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ABSTRACT

In this thesisanindependent power flow control differentenergy sourcesonnected to a single
electric machine witta multitude of threephase winding setsas been investigate@ihese machines
are highly suitable for high powand criticalapplicationsAdditionally, these machinegtilisethe welt
established threphase power electronics technologieseTinterest towaslelectrification of the
transportation systesnmakes having multiple energy source a viable soluiiothe near future.
Independentpower flow controlwill enable the integration ohybrid energystorage systems on
electrical vehiclesuch that theegenerative powetan be directed to a supepacitor while the
cruising power is consumeffom a battery bankNeverthelessthis techniquecan beenvisagedor
different applicationsfrom wind turbines to microgrid$n order to make all of this posée, the current
amplitude of each windingetneeds to be controliefirst. Therefore, the control ahe individual
winding sefsc u r r amplitudedand directiofor multiple threephase machines is thaainsubjectof
this thesisThe developed control schemes are basegbotor space decomposition (VSD) rather than
multi-stator(MS) approachTheformer approachas aunique harmonienapping anésingleflux and
torque producing subspadg&rimarilyin the thesiscurrent sharing strategy has been developed for both
symmetrical and asymmetrical multiple thiglegase machinasith a common mode of operation for all
the winding sets (motoring or generation). Ehu@tegy is based dhe correlation ofhe x-y; currens
of the VSDandthe U-bi currents of the M@ipproach. These links enable ttentrol of the current
amgitude of thewinding sets separatelyhile maintaining the same torque and spé@é. correlations
between these modellirapproaches comhé good featuresf bothmodelling methodghe ability of
the MS approacho control each winding set individuallgndthe VSD feature to perform the control
in a completely decoupled subspadéterwards, the same strategg eémployedto change the power
flow direction as wellas the amplitudef the multiple thregohasewinding setscurrentssuch that
concurrent motoring and generationde of operation isstablishedTwo novel power sharing schemes
have been proposeahd analyseth this thesisBoth are based on VSDIhe firstschemds sharing the
flux and torque producing currerggually, while the secondneis controlling the poweby the torque
producing current while preserving the same fiwoducing currentThe transferreghower efficiency
hasbeen improvedignificantlyusingthesecond approacfihe samgower sharing techniguesbeen
appliedto an unorthodoxtype of machinei a twelve-phase machine implemented asigphase
machine withdoublewinding (hence, consisting d#o six-phasesubbmachine). The proposegower
sharing schembereis using a hybrid contrehpproachcombining twovector controlschemesbased
on MS and VSD The controlbased on MS is controlling the power transfer frame sixphase sub
machineo the othe one while thecontrol based on VSand with auxiliary current contragks sharing
and directing poweto a specific threphase winding setithin eachsubmachine Lastbut not least
two novelregenerativeéestmethodshave been proposddr multiple threephase machirge The first

approach is based on utilising a moelifipower sharing control strategy to operate the machine with



rated currenwhile maintaining the speed and circulating the power among the windingTkets.
approach can be implementgifferently based on theumber ofwinding setsWith aneven number of
neutral pointshalf of the winding sets will be in motoring while the other laaéfin generation mode
However, when there is @adnumber of winding setene of the winding setsill be in noload mode

of operation.The second approach is implementing the motoring and generation of the winding sets
using a uniqug-current componerdf theVSD. This method is only applicable to multiple thpease
machines wittraneven number ofeutral points. Theegenerative test can be applied to induction and
synctronous machines equally but with a completely different outcBimresynchronous machines, the
test can be usddr efficiencyevaluationand temperature rise test while for the induction machines the
test can provide a straightforwardxperimentalapproach tosegregateconstant lossegcore and
mechanicalosse$ from load dependetbsses (copper losseshll the proposed control methotiave
beenvalidated by simulation andexperimentally exceptfor the double winding machinehere

experimens were not done
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CHAPTER 1

INTRODUCTION

1.1 PRELIMINARY REMARKS

Achieving the U.K. target of reducing Ge&missions by 80% before 2050 will require an increase
in renewable electric energy generation and substantial new developments in the areas of electric
transportation. It will also require newrms of electric energy distribution and utilisation. In the case
of electric vehicles, a gradual shift towards vehicles with multiple energy sources can be anticipated (in
contrast to the current stavéthe-art where at most two energy sources are coet)i Additionally, a
substantial contribution to the target will be achieved via further developments in remote offshore wind
energy generation and dc microgrids.

Currently, fully electric vehicles (EVs) are typically either battery or hydrogen (fugposilered.
A combination of the two energy sourceglfrid hydrogen fuetell plugin electric vehicles, FCHEV
is an obvious alternative that has been extensively considered and deyélfipeét al. (2010)]In
[Offer et al. (2010)]t is predicted that the capital cost and life cycle cost of FCHEV will be the lowest,
among the other EVs and the internal combustion engine (ICE) vehicles, by 2030. This prediction is
based on a report published by BERR and the DFT in theTU& capital costf EVs and the lack of
charging infrastructure are the main difficulties facing the wider adoption of EVs. The growth in demand
for EVs in recent years will make the charging infrastructure more economically viable. It is not beyond
imagination that at $ne point in the future, new materials will be discovered that will enable the use of
the surface of a vehicle for solar electric energy generation. The possibility of producing an EV with
multiple energy sources (subject to finding another convenient ey source) which are utilised
simultaneously or individually is becoming more likely. An obvious question that arises is: what is the
best way of controlling such a multitude of electric energy sources, with a view to optimising the driving
range thragh optimal power flows from one energy source to another while maximising the efficiency

of the energy conversion?

Remote higkpower offshore wind farms are employing electrical generators ofieserasing
powers and the positioning of the plant requitiee existence of fault tolerance as a Hoilteature of
the generation system. Due to the limitations of the current semiconductor technology, increase in the
power rating of the generator requiggrallelingof power electronic converters in the stard back
to-back converter topology. Hence, use of a standard-giirage generator system, which typically has

low fault tolerance, becomes undesirablee Wind generation systems are moving toward a-faligd
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converter system due to the increaseha power level (>10 MW) and the laws of the voltage
transmission forced by the grid codes. The low voltage generator (high power wind turbine) requires
high-current power electronics (>2000 A), which needs several-fiitase converters connected in
paralel to achieve the highower conversiofiDuran and Barrero (2016)Therefore, it seems to be
reasonable to use a multiple of thygease multiphase generators to avoid &ma@uence current flow
between the set of converters and the wind turbine and to increase the reliability of the system. Moreover,
the MMF harmonics and torque ripples are reduced in the multiplepheege machine if the winding

sets are spatially shifted and the zeeguene circulating current is eliminated by isolating the neutral
points of the stator winding sefBuran and Barrero (2016)For the purposes of better power flow
control and for an improved fautlerance it becomes mandatory to use multiphase solutions, such as
for examplgChe et al. (2014c), Ditmanson et al. (2014)]

The described application scenarios are quite different in nature, but both have in common a need
for efficient power flow control between different subsystems, which could be achieved by using an
electric machine with a multiphase stator winding strucfline premise of this research originates from
the realisation that such a multiphase stator winding topology can be obtained by using a rautitude
winding ses with a lower phase numbar such that the total number of phases of the machénials
n = ka. By configuring each winding with an isolated neutral point, one them hrividual electric
ports of the machine for connection to different electric energy sources in an electric vehicle or for
providing the desired generated power sharing bexveifferent wind generator output ssystems.

The desirable feature, pertinent to EV applications, is that the power flow through a winding set can be
both positive and negative (i.e. motoring and generation, with some of tsysteins operating with
positive and some with negative powers simultaneously). In the case of the remote offshore wind
generator the desirable feature is that the power generated at differeyssms can be controlled
independently (but the power flow direction does not needhange). If such an operation can be
realised, then an EV would become capable of working in the propulsion mode while simultaneously
re-charging the battery (i.e. a sgigstem operating in generating mode), while in the case of microgrid
interconnectia one could transfer energy freely through the machine so that a microgrid with a surplus
of electric energy supplies other microgrids that are at a given point in time deficient in terms of the
available energy. In the remote offshore wind energy gemezase, only one power flow direction is
required; however, it should be possible to independently control power at the outputs of different sub

systems.

Realisation of such an operating scenario requires the development of sophisticated algorithms

for theconverter/electric machine control and electric energy/power management, which do not exist at

present. Thus the specific challenge, to be addressed in this thesis, can be summarised as follows:

Development of a strategy for independent energy managemdmower sharing between different

energy sources, through appropriate power electronic converters and multiplp threes e  ma c h i

ne
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winding sets, taking into account their differing natures (e.qg. different voltage levels, unidirectional or
bidirectionalpower flow nature), so that the requirements of the exemplar applications, discussed above,
can be metas illustrated inFig. 1.1.

A short overview of the multiple thrgghase machines with emphasis placed on the relevant
current control scheme, is giventhe following section.

1.2 ANOVERVIEW OF THE MULTIPLE THREE-PHASE MACHINES

Utilisation of multiple thregophase machines in critical higlower applications is nowadays of a
great interest due to the advantages of the multiphase machines and tbstaticdhed thregphase
power electronics technologies, leading to a better-pggformance drive, compared to the existing
solutions. Therefore, the utilisation of such machines, synchronous or asynchronous, will combine both
advantages of the multiphase miaels and mature thrgghase power electronics technologies in

addition to the threphase modulation schemes and control strategies.

The first published paper to investigate a multiphase induction machine \W&sityand Harer
(1969)]where a fivephase machine was developed to reduce the torque ripple produced by the three
phase machines supplied using a VSI operating isteig mode. The benefits of using multiphase
machines compared to thrphase machines can be summarised inadbh@sing two points:

1 The ability to split up the power amomgphases instead of threeompared to the thrgghase
machines andhe ability to provide posdfault operation compared to the thigigase machines

from the power electronics point of view irethase of multiple threghase machines.

However, multiple threphase machines possess more advantages compared to the multiphase

machines. These features are as follows:
1 The ability to utilise the welestablished threphase power ettronics technologies and

1 More faulttolerance capability compared to the multiphase machines from the power electronics

converter point of vieyDuran and Barrero (2016)]

Battery | Voc

Ve | Fuel Cell PV Cells| Voc oc | Fuel Cell

9-Phase
Machine

Battery | Voc Battery

Battery | Voc Battery | Voc

a) b)

Fig. 1.1: Exemplar application of a) nighase machine and b) fifte@hase machine supplied by multiple sources
working in generation and motoring mode simultaneously.
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The aim of this resarch is to explore the use of multiple thptese machines while supplying
them with multiple energy sources. Although the research is applicable to synchronous machines, this
thesis deals mainly with multiple thr@dase induction machines. This is hesm of the simple
construction and wide utilisation of induction machines in industry. It is also worth mentioning that the
production cost of high power multiple thrphasedrivesis less than the same power rated tiplease
drivesas demonstrated yessarolo (2010)] This is due to the ability of splitting the power among
the n number of phases of the multiple thigigase machines. Furthermore, the availability of nradiu
power thregphase power converters is higher compared to high powerghese converters. On the
contrary, control schemes for thrphase machines are well understood compared to multiphase
machines. With all the attractive features of the multipmaehines, the adoption rate of them into

industry is stillsmallcompared to the thrgghase machines.

High performance control of multiplethpeh a s e machi nesd speed or tor
full utilisation of the machine. The most used Rjggrfamance control scheme for multiple thiglease
machines is the Indirect Rotbield Oriented Control (IRFOC). IRFOC, also known as vector control,
can be implemented usirem MS approach (MultiStator) or a VSD (Vector Space Decomposition)
approach. Vectocontrol can be implemented using three different fields i.e. statayapior the rotor
field. Rotorfield oriented control is the simplest among the three especially for synchronous machines.
The control implementation is easier utilising the flux d@ondque producing currents using the
synchronous rotating reference frathg, in other words by eliminating the tirdependent termdX
b). Multiple vector control (MS approach) is the most widely utilised and it has been investigated for a
six-phase induibion machine ifSingh et al. (2005)]On the other hand, vector control utilising the VSD
has been investigated for gikase induction machines with auxiliary current corjCble et al. (2014c)]
and for ninephase machindSubotic et al. (2015)JHigh-performance control of multiple thrgmhase
machines is nolimited to vector control, there are other control schemes such as Model Predictive
Control (MPC)[Rubino et al. (2018b)]Direct Torque ContralDTC) [Bojoi et al. (2005a)hnd many

others[Riveros et al. (2013)however, it is the most common among them.

Auxiliary current control of multiple threphase machines has been reported foipbase
induction machines ifChe et al. (2014c)nd for twelvephase machines [Tani et al. (2013)]Both
works utilise the auxiliary currents to achieve different objectives. The former being to eliminate the
deadt i me effect and the asymmetry i ntr otkedthend by t h
to achieve podtault operation of the twelvphase machine. Furthermore, current control can be
employedio achieve power sharing among the winding sets of the machine as propjasettiat al.
(2018)]where the sharing among the winding sets takes place while all the winding sets are in motoring
mode or generation mode. Since the auxiliary curresy lfave low impedance compared to the flux
and torque producing currexn a significant current can flow if asymmetry in the winding set exists.

