threkevel NPC inverter

In this thesis, only continuous PWM in the linear modulategion is considered. Discontinuou
PWM schemes are out of the scope of this rebe&Vhen the ddink voltage is 600/, one period of a
sinusoidal referencand corresponding leg voltage dhastratedin Fig. 3.16.

Due to the strict grid code it is usually mandatory toaswiltilevel voltage source inverter when
connecting to theé-phase grid. Among many possible types of these inverters, three structures are
mostly used in medium voltage industrial drives [Rodriguez et al. (2007)]:

1. Neutral point clamped voltage source inverter
2. Flying capacitor voltage source inverter
3. Cascaded Hbridge voltage source inverter

Threelevel neutral point clamped (3NPC) will be used for the grid connection hetee to
simplicity. One leg of the 3INPC inverter is shown in Fi@.17.

Instead of one capacitor, as in the standard two level invertersajpacitors in series are used here
to splitthedclink, so that onéalf of the delink voltage can be obtained. Capacitonnecting point
is called ddink mid-point or neutral point. Diodes are used to clafofink neutral point to the output
voltage. Using the switches S5, S andS; four different values of the output voltage can be achieved:
0V, Vud2, Vuac and high impedance. Theuth table is given in Table 3.3

The same as for the twevel inverter, 3ENPC inverter switching can be governed by carrier based
or space vector modulation. Due to the simplicity carrier based PWM has been chosen. In the case of

3L-NPC two carrier signals are needed for proper operdfithe reference signal is in the raj@gel],
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Figure3.181 Two carriers, reference, and leg voltage of one period of sinusoidal referenceC&RBIM.

Figure3.197 Min-max injection

Table3.31 Truth table of a thre&evel NPC inverter.

S |5 S | S, | Leg voltage
0 1 0 1 0

o 1| 1]o0 High Z

1 0 0 1 Va2

1 0 1 0 Ve

to achieve lineaoperationthe first carrier is in rangf®, 0.5] while thesecond carrier is in the range
[0.5, 1]. Instead of one carrier, as shown fiao-level operation in Fid.16, two are needed. Gating

signals for the switches §nd3; are obtained by comparing the referencéie first carrier spanning
[0, 0.5], while comparison of the reference with gecond carrier spannin@.$, 1] produe@s gating
signals for the switches>Sind 3;. When the ddink voltage is 600/, one period of a sinusoidal
reference, both carriers, and leg voltagev@forms are shown in Fig.18.

In a balance@-phase system the maximumtiftk voltage utilisation is achieved when peak value
of the linevoltage becomes equal to the-lddk voltage. If modulation index is defined as a ratio
between phase voltage amplitude and half of the dc bus voltage, maximum modulation index in standard
CBPWNMis equal to 1For SVPWM maximum modul&in index is 1.15, while in the case@BPWM
the same maximum modulation indexachievable byapplying the minmax injection.Complete
equivalence between SVPWM and CBPWM for thiedel case is achieved by usedoluble minmax
injection However for the sake of simplicity the same rmmax injection as for the-2vel case is
adoptedThis technique is based on positioning references in a way that their minimum and maximum

values akach instant of time will beentred aroundhid-point. Effectively, this is done by applying

min(v; pn )+ max{v; )
2 (3.27)

% *
Vi phmin- max =V ph =

to all phase voltageeferences. Implementah is shown in Fig. 3.19
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