Therefore, it is always necessary to control all the currents of multiphase machines in the synchronous
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reference framedfq andx-y) [Jones et al. (2009)]Another technique for controlling the individual
winding setsd6 currents is to use an MSsdadgpr oach
currents are controlled using two PI regulators g8ajoi et al. (2003), Hua et al. (2006 lowever,

by using this approach it is necessary to decouple the coupling between thng\setdizabaleta et al.

(2017), Zabaleta et al. (2018)]As mentioned earlierhé MS modelling approach along with the

multiple vector control is the most commonly found method in industrial applications.

Interest in the multiple threghase machines has increased in recent years especially in the high
power applications. Theettelgopment of new machines is always accompanied by numerous tests. The
most common is the fulbad test, in which the machine is loaded from zero up to the full load. From
this test various characteristics of the machine (e.g. efficiency, temperature visé puovided that
thermal sensors are built into the machine, etc.) can be obtained before the machine is placed into
production. A common method for performing the fold test is by coupling the tested machine
mechanically with another one, which beba as a load. During this test, baokback configuration of
the machines and the converters (used to supply tested and loading machine) is comménhigutised
(1935), McSharry et al. (1998), Tadigal. (2017)] Testing the higipower machines in this way is time
consuming and costly, meaning that alternative methods to perfortodditest have been developed.
Several options to perform the test, without the need to ctluplested machine with another one, are
available for thregoghase machines, including: the tivequency methofMeyer and Lorenzen (1979)]
phantom loadingFong (1972)land the inverter driven meth§8heng and Grantham (1994), Soltani et
al. (2002)] From the perspective of themperature risghese methods are equivalent to the Haek
back method and the efftive voltage and the stator current are equal to the rated values of the machine
[Ho and Fu (R01)]. The difference is that the batiback configuration can recirculate the power
while these methods cannot (and hence are accompanied by high power losses). In-thvbdiAck
configuration, if the ddinks of the used converters are connediegel pnly power taken from the supply
will be for the losses of the machines and the power electronics converters. However, this way of testing

is still very expensive for the electrical machines with high power rating (a few MW wind turbine).

A somewhat ifferent approach for regenerative testing of concentrated winding permanent
magnet synchronous machine under theléat condition, without the need for mechanical coupling,
has been introduced jhuise et al. (2012a), Luise et al. (20121 this method the power is circulated
between the different sections of the machine. The machine had fouptase sections; hence, two
opposite sections were connected in fperand supplied by two threghase converters with common
dc-link. One converter operated in generation and the other in motoring mode. This system can be also
observed as a multiphase system. As the control was done independently for each convedar, one
say that it corresponds to multipdleq (or MS) control approach of a multiphase machirevi et al.
(2007)]
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RESEARCH OBJECTIVES AND NOVELTY

The aim of this research is to explore the possibility of connecting multiple energy sources to a

single multiple thregphase machine and to independently control the power flow of each source passing

through the multiple threphasemachine. This thesis is based on current sharing strategy among

multiple threephase machines which is establisheforic (2018)] This thesis adds to the work of

[Zoric (2018)]in terms of considering simultaneous motoring and generation of the winding sets which

was not tackled there. The aforementioned will be achieved by completing the following objectives:

1)

2)

3)

4)

5)

6)

7

To develop a nthematical model of the multiple thrpéase induction machine using the phase
variable reference frame and the VSD transformation for symmetrical and asymmetrical
configurations of the machine. Additionally, the VSD transformation matrices are gendialised

symmetrical and asymmetrical configurations with a single neutral point or multiple neutral points.

To develop a higiperformance control scheme for multiple thpF®se machines utilising field
oriented control. Furthermore, in addition to contrgllithe flux and torque producing currents,
the nonproducing flux and torque currents are also controlled to eliminate any asymmetry
between the windings of the multiphase machines.

To understand the correlations between the MS and VSD modelling apmodghe
understanding the mapping of the individual
the VSD, the ability to control the winding set currents individually utilising the VSD instead of

the MS approach is conceivable.

To develop a currergtharing strategy among the winding sets of multiple threse machines.
The developed current sharing strategy is based on the VSemadal forinduction and

synchronous machines in symmetrical and asymmetrical configurations.

To develop a power shiag strategy among the winding sets of the multiple tipfegsse machines.
The power sharing strategy is based on the current sharing strategy. The energy can be transferred
from one energy source to another using the machine instead of using additiofs®l DC

converters.

To develop an efficient power sharing strategy among the energy sources connected to a single
multiple threephase machind he efficient power sharing strategy is based on sharing the torque
producing currents only rather than sharing the flux and torque producing currents as in the power

sharing strategy developed5in

To validate the developed current sharipower sharig and efficient power sharisghemefor
symmetrical and asymmetrical inductiorachines bygimulation and experimental results using

Matlab/Simulink and dSPACE rapid prototyping platform, respectively.

w
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8) To develop a control strategy based on FOCQimble-winding multiple threephase machines
(multiphase machireawhere eaclwinding has its correspondingduble) winding sespatially
shifted by zero electrical degrgasilising combination ofboth VSD and MS approaches. The
developed control scheme fisrther improved by controlling the auxiliary currents to achieve
currenttorqueand efficient power sharing among tléwindingssets

9) Todevelop a synthetic loading scheme for multiple tipfegsse machines utilising VSD and FOC.
The scheme is based wading the multiple threphase machines utilising their own winding

sets.

10) To evaluatethe developed regenerative test schemes for induction madhyiresiulation and
experimental approach.

The novelty of the conducted research comes from the comptdtabjectives 4 ta0which are
mentioned above. Furthermore, the development of multidirectimweadr flow control among double
winding machines with multiple thrgghase winding se{g\bduallah et al. (2017)he ability to direct
the power from onsubmachineto another and from one winding settwother using a hybrid control
scheme between the vector control and double vector control is the main novelty of this work. The
developed control scheme is applicable for both synioa¢aind asymmetrical machinésirthermore,

a synthetic loading schenmas been developed for symmetrical and asymmetricghsise machines
utilising a uniquey-current componenas reported ifAbduallah et al. (2018a)[rhe sixphase machine

is tested at nominal stator currents while circulating the pdvetween the two winding sets.
Furthermore, a regeragive test for ningphase machines with triple thrpbase winding sets has been
developed utilising a modified power sharing strategy and presenf{édduallah et al. (2018b)]

Finally, the regenerative test utilising a single and unjgagrrent component for multiple thrghase
machines with an even number of neutral points has been investigated. The main contribution of this
work is in redicing the complexity and the number of current controllers required to implement the test.
The proposed regenerative test is equivalently applicable to synchronous and induction machines;
however, the outcome of the test is different for each type. Tipeged regenerative test can be utilised

to test the synchronous ma.dtlan als besappdied foiarcimdectiooy a n d

machineiror der t o segregate the machineds | osses exp
1.4 ORGANISATION OF THE THESIS
This thesis is dided into 9 chapters as follows:

Chapter 1 introduces the multiple thyglegase machines in general. A brief discussion of the
advantages that multiphase machines possess oveiptiase ones and the advantages of multiple
threephase machines over multgge machineis given In addition, the recent advancements with

regards to modelling approaches, control strategy, current and power sharing plus synthetic loading
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techniquesare outlined This chapter is completed with a list of research objectives algtassion
about the novelty and the organisation of the thesis.

Chapter 2 provides a literature survey of the current-sfatee-a r t in multiphase
drives and their applications. The survey covers multiphase machines in general, modebémg, cur
control, current and power sharing, faldterance, synthetic loading and regenerative tests for multiple

threephase machines.

Chapter 3 considers the current sharing strategy of symmetrical multiplepttase machine.
The current sharing contrstrategy starts with the derivation of the generalised mathematical model of
multiple threephase induction machines in phase variables, the stationary and rotating reference frames.
Then, a generalised IRFOC scheme for symmetrical multiple -girage mehines with auxiliary

currents control is derived.

Chapter 4 introduces the current sharing strategy for asymmetrical multiplptase machine
winding sets. Initially, a generalised model of the asymmetrical multiple-grase machine is derived
in phase variable form before moving on to the stationary and rotating reference frame models. Next,

the current sharing strategy for asymmetrical multiple thbteese machines is developed.

Chapter 5 considers two power sharing schemes, the first is baskdromg the flux and torque
producing currents while the second approach shares the torque producing current only. Therefore, a

more efficient power sharing scheme is obtained.

Chapter 6 provides a novel power sharing control schenmafitiple threephase machines with
double winding This machine can be consideredtassistingof two multiphase suinachines sharing
the same stator slot¥he scheme is a hybrid scheme between the vector and multiple vector control.
Two novel approaches are introduced in this chapter. The first approach is based on sharing the flux and
torque producing currents while the more efficient scheme is basdtadngsthe torque producing

current ofthe submachines and of the winding sets

Chapter 7 develops two novel regenerative testing schemes for multiplgtiage machines.
The first one utilises a modified version of the power sharing scheme whiletdmelsme uses a unique
y-current component of the VSD for sixwelve and eighteeqphase machines. The approach is
applicable to both synchronous and asynchronous machines. However, different outcomes can be
obtained depending on the type of the machinger test. The efficiency anidmperature risef the
synchronous machines can be determined, while for induction machines, separation of the constant

losses from the loadependent losses is the expected outcome.

Chapter 8 summarises the work done i tifiesis and provides conclusions and suggestions for

future work.
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Chapter 9 provides a list of references used in the thesis.

The last part of the thesis consists of appendices, where in appendix A the current sharing
derivation and mathematical model of 15 phase machine is presented. Next, a description of the
experimental setup, including hardware and software, is detaildgpe(dixB). Finally, publications

resulting from the thesis are listed (Appendix C).



CHAPTER 2

LITERATURE REVIEW

2.1 INTRODUCTION

The literature review in this chapter focuses on the modelling and current control schemes of
multiphase machines artheir subcategory multiple threephase machines. At first, multiphase
machines, are surveyed. Further background information, related to modulation schemes, supply options
and control methods, is provided next. Special attention is paid to the vecmdggamposition (VSD)
method, as one of the main and most powerful ways for multiphase machines modelling and control and
for MS approachThen, the existing current control schemes for multiphase machines are revisited. Also,
power sharing among multiptereephase machines is surveyed. Then, a literature review on synthetic
loading testing for threphase machines is presented. Finally, the regenerative test for multiple three
phase machines isvisitedat the end of this literature survey.

Prior to he survey of the areas closely related to this research, a short review of multiphase
machines is due. Comprehensive surveys of multiphase machines which include the basic properties of
multiphase machines, modelling, modulations schemes, control scheupgdying techniques are
available inLevi et al. (2007), Levi (2008), Barrero and Duran (2016), Duran and Barrero (2016), Levi
(2016)] Other older survey papefSingh (2002), Parsa (2005)3onsidered the advantages of
multiphase machines such as smallergi@se currents, lower torque pulsations and other benefits.
There are other advantages when compared tedugler thregphase machines concerning the winding

and construction of multigise machines as discussefiliessarolo (2010)]
2.2 MULTIPHASE MACHINES AND POWER ELECTRONIC CONVERTERS

Multiphase machindased variablspeed motor drives and generation systdrave gained
significant importance over the last two decades, due to several appliedsited advantages that they
possess, when compared to the thplease counterparftevi (2008)] In addition to the obvious
advantages of splitting the power rating over nibi@n three phases and thus reducing the required
semiconductor power ratings, there are other advantages possessed by the multiphase machines related

to the existence of additional degrees of freedmswill be discussed shortly.

The most recent advancentis and developments of the multiphase technology have been
addressed in several survey papBesrero and Duran (2016), Duran and Barrero (2016), Levi (2016)]

These papers discuss and explain various aspects of multiphase machines, such as their design,
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modelling control and power supply options. Multiphase machines casub@marisedinto the
following categoriegBarrero and Duran (2016)]

1- multiphase induction machingsbdel-Khalik and Ahmed (2012)]
2- multiphase permanent magnet (PM) maekiCavagnino et al. (2013)]
3- multiphase synchronous reluctance machjhabak and Kar (2013)jand

4- multiphaseswitched reluctancmachines

The first category, multiphase induction machines, represents the most commonly utilised
multiphase machines in industrial applications. Multiphase induction machines can be designed to
achieve higher torque compared to the thpkase machines and to opise the magnetic field of the
air-gap by the injection of odd harmonics to the stator curfédelkhalik et al. (2010), Pereira et al.
(2012), Barrero and Duran (2016])here are multiple variants of the second categbttysomultiphase
PM machines[Barrero and Duran (2016)]Fractionaislot concentrated winding (FSCW) PM
multiphase machine is one of these variants which offereeraum advantages such as low cogging
torque, high power density, high slot fill factand high efficiency. These benefits make them very
attractive to the automotive industry and for some Hiighuency applicationNgZheng et al. (2013), Sui
et al. (2014)] On the other hand, their excessive rotor losses are the maimsidie in higkspeed
applications because they have large spatial harmonic comp§Reglitti et al. (2014)] The torque
density and efficiency can be enhanced by increasing the number of rotor poles. Multiphase PM
machines can be categorised from the rotords co
(SPM and IPMymachinedScuiller et al. (2009), K. Wang et al. (2014J]he IPM corresponds to the
salientpole rotor machines (since pexability of permanent magnets is very close to the permeability
of the air, thus causing considerably higher magnetic reluctance in the rotor area where the magnets are
embedded, compared to the rotor area where there is only ferromagnetic materiad) oweitthand,
the SPMs behave like the machines with a cylindrical rotor strufdtexe et al. (2007). The brushles
PM machine (BPM) is another variant of the PM multiphase machines, which generates the highest
torque densityEde et al. (2007)] However, the BPM is typically not used in higarformance
applications, where precise motion control is required. The synchronous reluctance machine (SRM) falls
into the category of the Piss machinefiabak and Kar (2013)[The low cost of these machines is
the main attractiofBarrero and Duran (2016)]A modified version of the SRM, which belongs to the
category of PM assisted SRMs, is claimed to offer the combined advantages of the BPM and the SRM
which is @lled a fluxswitching PM FSPMZhu et al. (2009), Xue &l. (2013)] The last category from
the design standpoint for the multiphase maching®isuperconducting machin@gang et al. (2013),

J. Wang et al. (2014)[These machines are still in the early stages of research and development. The

structure and design of these machines can avoid the PM availability problems. Also, they have lower
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weight and smaller size compared to PM and induction type multiphase n&@&@admero and Duran
(2016)]

Carrierbased pulse width modulation (PWM) and space vector modulation (SVM) are the main
modulation schemes for the tevel multithase voltage source inverters (VIsgvi et al. (2007),
Levi (2008)] With appropriate zersequence harmonic injection applied to sinusoidal cavdeed
PWM, an improvement of the dink voltage utilisation can be obtainfickvi et al. (2008)] However,
this improvement in the dink utilisation decreases as the number of phases increase. To eliminate the
low order harmonics generated in the SVM scheme, a totalladpace vectors should be applied in
each sectofigbal and Levi (2005)]Thus, to generate a sinusoidal output with a higher phase number
machine, a huge number of swiitctp states should be considered and applied. Nheljuency space
vector generation is where the concept of space partitioning is afipdiga et al. (2009)]A general
approach of PWM generation of multiphase VSIs has been develofiexper et al. (2008), Lopez et
al. (2009)]

Another important configuration is the multilevel converter supplied multiphase machine where
the highpower are the main user for this configuration. Using multilsA®is enables the increase of
the drive voltage rating whereas increasing the number of phases enables an increase of the drive current
rating. The multilevel VSIs such as neutral point clamped (NB)ez et al. (2016)]cascaded H
bridge (CHB)[Choi et al. (2014)hnd flying capacitofCheng and He (2016)are the most commonly
used multilevel topologiesiowever, NPC and CHB topologies are dominant in the field of sgidésl
supplied multilevel multiphase machines. There are various modulation schemes for the multiphase
VSIs, which are extensions from the multilevel thpbase VSIs modulation schemEsr instance, the
level shifted PWM (LSPWM) [Kim et al. (2016)]and the phasshifted PWM (PSPWM) [Capdla et
al. (2015)]are the most common carrbased modulation techniques for multilevel multiphase VSis.
In-phase disposition (RBWM), phase opposition disposition (PGIWM) and alternating phase
opposition disposition PWM (APOBPWM) techniques areome examples of LBWM. The least
distorted voltage waveforms can be obtained from thePRADM technique. On the other hand, the
development of the SVM technique for muéivel multiphase VSIs can be difficult due to the huge
number of switching states. &lswitching states increase as the number of phases and number of levels
increasdgDordevic (2013), Levi (2016)]

The dualsided supplied multipts drive topology relies on the use of ope winding (OeW)
machinegLevi et al. (2012), Chowdhury et al. (2016)he OeW topology possesses several advantages
over thesinglesided supply topology, such as use of the inverters with lowimldeoltages, increased
fault tolerance and absence of the need for tHekwoltage balancing hardware. Modulation methods,
used for singlesided supply topologies, can be easilodified and equally applied to the OeW case.
The PDPWM technique offers the best voltage THD profile for the tipfegse and fivgphase dual
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inverter supplied machines. Alternatively, by considering the current THD profile, APGM and
PSPWM offer the best performance. However, APGWM offers lower CMV instantaneous values
compared to PEWM [Levi (2016)]

Multiphase aeac converters such as matrix converters (MC) have attreetedrcheri the last
few yeargdAhmed et al. (2015), Levi (2016)The main advantags this topology is absence of the-dc
link and bulky delink capacitor. However, the biggest disadvantage of the MC is the limited output to
input voltage ratio in the linear modulation region. By utilising the SVM technique, an increase of this
ratio for a threeto-five phase MC can be noticed (from 76.2% to 78.86%), compared to the adapted
carrierbased PWM method. The ratio of the output to input voltage of the MC depends on the number
of input and output phases. For instance, the output to input @ohig is as high as 112% for a nine
to-three phase MC while it is reduced to 76.2% when the MC operates astathiree phase converter.
Nevertheless, the MC can be used in a-gidgd supply for the OeW multiphase machines and its
output voltage isignificantly increased in the linear modulation region when compared to the case
when the MC is used as a singided supply.

Multiphase machines, when compared to their tptegse counterparts, offer some other
advantages due to the existence of aoditi degrees of freedom. The Amaditional use of these
degrees of freedom is describedlipvi et al. (2007), Levi (2008), Levi (2016), Subotic et al. (2016d)]
Some of the most interesting applicats of these additional degrees of freedom are the single
multiphase VSI supplying mutihotor drivesand the integrated dpoard battery chargers for EVs. The
multi-motor drive application can be realised by connecting the motors in series or in paraléstion.
Utilising multi-motordrivesin series connection is a viable solution whieey aresupplied by a single
inverter and controlled using fielafiented control (FOC), however, the mutibtor system connected
in parallel has no prospect for digations in the real worlflevi (2016)] Another possible application
utilises the degrees of freedom for integratedoard attery chargers for EVs. These chargers consist
of a multiphase machine and converter only. The concept of this charger is to utilise the stator winding
of the multiphase machines as a fiffubotic et al. (2014), Subotic et al. (2015), Subotic et al. (2016a),
Subotic et al. (2016b), Subotic et al. (2016c¢), Subotic et al. (201Bd)]example, if a ninphase
machine is used, fast charging of t-phasemarsto batt e
the three neutral points of the multiphase mact@aeh winding set with three phases has an isolated
neutral point). This will provide fast charging of the batteries while avoiding generation of a rotating
field (torque). The converter Wi have dual functionality such that it will be used as a rectifier during
the charging mode and as an inverter during veletgid (V2G) mode. This charger topology is
equally applicable for symmetrical and asymmetrical induction or PM multiphase maa@bevi
(2016)]
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2.3 MULTIPHASE MACHINE MODELLING

High performance control of the multiphase machines requires an accurate aopriafg
mathematical model of the multiphase machine. The mathematical model in phase variable domain is
the most obvious choice while modelling multiphase macHinesdevic et al. (2010)]Using phase
variables, the multiphaseductionmachine is represented by a mathematical model consistimg-bf 2
differential equation However, the moal complexity is the main obstacle against implementing the
control in this domain and so to design and implement accurate control methods different

transformations are used.

For multiple thregphase machines, a decoupling transformation is usually employed. For instance,
the MS modelling approach introducedNelson and Krause (1974Y based offPark (1929)where
a threephase synchronous machine is represented in a synchronous reference-fi@dheT apply
the decoupling transformation for multiple thiglease machines, each th@®ase winding set can be
mocklled as a separate thypkase machine as[iNelson and Krause (1974), Lipo (19800his Multi-
stator approach decouples each winding set into separate torque and flux producing currents. Therefore,
six-phase machines can be easily controlled using this modelling approach, as sf@iwghret al.
(2005)]where a sixphase induction machine is considered. By aligningitheis with the rotor flux of
the machine, an indirect RFOC is obtained in this paper. The MS approach is applied tpteasine
machine with triple threphase winding sets for an ukinégh speed elevator application[iung et al.
(2012)] In[Rubino et al. (2016)]the author utilised the MS modelling approach to control a twelve
phase stator/generator for an electric aircraft application where high fault tolerance machines a
necessary. Controlling multiple thrpbase machines utilising the MS modelling approach is combined
with the necessity for decoupling the cross coupling between the winding aetslis et al. (2001),
Kallio et al. (2013)] In addition, low order harmonics introduced by the-r@al design of the machine
and deadime effect of the converter, cannot be easily eliminated when this modelling approach is

utilised. Finally, this approach ipplicable only to multiple threphase machines.

Devel oping a decoupled machine model i S possi
Cl arkebébs decoupling transformation can be consid
theory origindly developed byFortescue (1918)[This theory has been usedihao and Lipo (1995)]
to develop th&/SD modelling approach fomaasymmetricasix-phase induction machinky utilising
the decoupling transformation,uftiphase machines with an odd number of phasesan be resolved
into (ni 1)/2 independent planes and one z&¥quence axis, while the ones with an even number of
phasesproduce (ni 2)/2 independenisubspaceplus two zerasequence axeslhe decomposition
approach of the thrgghase machinean be extended to multiphase machines using the VSD approach
[Zhao and Lipo (1995)]in these papers, a dual thigease machine is decomposed, starting with-a six

dimensional vector space, into three t#imensional orthogonal subspaces (the third subspa@e 0
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was formed by two orthogonal zesequence axes). Therefore, a-gitase machine model can be
represented with three groups of decoupled equations. The authors have proven that these subspaces are
orthogonal to each other. The first subspace is denotédj,ashile the others are denotedxasy:, X.-

y2 and so on. The fundamental components of the machine variables map ditpsthiespace and these
variables are responsible for the electromechanical energy conversion. The renxaiiiregiiospaces
areresponsible for noelectromechanical energy conversion, where thezeoasequence harmonics

map. The zersequence harmonics map into th@fsubspace. The VSD modelling approach is not as
straightforward as the MS modelling approach. Several alteesdtave been proposed by researchers
[Abbas et al(1984), Tessarolo (2009b), Tessarolo (2009a), Rockhill and Lipo (2010), Rockhill and

Lipo (2015)] The proposed transformation matrices are comparable to each other and so they uniquely

mapodd harmonicinto the decoupled subspaces.
2.4 MULTIPHASE MACHINE CONTROL METHODS

There are different techniques for controlling the multiphase machines, such fBdtQEt al.
(2005b), Bojoi et al. (2006), Jones et aDEQ), AbdeiKhalik et al. (2012), Hu et al. (2014), Karttunen
et al. (2014), Yepes et al. (2015rect torque control (DTJBojoi et al. (2005a), Gao et al. (2011),
Zheng et al. (2011), Taheri et al. (2012), Karamjet al. (2014)] predictive torque control (PTC)
[Riveros et al. (2013)]The most frequently utilised control strategy is the FO@i¢kvbasically consists
of current control loops with an outer speed control loop. Typically, thmaked, indirect rotor FOC
(IRFOC) is utilised. Alternatively, the model predictive control (MPC) metfdch et al. (2011),
Guzman et al(2014), Lim et al. (2014), Rubino et al. (2018a), Tenconi et al. (2008} the same
structure as FOC but MPased controllers are used instead of the inner Pl current loop controllers.
The DTC approach is difficult to implement for the multiphase machines due to the nigemaf
degrees of freedom, since DTC is typically aawiable control scheme and hence veelited to the
threephase machine control (which has only two degrees of freedom). The hystese=isDTC
scheme leads to the generation of low order harradhigsed in the same way as for a thpbase
machine. However, by adding another set of hysteresis controller this problem can bgHailvednd
Ranganathan (2005), Levi (2008)jowever, the addition of an extra controller complicates the control
and removes the main advantage of the DTC over the FOC, which is simjhlesity2008)]. Lastly,
the PTC is a stable alternative to DTC for fivphase machines because it offers faster speed response

and better torque dynamics compared to B&rero and Duran (2016)]
2.5 CURRENT CONTROL SCHEMES FOR MULTIPHASE MACHINES

The dominant high performance control technique, FOC, is typically based on the use of the VSD
[Levi (2008)], which concentrates the complete electromechanical energy conversion into a single two
dimensional subspace @fie machine, regardless of the phase number. In balanced (i.e. healthy)

operation the nozero currents appear only in the flux/torque producingdmeensional subspace,
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while currents in all the other subspaces are controlled tq@amet al. (2014a)]n the case of a fault

or if unbalanced operation of the mawhiis desirable, it becomes necessary to operate witzaron

currents in the other twdimensional subspacé¢$ani et al. (2013), Che et al. (2014a), Duran et al.
(2015)] To devise a suitable control strategy, an appropriate setting of tfemtcreferences for the

auxiliary subspaces is requirgthe et al. (2012b), Tani et al. (2013), Che et al. (2014c), Hu et al. (2014),

Liu et al. (2016)] This control scheme allows the stator currents and power flow of the multiphase
machines to be flélly controlled. It is important to have balanced currents among the multiple winding
sets within a machine, so that problems |ike a
performance and efficiency can be avoided. Furthermore, acoustcamdorque pulsations increase

as the degree of current imbalance increases.

In [Tani et al. (2013), Mengoni et al. (201@)huadruple threphase machine, which is supplied
using four inverters, is implemented as a staywrerator for aerospace applications. In these
applications, éigh-level redundancy is a necessity amdachieve this a current control scheme is
developed. The IRFOC scheme has been maodified in such a way that the control of the auxiliary currents
is used to remove the imbalance between the different winding sets and to compensatettiree dead
effect andhe inverter nodinearity. In this algorithm, the current sharing coefficients of the quadruple
threephase machine are equal, and the auxiliary (fifth, seventh and eleventh harmonic) current
har monics are set to zer o. al&ibedssmdll hthe cudrengshagirg o f
coefficients could be seen as instantaneous power sharing coefficients. The management of the current
amplitudes among the quadruple inverters is accomplished by using the auxiliary currents, which are
considered as deges of freedom. Nevertheless, the rotor flux and the torque are controlledHasing
components of the stator current in the synchronously rotating common reference frame. The fifth and
eleventh current harmonic are controlled in another reference frameh is an antsynchronously
rotating reference frame. This is so since they are proportional to the conjugate of the fundamental output
current vector. On the other hand, the seventh current harmonic rotates in the same direction as the
fundamental outyt current vector and hence the same synchronous reference frame is used as for the

first harmonic.

Current balancing techniques for asymmetricatptiase machines have been developed and
implemented iMHu et al. (2014)jand[Che et al. (2014c)]The main difference between these two
papers is the consideration of the fifth and seventh harmonics (produced due toshrigoidal back
electromotive force (EMF) and the nbnearity of the VSI, which are corggred in[Hu et al. (2014)]
but not by[Che et al. (2014c)However[Hu et al. (2014)konsiders the siphase permanent magnet
machne, while [Che et al. (2014c)]considers the siphase induction machine. Although the
performance of the permanent magnet machine utilising this control scheme is excellent, a small impact
is noticeake in the torque performance during the transient state. The proposed scheme yielded the

possibility for larger imbalance compensation; however, the complexity of the system is increased
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compared tdChe et al. 2014c)] The authors ofLiu et al. (2016)]use the symmetrical component

theory to detect the imbalance between the currents and propose a novel RFOC method. By
implementing the propode s cheme, the torque ripple is reduce
The proposed RFOC and the conventional RFOC schemes are tested using symmefpicasé&end

nine-phase induction machines. As a result, the current imbalance is reduce®@86% 10 1.62% for

the symmetrical fivgphase drive, while for the nifghase drive it is reduced from 9.48% to 1.89% by

utilising the proposed RFOC approach.

2.6 POWER SHARING AMONG WINDING SETS

The utilisation of multiple energy sources supplying a singl#iple threephase machine has
gained interest among researchers recently. Hybrid energy storage systems (HESSs) based on battery
and supecapacitors is a practical solution to improve the power and energy density of the energy
storage system on E\JKuperman et al. (2013), Kollimalla et al. (2014), Hu et al. (2016a), Hu et al.
(2016b), Hu eal. (2018)] By utilising this combination of HESSs, the battery will provide the average
load demand and the sugmpaitors will provide the dynamic load currditu et al. (2018)] There
are several configurations where HESSs can be connected. Dugbllasse machines are a common
choice for utilising thé hybrid energy storage system, where each-tinase winding set is connected
to a different energy source. The benefits of utilising the-asttblished threphase power electronics
technologies and the fattltlerance capabilities plus the ability leéing supplied by different energy
sources is a distinctive feature of the multiple tiphase machines. Although batteries and super
capacitors are a viable option for EVs, other energy sources can also be integrated suchedls Fuel
andPVcels.Depndi ng on the application, the HESSsd sou
are controlled using multiple vector control which utilises the MS modelling approach. The ability to
control each threphase winding set separately is the main advantdgaultiple vector control.
However, the mutual coupling between the winding sets is the main disadvantage of this control scheme
as mentioned earlier. The alternative is to control the machine using vector control utilising the VSD for
multiple threephag machines. The machine model will be completely decoupled after applying the
VSD transformation. Through controllingb currents and the auxiliary currents, the ability to control
the winding setsd current sepalrsehenelutiisingthe D s si bl
modelling approach for multiple thrgghase machines has been introducddanic et al. (2018)] The
power sharing scheme focused on sharing the imgtqrower only, in other words, simultaneous

motoring and generation between the different winding sets of the machine was not investigated.

There are several practical applications of the multiple t{ph@se machines such as, more
electric aircraffGrandi et al. (2010), Tani et al. (2013), Mengonakt(2016)]and electric vehicles
(EVs) [Suboaotic et al. (2016a), Subotic et al. (2016b), Subotic et al. (2016c), Subotic et al. (201L6d)]

the latter application, the electrical power generation and distribution systems are expéstdrbta
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the conventional low deoltage to a higher dc voltage level in the near future. This will reduce the
system losses and size as wW8lktarcella et al. (2016)Furthermore, new startaiternator topologies

with a different number of turns per winding layer are introducefBSaarcella et al. (2016)the
motivation being to accommodate multiple dc voltage leveld(devoltage level of the corresponding
VSiIs), present in such systems. The staat@mrnator is a mnitiple-winding threephase induction
machine, where each thrphase winding represents a gubtor. The authors used a multiple vector
control scheme in order to achieve multidirectional power flow between the multipleptiase sub

motors. Obviously, mitiple threephase machines can also be categorised as a type of multiphase
machine. However, multiple vector control is not the best approach to control multiphase machines as

mentioned earlier.

Based on the survey papékevi (2008), Barrero and Duran (2016), Duran and Bar(2ed.6),
Levi (2016)]in the last thregears, there have been several attempts to provide motoring and generation
at the same time as [Scarcella et al. (20)6Zabaleta et al. (2018)Buch work would enable the
realisation of a dudunction distributed winding machine with multiple electrical inputs/outputs.
Achievement of the stated goal may be easier with permanent magnet machines of modular design, due
to the absence of the magnetic coupling between stator phases. Such a concentrated wpidisg six
machine is considered [Mese et al. (2016)jor low-power hybrid electric vehicle accessory drives.
The specifics of the application mean that the role of the two mgsds fixed. One of them does the
generation in all operating regimes, while the other either motors or is idle, depending on the status of
the ICE.

2.7 FAULT TOLERANCE

Faulttolerant operation of multiple thrgghase machines is of great interest for aitiedustrial
applications such agind farmsand electric aircraft. Furthermore, continuous operation of remote wind
energy conversion systems is highly desirable for stakeholders because interrupted operation can result
in a significant loss of energy dmevenue. Due to their high reliability, multiple thiggase machines
represent an obvious solution for these applications. A fault of one or more semiconductor switches of
the VSI is considered as an inverter fault whereas a short or open connetlimthoéephase winding

set phases will be considered as a machine fault.

An accurate fault detection method and post fault machine model must be considerealriest in
to implement an effective fault toletacontrol algorithm. IfApsley and Williamson (2006fhe stator
windings of the machine are represented as a set of coils where the impact of each coil on the back MMF
is calculated and its harmonic content analysed. This approach is quite complex torreatiséme
applications. Another approach to detect faults for odd phase number multiphase machine is proposed
in[Zarrietal. (2011)] The approach is based on determining |

currents such that the faulty phase can be detected.
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Fault tolerance operation can be achieved for multiple 4hinese machines more easily than for
multiphase machines since a simple disconnection of a-fifrage voltage source inverter is an obvious
solution. Different performance can be obtained under fault tolerance operation depending on the
winding configuration which provides different impact oragnetemotive force as investigated in
[Alberti and Bianchi (2012)jor dual threephase machines. The authors enadahe opertircuit fault
and short circuit fault for dual thrgghase machines with different winding configurations and compared
the obtained experimental results for each one of them. They have found thatldla€l corrent
increased to 1.8 times the-toad current during the healthy operations for all winding configurations
when one winding set is disconnected. However, the doddrtest produced different results for each
configuration under opedircuit fault and short circuit fault. Another appiah of achieving the fault
tolerance operation for multiple thrplase machines is by supplying each tpegse winding set with
two parallel connected VS[Buran et al. (2016), Gonzaléxieto et al. (2016)]If a fault occurs in one
of the phaseds | egs, half of the rated current
suitable current references of the machine underfpalitoperation is calculated using optimisation
software. The mecharatimpact on the machines under fault tolerance operation was not considered.
Unequal flux distribution among the machineds ci
To compensate for the lost phases, the machine magmgiee force should bkept at rated value.

This means increasing the heal t,Hye- apdhsavernghéises cur r e
machines have been shown[ku and Lipo (1994)] Using this method means an increment in the
copper losses of the healthy phasegAfmsley (2010)]two strategies for posault operation of ix-

phase machine are developed. The first is to minimise the copper losses and the other equalizes the
currents in the healthy phases. Reducing torque ripples in thtaptisiperation for sbphase machines

is proposed iffKianinezhad et al(2008)] The work investigates pe&ult operation with up to three

phases open. [Tani et al. (2012)three different strategies have been proposed foffpoktoperation

with openrphase inodd phase number multiphase machines. The first targets minimum copper losses
while the second minimum current amplitude. The second approach achieves minimum torque
oscillations. Another approach to operate multiphase machines in post fault operatioarigal the

machine using a model that excludes the faulty phases. This approach is used-fivaaesisnachine

in [Deilamani et al. (2011)nd for a fivephase machine ifGuzman et al. (2012)]
2.8 SYNTHETIC LOADING

To validate the design of a newly developed machine, multgss should be conductedror
example,m order to find the efficiency of the machine at different operating pouetthewide range
of speed and torque, fdibad test or the baedo-back tesis usually conducted firsin this way, he
efficiencyandthetemperature riseurvecan be obtained before the machine is placed into production.
The backto-back configurationis obtainedby coupling thetestedma c hi neds shaft wi t

machi nebds shaft us iThedacko-back cohfigurabndasits lindtationpstich asg .
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time consumptionhigh costandrequiredresourceso align the coupled machiséther alternativeso
performthe full-load testwithout the need to couple the tested machine with anothehawe been
proposedn the literaturesuch aghe twofrequency metho@Meyer and Lorenzen (1979)phantom
loading [Fong (1972)]and the inverter driven methd&heng and Grantham (1994), Soltani et al.
(2002)] The proposed alternatives asguivaknt to the backo-back techniquen terms of stator
currents and effective voltagfildo and Fu (2001)]However these alternative methods do not have
ability to recirculate thgpower, which is an important featuretbé backto-back configurationDuring

the backto-back configurationest the power withdrawn from the gridégjualonly to the losses of the
machines and theaonverters On the other handior the abovementianed alternativesised power is
equalto the rated power of the machine untlertest. Neverthelessthe backto-back configuration
way of testing is still very expensive for the electrical machines with high power rating (for example a
few MW wind turbines).

Another alternative, that eliminates mechanical coupling andsage of aother machine, has
been proposed Hiuise et al. (2012a), Luise et al. (2012fw)] theinterior permaneninagnet machine
The analysednachinehasfour threephase sectiong-or testing purposes, tlopposite sections were
connected in paral and supplied by two thrgghase converters with a commonluoik. The first
converter iscontrolled usinghespeed aa control variable, while theecond converter usée torque
asa control variable This system can be alseenas a multiphasenachine (twelvgphasemachine)

controlled usingnultiple d-g (or multi-stator, MS) control approach.

In [Zabaleta et al. (2018}he basic idea dlLuise et al. (2012a), Luise et al. (2012b3k been
extended t@ix-phase permanent magnet machirtge implementation of the multiplector controin
[Luise et al. (2012a), Luise et al. (2012@)s straightforwarddue to the construction of the machine
(four threephase sectionsPn the other hand, the proposed regenerative t¢gabraleta et al. (2018)]
is more involveddue to thealifferent constructiorfcoupling is present)lhe winding is distributed with

zero phasshift between the thrgghase winding sets whickquires fulldecoupling compensation.

Recent literature surveykevi (2008), Barrero and Duran (2016), Duran and Barrero (2016),
Levi (2016)] show that the main interest in multiphase systems exists in the electric transportation
(locomotive traction, electric ship propulsion, EVs, etc.) as discusg&dlootic et al. (2015), Subotic
et al. (2016b), Subotic et al. (2016aMore-electric and full electric aircraft developments are
considered in[Tani et al. (2013), Mengoni et al. (2016)hereasremote offshore wind energy
generation is investigated [Ditmansonet al. (2014)] For safetycritical applications (such as an
electric aircraft) solutions with modular permanent magnet machine design anepsiagéeHoridge
supply of each phasare preferred. The dominant solution for all the other applications is a multiphase
machine with distributed winding configuration (neimusoidal magnetmotive force distribution)

and multiphase bridge power electronic convdfani et al. (2013), Mengoni et al. (2016)Machines
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of this construction (synchronous or indocij are characterised with strong coupling between the
phases, which makes the achievement of the postulatesigyrathetic loading, as well asdependent
power flow control, with both positive and negative sign, in varioussystems) difficult tcachieve
with the current knowledge.

2.9 SUMMARY

In this chapter, a literature review of the multiphase machines and control schemes is presented.
The | iterature review starts with revising multi
early worls about the multiphase machines are surveyed first. Afterwards, various aspestisieel
such as design, modelling, control and power supply options. Next, the modulation schemes for two
level and multilevel multiphase VSlIs are surveyed. Then, twaleliing approaches (VSD and MS) of
the multiphase machines are discussed. Furthermore, the diffégrperformancespeed/torque
control methods such as DTC, PTC, MPC and FOC are reviewed. A brief survey about current control
methods for multiple threphase machines has been included along with a review of the power sharing
methods among single and double winding machines. Since this research will consider some aspects of
fault tolerance, a survey on fault tolerance schemes for multiphase machingadedn Finally, the
synthetic loading of threphase and multiphase machines is examined in order to establish the

uniqueness of the approach taken in this thesis.
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CHAPTER 3

CURRENT SHARING FOR SYMMETRICAL MULTIPLE THREE-

PHASE INDUCTION M ACHINES

3.1 INTRODUCTION

This chapter considers design of a control scheme for current sharing between multiple three
phase winding sets within a symmetrical multiphase induction machine. A gerfgrate induction
machine model and control scheme are derived first, followed by the derivation of the current sharing
technique between the multiple winding sets. The machine control scheme is developed based on the

well-known indirect rotor fluxoriented control (IRFOC3cheme for the thrgghase induction machines.

The chapter is organized as follows: In Sect®f a generalised mathematical modelling
approach of the symmetrical multiphase induction machines is introduced. A few assumptions have
been considered here to simplify the modelling and simulation process. Then, in 8&tionC| ar ke & s
decoupling transformation for multiphase induction machines is introduced. The decoupling
transformation decouples the machine flux/torque producing subspace frolosses producing
subspaces. Next, in sectidh4, the common reference frame, or the rotational transformation, is
presented, where the tirgependa t terms introduced by Clarkeds
eliminated. In sectioB.5, the generalised modelling of the multiple thpkese madhes is introduced.
Furthermore, introduced transformations are used to implement the IRFOC scheme of the multiphase
induction machine, which is explained in sect®f. The IRFOC scheme controls electromechanical
energy subspace only. However, in order to minimise the losses and also control the current amplitude
in each winding set, the auxiliary currents of the machine need to be controllet. asceadingly,
section3.7 presents the derivation of the current sharing scheme between the different winding sets by
controlling the auxiliary arrents and the electromechanical subspace simultaneously. Next, the machine
model and control system are validated using Matlab/Simulink. The simulation and experimental results
for a symmetrical triple threphase machine (i.e. niphase machine), atftérent operating scenarios
and with different control schemes, are presented in se&Bamd3.9, respectively. Finally, a summary

of the chapter is given in secti@rlQ
3.2 MODELLING OF MULTIPHASE INDUCTION MACHINES

Induction machines are widely utilised in industrial applications. Multiphase, as well as three
phase, induction machines operate based on thaierof the rotating field. The field is created by the

spatially shifted machinebs phases by an angl e
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Fig. 3.1: lllustration of the a) symmetrical and b) asymmetrical stator magnetic axepl@se induction machinveith
multiple isolated neutral points.

currents. The fundamental harmonic of the supply is responsible for generation of the rotating field
which rotates at the synchronous speed. However, the rotor of the induction machine rotates at the speed
which is different from the speed of the rotatfigyd (synchronous speed); thus induction machines are
often termed as asynchronous mach[hesi et al. (2007)] There arewo different types of multiphase
induction machines, symmetrical and asymmetrical multiphase machines, as illustr&igd 1iri
(nrepresents the numar of phases of the machine). The current sharing scheme introduced in this

chapter is developed for the symmetrical multiphase (multiple-fitrase) induction machines only.

In recent years, different mathematical models and mathematical transfosrfatidthe phase
variables of the multiphase induction machines have been introfsiogth (2002), Levi et al. (200y7)
Levi et al. (2009). The aim of these transformations i s
mathematical model, which describes its behaviour and the electromechanical energy conversion, using
the equations with time invariant parameters only. This is desirable beoatise original phase
variables reference frame, the inductances are time dependent, which significantly complicates
modelling and especially control. In order to simplify the equations and convert the induction machine
into its dc machine equivalent, filious variables are introduced by these transformations to decouple
the control of the machinebds flux and torque.
variables model, the model is developed based on the following assunfpéeinst al (2007) Levi et
al. (2008).

1- The spatial shift between any two consecutive phases is equal2g/n. This angle is in

electrical degrees, i.e. it is assumed that the machine is first reduced to goslagbair

machine. Hence, the anagd machine is symmetriaapphase machine.
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2- Identical and symmetrical windis@f the individual phases are assumed.

3- The design of the winding ensures sinusoidal distribution of the flux around-depa(all the
nonfundamental harmonics are neglected).

4- The impact of the stator and rotor slotting is neglected so that tgeis considered uniform
and circular.

5- The resistance of the stator and rotor winding is assumed to be constant (skin effect and
temperature variation are neglected).

6- The leakage iductance is assumed to be constant.

7- The magnetizing characteristic of the ferromagnetic materials is linearized. Thus, the mutual
inductances are considered to be constant.

8- The parasitic capacitance, hysteresis and eddy current are neglectedofifiegppndindpsses
are neglected also.

9- For simplicity, the rotor phase number is considered to equal the phase number of the stator.

Based on the previous assumptions, a generalised mathematical model, fephase
symmetrical induction machine, in tbbasevariable reference frame, will be presented first. Later on,
in this chapter, a symmetrical nipdase induction machine will be considered, and a decoupled model
will be developed starting from the generalised model.

The voltage equilibrium equatis of the stator and rotor follow from the simple application of

Kirchhoff 6s | awnduttivenature of thehwendimgs, asiinshe foNowing equations
d
] =[Ri ) 2] @

w=[R][i] <] @2

Wherev, R, iandy stand for the instantaneous values of the pt@aseutral voltage, winding resistance,
phase current and the fiimkage, respectively. Theandr in index represent the variables belonging
to the stator or the rotor, respectively. Equati(®%) and (3.2) are written in the matrix fon. The

voltage, current and flukinkage matrices are expressed as follows

[Vo]=84s Vs W5 v Vs (3.3)
v]=g4 % % - % § (3.4)
8 @ Bios fas i s’ (35)
§ Bivgia is o in (36)
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el=8n. ¥ # - XB 3.7)

bil=¢n. % ¥ - VB (3.8)

The resistance matrices are defined as:

R, 0 0 0
e
S0 R, 0 -~ 0
R. g 0% 0 R, = 0 (3.9)
¢ i
g0 0 0 R
R, 0 O 0
e
€0 R, 0 0
R, §. 06 0 R - O (3.10)
e . . . . .
o1

g0 0 0 - R,

Since the rotor bars are shaeitcuited in the squirretage induction machines, the rotor voltages in
equation(3.4) are equal to zero. The resistanmatrices in equatio(8.9) and (3.10) are diagonal
matrices. Since the phases have identical winding, one caitevRis= Ris= Ris=€ R =R, and

Rr=Rxy=Rss=€ Ry =R. The fluxlinkage in equation§3.7) and(3.8) is dependent on the rotor

and stator currents. This relation is given by the following equations

v=8. d.8 g i, (3.11)

[yr]:g—r [Hr] +L58 ! ig (3.12

The inductance matrices introduced(8111) and(3.12), [L4, [L/] and [Ls] are the stator inductance
matrix, rotor inductance ny@x and the mutual statdo-rotor inductance matrix, respectively. The retor
to-stator mutual inductance matrix..{, is equivalent to the transpose matrix of the stedaotor
matrix [Ls], as presented in equatig¢®12). The inductance matrices of the stator and the rotor have
only constant coefficients due to the fixed mutual position of the windings anddbe tonstant

p a r a massuenptien8. These matrices are obtainable as follows:

é,Llls Lios Liss == Luns
2'—215 L223 L 23 L 2ns
[ Ls] = gLBls Laos Lass -+ Lans (3.13
g1 i i
8Lnls I-n2 s L Bs L nns

25



Current Sharing for Symmetrical Multiple Thr@&ase Induction Machines Chapter3

é,Lilr le LlZB Lmr
gl—zjr Loz Lag - ar
[Lr] = gLSJI Lsz Lgz - Lg (3.14)
é : : o
gLnlr Ln2r Ln3r o I-nnr

The selfinductance (diagonal) terms introduced3rl3) are all equal, such thBtis=Lox= & Lnrs,

and this value is equal to-+M, whereLs is the leakage inductance of the stator lslnid the maximum

value of the stateto-rotor mutual inductance. The same applies to rotor; all diagonal te(B&4hare

equal toL,+M, whereL is the leakage inductance of the rotor. The other inductance coefficients have

different values i.e. to be more specifi@, 1)/2 different values. Now3.13) and(3.14) can be rewritten

as follows:
e Li+M M cos@ ) M cos(2a) --- M cosf( - Da)
gM cos(h- 1g) L, M M cos@) --- M cos(( -2)a)
[LS]=2M cos(h -2 ) Mcos@ -la) L, M - M cos({ 3a) (3.15)
é : : : :
& Mcos@) M cos(2a) M cos(3a)--- L, +M
e L +tM M cos@ ) M cos(2a) --- M cos( - Da)
gM cos(h- 1gr) L, M M cos@) --- M cosf{ -2)a)
[L]=Mcos(h -2r) Mcos@ ) L M - M cost( 3p) (316
é : : : :
& Mcos@) M cos(2a) M cos(3a)--- L, +M

From (3.15) and(3.16) one can see that stator and rotor inductance mattigearid [L.], consist of
constant terms only. On the other hand, the statostor muual inductancells] matrix has no constant
coefficients. This is because the rotor is in a continuous rotation while the stator windings are stationary.
Thus, the stateto-rotor inductance matrix is a tirdependent matrix with varying coefficient3he
instantaneous angular position of the rotor magnetic axis 1r to the stator magnetic axis 1s (Fig. 3.2) is

called the electrical position of the rotfi It is rdated to the electrical speed of rotatien, as
q. = ﬁ I@t + 4 (317)

wheredeois the initial angle between axésandls, and in most of the cases it can be assumed to be 0.
The statotto-rotor mutual inductance matrix can be described with only the first order harmonics due
to the assumption of sinusoidal distribution of the #iwaund the aigap. As a result, the stattw-rotor

inductance matrix can be written as follows:
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e cosg, cos(g+ 2 cos(,.¢ 2 )a- cos( B( -1
gcos(qe+ h -Da cos g cos(, g+ )a-- cos( & 2)
[Lsr]:Mgcos@e + 2)a) cos(g ¢ 1 mr cos, g - cos( @(+ 3)- (3.18

é : : : :
g cos@. + a) cos(g+2 1 cos(, g3 )a cos g

The previous set of equatiof3.1) 1 (3.18) represent a complete description of the electrical

subsystem of a symmetrigajphase induction machine. Conversely, in order to describe the mechanical

subsystem of the multiphase inductiorm ¢ hi n e, Newtonébés second | aw for
T.-T :Jdd'/t'/m (3.19)

whereTe represents the electromagnetic torgliestands for the load torqud,is the inertia of the
multiphase machine, amdm, is the mechanical speed of rotation. Additionalfy, is equal to the

electrical speed of rotationedivided by the number of pole palPxf the multiphase machine, so that:
W,
W, =— 3.20
h=p (320

Thus, looking back atk] in (3.18), and by considerin{3.17) and(3.19), one can say that it depends
on mechanical speed of the rotor andP. Rewriting(3.19) in terms of the electrical speed of rotation,
will yield:

e (3.21)

The electremechanical energy conversion is a result of interaction between the electrical and

mechanical subsystenfi thhe machine. The electromagnetic torduean be expressed:as
1..,7 d|L|;.
Te=P§[']T—[ Ii (322

where L] and [] are the total inductance matrix and total current matrix of the system (machine). They

are defined as:

=45l [k

“§Lg L] (323

[i]:gésTﬁ’ i 8 g (3.24)

Equation(3.22) can be rewritten in a simpler form, since the stator and rotor matBid&s and(3.16)

have constant terms (which do not change with respect to the rotor positio(3.48))n Additionally,
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for the final simplification one should take into account thaj¥[Ls]", which leads tdLevi et al.
(2007}

T OI["Sf][ir] (3.25)

T, = P[] i

The previous set of equation$3.1) through (3.25), represents a complete generalised
mathematical model of a symmetricgbhase induction machine in terms of the phase variables. So far,
the developed model contains+A differential equationn voltage equilibrium equation$3; 1) and
(3.2)) and the mechanical equilibrium equati¢®Z?2) or (3.25)). Hence, if for example, a twehghase
induction machine isonsidered, 25 first order differential equations with time varying coefficients are
required to be solved. In order to simplify the mathematical model of the multiphase machines, fictitious
variables from the original phas@ariables can be obtained thghuthe mathematical transformations.
A number of transformations have been proposed in the last cghawiyet al. (2007)] All these
transformations are practically speci al cases o0
[Dordevic (2013)] The following section will introduce the generalised decoupling mathematical
transformation for a symmetricaliphasem d uct i on machine. This transfor
decoupling transformation.

3.3 CLARKE 66 DECOUPLING TRANSFORMATION

| mpl ement ati on of Cl arkeds dne2y20 twgdimiensignal t r an s f
subspaces (planes) and two singjimensional gantities for a symmetrical-phase machine with an
even number of phases, amil X)/2 twodimensional subspaces and one shtlileensional quantity
for an odd number of phasfisevi (2008), Levi et al. (2007). The twedimensional subspaces are
perpendicular to each other and every subspace consists of two perpendicular axes. In other words, a
completedecoupled modedubspaceforannrphase machine is obtained wus
transformation. Also, note that the total dimension of the system is unchanged andiit(s gtitiables
are mapped ontna x es ) . Application of Clarkeds decoupl i
model compared to the phagariable model introduced in the previous section. In order to transfer the
multiphase machine phasariable model into the decoupled model, fillwing equation defines the

correlation between the original phase variables and the newly introduced fictitious variables:
81:5 bxyy,...0,0. 81:[C] n3ngf1,2.,.. n 83 (326)

In (3.26), [f, [y 0,0, 1 represents the new fictitious variables matrix after the transformation.

Matrix [Clsnr epr esent s Cl ar keds dec diyplkireprgsentsthaarignalor mat i

variables in the phaseriables model. Variablecan be any variable such as voltage, current or the
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flux-linkage for the stator or for the rotor. The transformation ma@ixf¢r a symmetricah-phase
machine with even numbef phases and a single neutral point is defined as:

2a 1 coy 4 co$ 2 cds 3)a - cfsn¢ 1) a
éb 0 sin( 4 sin( 2 J sif 3)a - sifr(- 1)) a
€x | 1 coy 2) cof 4 cds 6p - cps 2{ 1a
e 0 sin( 22) si 44 sif 6 - sit 2(- 1)a
ex% i1 coy &) co$ 63 cds 9% - cos B( Da
éy, | 0 sin( &) sin 63 sif 9p - sit 3¢- 1))a
[C]:\/%g : 5 : . : . : (327)

gxn%, 1 cos( (”—Zz)a) coé Q”Tz)a) cos( E(”—ZZ) % coé - 1()”—22) )a
o1 0 sin((52)a) sin(422) 4 sif §27) § o sift- ) )a
Go, L L L ER S

e V2 V2 J2 J2 J2

g 1L -t L N i

6 2 J2 J2 V2 J2

The decoupling matriX3.27) can be applied on the stator and rotor variables. All the matrix
coefficients are time invariant. The multiplication coefficient in front of the matrix is related to the power

of the new madhe model. By selecting this coefficient/as , the power of the decoupled machine

model will be the same as that of the original machine model. Hence, this choice represents the power
invariant form of the transformation, but the otbptions are also possible. The difference between the
decoupling transformation matrix for a symmetrical multiphase machine with an even or with an odd
number of phases is the following.rfis an odd number, the last row of the transformation matrix O

should be eliminated. Also, the numberaef/ planes will be i 3)/2 instead of rfi 4)/2. The first

subspace of the decoupled motkb defines the flux and torque producing subspace because the
coupling term between the statorrotor will only appear intis subspace, as will be shown later on
[Levietal. (2007)] Application of CIl ar B27tsthedatage aqulibrium g t r a
equations(3.1) and (3.2) and the electromagnetic torque equat(@r25) for multiphase machines

comprising an odd number of phases, results in the following equations. Obtained stator equations are:

d di
Vas = Rsias 4& Rsi ES ( &Is Lr?} = L rn_gi(I £0%7 [ Aﬁi'n Ql (328)
dt dt d
d di
Vbs:Rsibs 4& Rsl J 3 (H:Is Lr%_bs Lrn_ﬁi(I §Inqe I ,QGSC]l (329)
dt at ad
dyy s _ i
kas Rs')& s T Rsl% s L-'Ts (330)

29



Current Sharing for Symmetrical Multiple Thr@&ase Induction Machines Chapter3

ni Wys - dy,
Vys = Ry s p Rdys L 1 (3.31)
dy d
Vos = Rs'Os _?Os Rsbs S d:?s (332)

In (3.30) and(3.31), indexk represents particularx-y plane, and since a machine with an odd
number of phases is considerkd, 1 to (i 3)/2. The rotor equations in the n&kb frame will have the

following form:

v,, =0 Ri, ﬂJ;ti Ri. (b b -9:;—r lmA-l-(|5acoszye isbsiﬁ-g) (333
Vo =0 R, 9{,7” R, (L L 4?‘” Lﬁ( Ssing, i, gosig) (3.39)
v =0 R, S'yOT*k R, Lwd'? (339
v, =0 Ri, ﬂ% Re, L“didt& (3.36)
w0 Ry L om e @37

Again, indexk indicates the auxiliary plane numb&® 1 to (i 3)/2. Finally, after the transformation

into U-b coordinate system is done, the electromagnetic torque equat@2%9)f becomes:

Te= Phn(cowe(iaribs . A s;) sin Cil ira SJ 'H-r b;) (338)

In the equation$3.28) to (3.38), L is the pefphase equivalent circuit magnetizing inductance and it is
equal toLn = (n/2)M. The electromagnetic torque equat{Br88) shows that theleveloped torque can

be obtained from th&-b components of the rotor and stator currents only, whilectheomponents

and the zero sequence components do not contribute to the developed torque. Thus, a simplified and
fully decoupled model can be obtathérom the previous equation(8.28) through (3.38). If the
multiphase machine is supplied with an ideal symmetrical and balanced sinusoidal source, the
electromagnetic subsystem of the transformed model can be resolved into four firstiftecarticl
equations instead of the ih the original phaseariables model. Consequently, a considerable amount

of simplification is offered by the transformed model. However, the major drawback of the transformed
model is presented in the nonlinearity the system and the tintkependent coefficients of the
differential equationdn order to eliminate the timdependent coefficients, another transformation is a
necessity.
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3.4 ROTATIONAL TRANSFORMATION

The application of the rotational transformation is aimed to eliminate thedéypendent terms
after the application of the decoupling transformation in the previous section. The fictitious variables
obtained fromClak e 5s dec oup | iUb il be replacedfwih neva fictitiaus variables
after the implementation of the rotational transformatibg)( The rotational transformation is applied
only toU-b plane, because the tirdependent terms (statt-rotor coupling) appear only in this plane.
In Clarkeds decoupled model stator windings are
the same speed as the rotor. However, after tran
what isknown as the common reference frame, the stator and rotor windings are rotating at the same
speed. The speed at which the common reference {thg)eotates can be arbitrary and will be denoted
as¥a Theinstantaneougposition of thed-axis with respect to the first stator windirdy, which is
utilized to transfer the stator variables to the common reference frame, can be obtained from the arbitrary
speed as in the following equation:

g = 4t (339

Unli ke the Clarkeds transformation, now the s
same matrix. The instantaneous position ofctHais with respect to the first rotor windingdj, can be
obtained by subtracting the instantaneous positi
winding of the stator) from the position of the common reference frame, as illustr&igd3r2. It can

be obtained by the following equation:
q=4g-eq9 ﬁ a W -e)d’l/ (340)

The d-q axes are orthogonal to each other, as showfign3.2, thus they are fully decoupled.

The rotational transformation is applied according to:

gqu,)g)i,...0+0, ﬁlz[D] nn fa%,)fy,uop . ni (341)

where D]« represents the rotational transformation matrix. The rotational matrix depends on whether
the variables are belonging to the stator or rotor. The following matrices represent the transformation

matrix of the stator and rotor quantities, respectively

d,ecosg, sing 0 0-- O

05 g- sing, cosg 0 O0-- O

x.€ 0 0 10 O
D= "¢ 342
(D] Yieg O 0 01-- 0 (342)

pe E Dor

é
0,6 O 0O 00 1
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d ecosg, sing O O-- O
(o} g- singg cosg 0 O-- O
€ 0 O 100

0

Xy
D |= " & 3.43
[D] Y1rg 0 O 0 1 - (343
té : RN
e
0, O 0 00 1

Equations describingtb components of the decoupled mo@@P8), (3.29), (3.33) and(3.34),
after application of the rotational transformation, yield the following equations:

. d
Vds= Rslds % Wayq: (344)
d g
Vqs = Rsiqs % Wayd: (345)
Vdr =0 :th 9")(;% (H/a l/é/) Jér (346)
o dyg,
Vo =0 R+ (m W) K (347)
where:

(3.48)

(3.49)

(3.50)

» 1s

Fig. 3.2. Magnetic axes of the common reference frame for multiphase induction machine.
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Yo =(Le )i Hilgs (3.52)

The electromagnetic torqde from (3.38), after the transformation becomes:
Te = I:)Lm(idriq:s 4 dis qr) (352)

It can be noted from the voltage equilibrium equations in the common reference(&de
through (3.47) that the speed of the stator and rotor fictitious windings (which are attached to new
introducedd-greference frame) is different from the speed of the stator and rotor original phase variables
reference frames. In the common reference frame, both stator and rotor fictitious windings are rotating
with the same speed, the arbitrary spgedwhile in the original phase variables model, the stator
windings are stationary and the rotor windings rotate with the speed of the rotor. This is obviously
demonstrated in the voltage equilibrium equati¢®@g4) i (3.47), in a common reference frame.
Furthermore, the timdependent terms introdwtén voltage equilibrium equations in the stationary
reference frame (after Clarkeods transformati on)
(3.38), have been completely eliminated after the implementation of the rotational transformation. Due
to the elimination of the time dependent terms in the voltage equilibrium equations, a significant

simplification is introduced in the multiphaseluction machine model in the common reference frame

The electromagnetic torque can be expressed using different machine parameters. By changing
the variables anfinding the correlations of thd-q currents and flitinkages, the following alternative

forms can be obtained:

Te = P()/ dsiqs _yqé d) (353)

Te= Pt_rrn(ydriqs -yqridS) (3.54)

Fig. 3.3illustrates the fictitiousl-q windings of the rotor and stator of amphase machine. It is
obvious from the figure that the rotor and stat@xes are rotating at the same arbitrary spegdOn
the other hand, the original phagmiables reference frames (represented by the first axis of the stator
and rotorlsand1lr, in Fig. 3.3) have different speeds in the original phase variables reference frame. A
different common reference frame can be chosen depending on the application of the multiphase
machine. This is achievable by appropriate selection of the arbitraryspdeat instace, the arbitrary
speed can be chosen as zero defining stationary reference framey g, defining synchronous
reference frame. For development of hRggrformance induction motor drive control schemes, a
common choice would be timat is equal to th speed of rotation of stator,-gap or rotor rotating field.

Based on that, different control schemes can be implemented such as the vector control scheme also
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Fig. 3.3. The rotor and stator fictitioudsq windings obtained after the rotational transformation.

known as the fielabriented control (FOC) where the arbitrary speed is chosen to be ethmlkstator,
air-gap or the rotor rotating fieldL.evi et al. (2007)Levi et al. (2008).

3.5 MODELLING OF MULTIPLE THREE-PHASE INDUCTION MACHINES

The previous sections have considered the mathematical modelling of multiphase induction
machines with a single neutral point. However, there are numerous industrial applications where a
multiphase induction machine consisfsmultiple threephase windings with isolated neutral points.

This type of multiphase machine offers a more fault tolerant and more reliable solution compared to the
multiphase machines with a single neutral point from the power electronics point ¢QBrevdi et al.
(2010),Levi et al. (2008)Tani et al. (2013), Che et al. (2014a), Tani et al. (2014), Mengoni et al. (2016)]

If in a multiphase machine, with stator phases, the windings are divided inteinding sets witha
phases in each winding set, then ak wherek represents the nuwar of isolated neutral points or the
number of winding sets. For instan€gg. 3.4 illustrates the magnetic axes of a symmetrical-pinase
machine with three isolated neutral points. Each winding set consists of three phbhseslc, shifted

by 12@ (i.e. 2 /a) and the spatial shift between consecutive phases is equahtdrizices1, 2 3 (in

the general case untk), in Fig. 3.4, represent the winding set number. The modelling principles
provided in previous sections remdhe same for multiphase induction machines with multiple isolated
neutral points. However, since the zsemuence current cannot flow in any of the winding sets-the
current harmonic cannot exist. This will reduce the numbex-pfplanes in(3.27) by one, if a
symmetrical ningphase machine is considered, and the total number ofxzesuwill be three, i.ekin
gener al case. The foll owi ng e q udafer a symmefricabningé d e s

phase induction machine with a single neutral point:
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e a b [ d e f g h i [}
ga 1 cos@) cosRa) cosPBa) cos@da) cosba) cosBa) cos(fa) cosa) 3
ép | 0 sin@) sin(a) sin(Ba) sin@@a) sinGa) sin@Ga) sin(a) sin@a) U
le 1 cos@a) cos@a) cospa) cosBa) cos(Qa) cosl2a) coslda) cosﬂ.ﬁa)g
zgy1 0 sin@a) sin@a) sin(6a) sin@a) sinl0a) sin@2a) sin(l4a) sin(lea)g
[c]= 96 | 1 cosBa) cospa) cosa) cos(2a) cosl5a) cosl&) cosRla) cos@4a)u (3.55)
&, | 0 sin@a) sin@Ga) sin@a) sin@2a) sin@5) sin(8) sin(l) sin@4a)y
éx, | 1 cos@a) cosBa) cosl2a) cosl6a) cos@Oa) cosRda) cos@8&) cos@2a)l
gy3 0 sin(4a) sin@a) sin@2a) sinl6a) sin(20a) sin(24a) sin(28&) sin(32a)3
€L L 1 1 1 1 1 1 1
& 12 2 V2 V2 V2 J2 V2 V2 2y

If three isolated neutral points are present, the matrix becomes:

e a & 3 b, b, b, G G G o
ga 1 cos@) cos@a) cosBa) cosda) cosba) cospa) cos{fa) cosa) 3
€b| 0 sin@) sin@a) sin@a) sin@a) sinGa) sin6a) sin(7a) sin@a) U
le 1 cosRa) cos@a) cospa) cosBa) coslQa) cosl2a) coslda) cos@&a)g
2)’1 0 sin(2a) sin(da) sin(6a) sin@a) sin(l0a) sin(l2a) sin(l4a) sin(lGa)g
[C]= E@xz 1 cos@a) cosBa) cosl2a) cosl6a) cosRQa) cosRda) cosR&a) cosG?a)g (3.56)
ggyz 0 sin@a) sin@a) sin@l2a) sinl6a) sin(20a) sin(24a) sin(28) sin(32a)y
gﬁo1 \/% 0 0 3 0 0 3 0 0 3
o, o 3 0 0 3 0 0 3 0§
§o3 0 0 \/% 0 0 3 0 0 3 E

As already mentioned, the difference betwé®b5) and(3.56) is in the absence of thé! Biarmonic

plane (the secongy plane,x:-y2) in (3.56), because the zemequence current cannot flow in the
isolated thregohase winding sets. This plane as well as the zero axis, are replaced by the corresponding
zero axes for each o threephase winding setsThe iotational transformation of the multiphase
machine with multiple isolated neutral points is the same as for the single neutral point. Note that when
multiple isolated neutral points are present, the number of voltage equilibriatioeg such as those

in (3.28) through(3.37), will be reduced to 2ni k). Similarly, as in previous section a fully decoupled

ag

C2

Fig. 3.4: Stator magnetic axes of a symmetrical Aifi@se machine with three isolated neutral points.
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machine model can be obtained, which can be further used for the development elocps=Ezhtrol
schemes (such as FOC) for the multiphase machine with multiple isolateal peints.

3.6 FIELD-ORIENTED CONTROL (FOC)

Many industrial applications employ variable speed electric drives. From the simplest application
to the most sophisticated ones, the controlled variables change depending on the application. Speed,
position anddrque are the most commonly controlled variables. However, the electromagnetic torque
is the utmost controlled variable. A controlled torque will provide a controlled transition from one
operation speed to another with a smaller settling time compaitee éperoop control. Such variable
speed electric drives with a controllable transient and ststady are called the higierformance
electric drives. In order to control the electric drive in transient and stgath; the instantaneous
position of tke rotor shaft is always requirg¢devi et al. (2007)] Fig. 3.5 illustrates the closelbop
control ofn-phase higkperformance variable speed electric drive. The schematic is equally applicable
to any electric machine category suchpasmanentmagnet, synchronous reluctanoe induction
machines. Electromagnetic torque is proportional to the product of the flux producing curyemd(
the torque producing currerit §. Usually,iq is kept constant; nevertheless, this is not always the case
[Levi et al. (2007)] The torque producing current is the output of the torque controller. However, this
controller can usuallbe eliminated becausg can be obtained from the output of the speed controller
multiplied by a scaling factor. Note thathkig. 3.5 only d-q current controllers are shown for simplicity.

However, in practice the auxiliaryy currents should be controlled as well.

A cascaded controller structure is implementeBig 3.5 and in most cases these controllers are
proportionalintegral (PI) ones. This cascaded structure is governed by equ&tibfsaand(3.21). The
machinebs stator current s a relectrenmgnetictorqueis goeernedont r o
by the currents rather than the voltages. Thus, the power electronic inverter is a current controlled
inverter[Levi et al. (2007)]

The highperformance electric drives require fully decoupled control of the flux and torque of the
ac machines, as is the case in the dc machines. In dc machines the torque is inherently decoupled from
the flux ard directly controllable by the armature current. This is so, due to the construction of the dc
machines and the specific design of the commutator. Therefore, in order to apply a fully decoupled
control, it is essential to convert the ac machine modeliistdc machine equivalent. This control
scheme is called fieldriented control FOC, or vector control, where two fictitious currents produce
a decoupled control of the torque and flux of the ac machmeontrast tahe dc machines, these
fictitious aurrents are rotating with synchronous speed in the ac machines. The synchronous speed is the
speed of the rotating field at the steatgte operation. However, during the transient state there will be

three different fluxes with three different speeds.
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The most complex FOC scheme is the one applied to the induction machines becatmrigthien
the position of the rotor is measurable, the exact position of the rotating field is difficult to measure. The
FOC scheme is developed based on the rotational transformation ihodmbgel) of the multiphase
induction machine, represented by eguat(3.44) through(3.54). The correlation between the original
phasev ar i abl es model and the rotational transfor ma
transformation matrix@] and the rotational trangfmation matrix P]. Since the rotor is rotating with
a speedlifferentfrom the speed of the rotating field, or in other words it rotates asynchronously, the

measured rotor position is not used by the rotational transformation mfiteeést al. (2007)]

In order to convert the induction machine into its dc machine equivalent, it is important to select
the common reference frame in such a way thatitbemponent of the stator or rotor fHinkage is
equal to zero. This is possible, for example, by atigihed-axis of the common reference frame with
the fluxlinkage of the rotor or the stator. However, aligning dreis to the stator flukinkage will
lead to a more complex FOC scheme. Therefore, the most applicable FOC scheme in the industrial
appliations is the FOC where thlieaxis of the common reference frame is aligned to the rotor flux
linkage or what is usually called rotor fhaxiented controi RFOC. The characteristics of the common
reference frame transformation matrixJ now can be coridered as follows:

df,

g.= f rW_dt a W= (3.57)

-

wheret ; andy, representhe rotor field instantaneous position and speed of the rotor field, respectively.
Thus, the transformation angle in equati®®2)becomes equal to the angle of the rotor (rotating) field
L,. As mentioned earlier, by aligning tldeaxis to thed-component of the rotor fluknkage, theg-
component of the rotor flubinkage will be equal to zero. Therefore:

Threephasg
grid
T T 1 Inverter control
VVyV L4
ig* o] —
Control A V' —
a X T i+ | algorithms N ~,
Position Speed | Torque d —
Controller Controller ] Controller <
¥ - i
d 2 Feedback signal |« abe.n
e .
processng AR

Fig. 3.5: Schematic of-phase higkperformance variable speed electric drive principle.
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ay g

& 358
" (3.58)

ydr:J/r J{r:o

Now, rewriting the rotor voltage equatioi346) and (3.47) in the common reference frame, after

implementing the described rotatiomi@nsformation, will yield the following equations:

dy,

Vg =0 Ry e (3.59)
Vg =0 Ri, (w w) y (3.60)

Starting from rotor flux equation(8.50) and(3.51), thed andq rotor currents in the common reference

frame can be expressed as follows:

Vi :(L|r -H'm)ldr I:'-mlds ) lar :J/Lﬂ (3.61)
. . ) L,
0:(L|r +Lm)|qr I:l_mlqs lgr :L_Iqs (3.62

Substituting(3.61) and(3.62) into (3.59) and(3.60) will yield the model of a currerfed rotor flux
oriented induction machine:

dy,

Y +Tr dt :Lmids (363)
(M/r - ,4/) Jl/Tr :Lmiqs (369
T, = P( Lo/ L)V tigs (3.65

whereT; = L/R, is the rotor time constant. Fraf®65), it is noticeable that by maintaining a constant
rotor flux y,, the electromagnetic torque can be controlled by changing theeomponent current of
the statorjgs. Thus, the torque produng current is thegs and it is determined by the referergaxis
current of the stator. On the other hand, the flux producing currentdsaxie current of the stator as
noticeable from(3.63). By expressingqs from (3.64) and substituting it int§3.65), the torque of the

machine can be expressed in teohthe slip speeds= (¥, T ¥¢), as:

a 20
T=PE" (3.66)
g r =
It is noticeable fron{3.66) that there is a linear relationship between the electromagnetic torque and the

slip speedys. Theoretically this means that there is no jouit torque, but in practice the torque is

govern@ by the maximum statmoltages andurrentlimits. In the steady state operation, the rotor-flux
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linkage is constant and it is governed by dheomponent of the stator currdag[Levi et al. (2007).
Rewriting (3.63) for steady state operation yields the following:

Y= I-mids (3-67)

The rotor fluxlinkage reference should be equal to the magnetiux during neload condition of the

multiphase machine.

An illustration of the rotating common reference frame of a multiphase induction machine, where
the stator currend-axis is firmly attached to the rotor fldinkage axis (hence, rotor flux reference
frame), is presented Iig. 3.6. Based on this figure, onecareset hat t he st atdsr 6s cul

is defined as follows:

=12, +2e1? ime it (369)

where;:

iqs =1 CcOSd I gs FsSIN ¢ (3.69

Measuring the rotor flukinkage position ; in a multiphase induction machine is not an easy job.
Therefore, it is better to estimate it utilising the measurable variables of the induction niaekiret
al. (2007). This estimation can be achieved by using equdB8dB#) and the slip speed reference as

follows. If the slip of the machine is equal to the reference slip one can write:
W=+ (3.70)
et = ([ e Fg Lo (3.7
Further, for the reference values, based3084) one can write:

g-axis A

¥ <

Fig. 3.6: The rotating common reference frame of a multiphase induction machine where the retokélg is firmly
attached tal-axis (rotor flux reference frame).
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. L
Wy =——= (372
Tl'yl'

By substituting(3.67) into (3.72), the relationship betweegn and the slip speed can be obtained as:

*

i
« _ g
W =—=

r 'ds

SG | (3.73

whereSGstands for the slip gain constant and is define®@s: 1/(T:-ig). By estimating the rotor flux
position, RFOC is not directly measuring the position. Thus, this scheme is called indirect rotor field
oriented control (IRFOC). The block diagram of IREQor a multiphase induction machine is
illustrated inFig. 3.7. Note that inFig. 3.7, the outer speed control loop is also shown (again, for
simplicity thex-y current controllers are not included).

Operating the I RFOC scheme in the common refe
voltage equations and the fHirkage equations in the common reference frame. Substit(8iA§)
and(3.49) into (3.44) and(3.45) and expressin(.48) and(3.49) in terms of rotor fludinkage equations

(350 and(835)and in terms of the statordés currents, wi
: di L.d .
Vi = Rige 6 Lot gnDr g (3.74)
dt B |
Vqs = Rslqs Bl LSE -M/rL_m § 4 -IFM/L% d: (375)

whereLs andL;, are the stator and rotor total inductance=(Lis + Lm andL; = Ly + L), and( is the
total leakage coefficient and is defined as:

L2

S—r

It is obvious from(3.74) and(3.75t hat the statoré6s voltagbecassegguati o

thetermofth@c o mponent stator Gompromemt @p@aeéar disn vioh & ¢

Ids ( Vas*
1
SO o 2 .
o m lgs Vs Rotational |vgs Clarkes

Transformatio Transformatio
. D B C-l
¥ rpm” Speed T lgs" e Vg™ [Bd Vos* [C]
Controller i
erm i

Fig. 3.7: IRFOC for multiphase inductiomachines.
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This crosscoupling needs to be considered if the induction machine is required to be controlled in the
rotor field reference frame. So, by redefining the voltage of the stator, the following equations are
obtained:

dids

Vd.ls = Rsids +Ls_'(I (377)

_ di
Vis = Riigs +L5—id":—S (378

wherelLL = (L. The statorbés reference values at t he con

Vi = Vi €4 (3.79

*

Vqs = VES +eq (380)

whereey ande, are the auxiliary variables needed to be added in order to obtain a fully decoupled control
scheme. These variables are defiasd

L dve G
& L o W Llgs (3.81)
L, y
& =W+ Ml (3.82)

Since a constant flux is maintained during the operation of the induction machine (assuming that
machine is not operating in the field weakening region), the rototiflkage derivative is zero. Also,

substituting(3.67) into (3.82) will yield to simplification of the auxiliary variables to:
& = W Lig (3.83

& = Liig, (3.84)

Fig. 3.8 illustratesthe IRFOC scheme for multiphase induction machine with coosgpling
decoupling €; and e;) controller included. Again, the block diagram is shown with the outer speed

control loop and na-y current controllers.

Due to the nofideal characteristics of theuttiphase machine and power electronics converter
in practice (such as the detuhe effect and asymmetries of the windings), controllingdtgecurrents
only with IRFOC is not sufficient. Therefore, the otkerplane currents (auxiliary currents) neede

controlled along with thd-q plane.
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3.7 CURRENT SHARING FOR MULTIPLE THREE-PHASE MACHINES

In the common reference frame of the multiphase induction machines, with sinusoidal magneto
motive force (mmf) distribution, the only torque and flux producing plane, actually contributing to the
electromechanical energy conversion, isdfgeplane.The dher planes are loggoducing sukspaces.

Thus, thex-y plane currents should be always controlled to zero, to eliminate the effects-iofeabn
characteristics of the machine or the power electronics conj€heret al. (2014a), Che et al. (2014c),

Hu et al. (2014), Liu et al. (2016)However, posfault techniques can utilise these currents to control

the currentds ampl it ude -faultoperdtimycomditiofifaniretagl. (2083),s dur i
Mengoni et al. (2016)]The posfault operation due to a fault of one or more inverters (wach

winding set is supplied by an individual inverter) can be achieved by changing the sharing coefficients

of the stator currents for each winding set. The current sharing control strategy will be discussed shortly

i n this sect i onansfolhatiorefar each windirg aet dncfdr the whole machine have

to be introduced first and the links between the original and the transformed variable, as well as between
the transformed variables in the two different reference frames, have to be lesthblis

Among the multiphase induction machines, multiple thplease machines are attractive due to
the availability of the welestablished threphase technology and their fatdlerance capabilities.
Since the neutral points of the winding sets are isolated, thesequence current cannot flow and the
3@ harmonic does not exist. In order to contra #uxiliary currents in a multiple thrggaase machine,
the machine can be decomposed iktthreephase winding sets (with a phase shift between the
consecutive phases equal B2 /3). Using the knowledge from thrgghase theory,"®3 Cl ar ke 6 s
transformaion [C3], can be applied to each winding set (1 to k). This modelling approach of
multiphase machines will be termed here as the satdtor (MS) modelling approach. Applying
Cl a r tlamsfdrmatiorto each winding set will defind-bi-o; componentgor each set. When defining
Cl arkebds transformation matrix for each winding

into account. Based d8.27), Cl ar keds transformation matrix for

l igs l €4
1 > Vi
L T2 g > nverse 2 nverse  —> Vi
o las _ Vas Rotational | Clarkes > v+
) l los Transformation Transformation
Yo G BN ey I MR L Lt [
—»( L PI > PEi > T —> > Voot
¥rpm & * Ly
——» SG )—>»(N )/ +
L d-:sl
¥e Tde
602" < N <

Fig. 3.8: IRFOC schematics with crogsupling decoupling controllers.
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€cos@) co$ o 2/pp cds €4 )R
&€, g %gsin(a’) sif( d+2 /@ si{ a4/ po (3.85)
g2 Y2 12

wherel represents the angular displacement oithewinding set with respect to the first winding set

(i = 1 tok). For symmetrical multiple threghase machine witkwinding sets:
di{fo a2 a- (k-3 } o d=(i4) ¢ (3.86)

The multiple thregohase machine can also be observed as a sipflase machine and modelled
as in sectior8.5. ThereforenxnCl ar ke 6 s t rCq,a beodirectly appliechonto the full set
of n phase currents defining decoupled phase cur@mponentsl, b, X1, Y1, X2, Y2, €1, %, 0 é, 0
This multiphase machine modelling approach will be termed as the vector space decomposition (VSD)
approach.To define [, for the considered case of a symmetrical multiple tiptgesse machine,
eguation(3.56) can be rearranged and generaliseahfphase machines wittthreephase winding sets

(and henc isolated neutral points), as follows:

R 9 0 by o 3 R %

o ) ) a ffoo ) 12 [ows) std

b 0 sinkg sinfx p sif)a sifk+ 1))a sig®+1) a- s(rﬁk —)1) a sﬁ@k ha! 239&; {(nk ) ® %%ﬁ

a 1 cofkad cofR  cds)a cfsk¢ 1) a doskKz+ I a-

X 1 cosdka) cosf B4 cof2j cobk{ NDa cds2k@ Ya- osy(k- Ja) cos%(k -La %‘l) cos(:@k )-la%%
v 0 sinZka) snqxq singp sinpke Dja sz @+ Ya- stk )Y a sfx y 12 inz(k) - 44+
X, 1 cos4ka) cosf Ra cofdp cobkt Da cdsdk(z Y- dise ) )1a (:()kA} 12%) 034((: k3 - i\,ﬂ+

% o sindka) sn{ X3 si(a) sndk+Dd snd @ +np - sk n)a siffk 1 ) sk )1 Y

[e]={x

Xn- (k 2) 1 cogfhka) co$ dkq cdshh cfsk B)a dos e M) a-  fosk ) h) a ((ok ) 2@4) ((col;) hlis%+

D> (D~ (D~ (D~ (D~ [+ (D~ (D~ (D~ (D~ (D~ (D~ (D~ (D~ (D~ (D (D (D (D (D (D (D (D (D (D (D (D (D~ (D (D (D~ (D (s (D~ (D (s (D, (Ds D~ (D~ (D

2

Vn- (k 2) 0 sin(hka) sin(2hkgd sifh)y sif & Th)a sif (X+ 1) a- (k- 1)ha) sin((k Jha 3?-"1) sir‘((k }h aiﬁ
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where h = (n-1)/2. For current sharing, i.e. for controlling the currents of each winding set directly from

the VSD reference frame, links between these two modelling approaches, VSD and MS, have to be
established. By wusing CI farrthe thi@ephast evinding gethilntie t r an s |
contribution of each winding set to the decoupled phase currents [defi(@81ycan be obtained. In

other words, the links betweéh, by, o1, (b, bz, 02, Uy, bi, 0candU, b, x4, y1, X2, Y2, €1,0;, 0 é,can0

be establishedcr om Cl ar ke 6 s t appliedstd each miading sethonarcart write: X

~

eal 2 £ 8 i € @ i, € Iig e ig

é u . €~ -1, é U éd .U
elbl ug:sl H g o b2 &CEy " @oo el € ad b (3.88)
8. £ H i & H iy g iH« g 1K

The phase currents can be represented in matrix form as:
gph ﬁ[ial im idii a2 i b2 i c2' aki bki clT (3.89

The phase currents {8.89) are intentionally shown as a vertical stack of the currents in each winding
set. Now, if each subtack is substituted Ki3.88), direct links between phase curreatsbs, ¢, az, by,
C2,  6,bx, ckand current projections for each Bgthy, 01, (b, b2, 02, Bk, By, 0k, Will be established.

To demonstrate thig triple thregphase induction machine will be used:

S 8 Sy
e u e l
b éon
éi, U 1 & |
& g@c 0 %o N
éaz gé 31 H [ ]333_1 [qsss '1632 l
89*‘9 HgbZ 3:6 [0]3%3 8C3,2 g [0]333 l%@z : (3-90)
éi 2 U e -1 l
qc u 8 [0]333 [0]333 §C33 d Héoz \
€3 o das |
€ U ST
& U e 1
e|c3 u élo3 l

By calculating and substituting the values@f;[' (i = 1 to 3), one gets:

8, oé 0816, + 0.570,

“e -0.408,, +0.707, +40.577
. S ue 0.408,, -0.707, 0BT,
&or (Do [dis & 16 0.626,, + 0525, +0577,

N e N -1

8o Hé [0]333 8Cs2 [qsss t@ b2 ue'ZO 761,, +0.27B, +0.51¢, (3.971)

1 &, 060.142,,- 0.804, +0517,

2 [0 0 Css @ & ;
g0, [0 8 &, ue014216,,3+ 0.804,, +0.517,

& 06-0.767,, -0.270, 0517,

& ué

Sy U€0.626,,- 0525, +0577,
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Indeed(3.91) shows direct links between phase variables and the MS appieket variables. By
mul tiplying the machinneldy tphasgermanraleingsd maltarn ke
(3.87), the decoupled phase currentgd can be defined:

—
'

yl

(D~ D~ D D~ D~ :('D\ - (D

HC | 8Q: (3.92)

[iVSD] 2
Elx(n- (k 2)/2)

N

2}’.(.']: (k B)12)
e gy

e
e
e

B o

[e ol e el el el el el el e e el el el et

Cl arkeds transf or mphase mductidnonachinetwigh symmetnical spatinlh r e e
displacement is given i(8.56). However, the columns ¢8.56) should be reordered now, in order to
follow the notation used i(8.87): ai, b1, 1, a2, by, ¢, as, bs, Cs. After substituting the values oE§] and
[ipn] from (3.91) into (3.92), and after some maths, the links betweley x1, y1, X2, Y2, €1,0, 0 &, O
andU, by, 01, U, by, 02, U, By, Ok, i.€. between the VSD and MS approaches, are obtained:

e a1t g 7]
&, g6 B
e ueé Infle e
g pé 3
éixl ggz’\/éaf\ﬁdz‘ﬁs 8 5 B3
é" uf€ 6
?Iyl l;le?’iaz'aae 203 4 ¥B 5B 3
o] =9, & ° 3.93
VSD _é)é l\'re:r\Z\/éal'\ﬁaz N3 4 8 5 Bty ( ’ )
G Yz 6
€% US3,,-3,2/3,48,48,
Gor Uz 6
e ue€ i
éo2 U€ ot
. é i
8os Ué 02
e lo3 1

From (3.93), one can see thatcurrent of the multiphase machine consist§l@omponents of
the three winding sets. The same applies tobtlwemponenti it is proportional to the sum df
componentsHowever thex-y plane currents are consisting of a combination otMfiecomponents of
the triple winding sets. Thus, tley currents, which sometimes are not controlled to zero but are used
to achieve a pogault operation of the machine, can wtolled by controlling thél-b components
of the individual sets. Alsq(3.93) confirms that Dand o axes are in fact the same (which may be
confirmed from(3.87), for n=9 andk=3, and(3.85)), but the used notation clearly distinguishes which

modelling approach is used.
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Towhat follows itis convenienttointlou c e and use space vector not a

current space vectors in the VSD approach, can be defined as:
Eb:i a'lji b|= ajl;.l.
i_xy.l. =i XL -ljl yl szyl. j.IIX)ﬂ. (394)
ixy2 :ix2 -ﬂl y2 |=xy2 / Ixyz
The zeresequence currents of the winding sets will notcbasidered here, because these currents

cannot flow in the multiphase machines with isolated neutral points. The current space vectors for each

winding set, when the MS approach is used, are defined as:

Lasip i 1= o4l o
=i g Hil 1= 20, (3.99

L=l a Hl 3 1= 341 3

By rewriting [ivsg from (3.93) in terms of the space vectors from equafi®84) and(3.95), the

following equations are obtained:

Eb:%(i n H 1) %( 22172 ﬁﬂ' s i 9 (3.96)
=kl i) B((19V8) o (V3i) 4 B(( 2 V3 &(V3i)-) @9
T =kl i) B((1-v8) o (Vi) & B((+iv3 a(V3ii)s G

After some simplification 0{3.96) i (3.98) one can show that the VSD current space vectors can be

rewrittenintermsof he wi nding set MS approach currentods s|

b= %(I_ ar® 2pit 3). (3.99
— — — j20 —* -j2p
Ixyl :%(Ia a + aﬁj : I+ :gbj ? ) (3-100
- — — 22— _j2p
Ixy2 =%(Ia a t aﬁj ’ I+ 19[7] : ) (3101)

Once the transformations and links between the various reference frames are established, the

current sharing can be considered. THe plane is a flux/torque producing plane, hence theent

componentfa pis responsible for the electromechanical energy conversion. Eq(@&89hshows that
the flux/torque producing current smv:ectori_a, pin a triple thregohase induction machine is equal to

the vector sum of thé p Space vectors produced by each winding set. Scaling fig®in front,
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comes as a consequence of the powgB9alsacodims ant
the fact that the total torque generated by atipialthreephase machine is equal to the sum of the
torques generated by each winding set. Now, in order to control the contribution of each set to the total
flux/torque producing current, the current sharing coefficients will be introduced. To minimisetor

current lossefTani et al. (2013), Zoric et al. (2018)t will be assumed that aﬁ, p Space vectors are
aligned withi, , space vector. Therefore, the current sharing coefficknts, andKs, of the different

winding sets, are defined as:

liaa|=VBKYJi . (3.102
AENCE A ] (3.103
lia | =VBKGfi s (3.104)
By substituting equation8.102) i (3.104) into (3.99) 1 (3.101), it will yield the following:
L,=(K, K, K, (3.105
i‘xylz(Kl Ke* Kse'j%p):iab (3.106)
Ty =(K1 Ke* ng'j%")gb (3.107)

The previous current sharing equati¢®405 i (3.107) are valid in the common reference frame
only. However, in order to contrthe currentsanappropriate rotational transformation, for each plane,
has to be used. By investigating the current sharing equations, one can see that the auxiliary current
space vectors are not necessarily rotating in the same direction(#b therent space vector. In fact,

from (3.106) one can see thdf, current space vector is rotating in the opposite direction frond-the

current space vectocgmplexconjugate Ta »)» While from(3.107), obviously, i, current space vector

Xy2

is rotating in the same directionigs,. Thus, the current control should be implemented in different

synchronous reference frames. Rotating reference frames intoWhjel-y: andx.-y. components are
projected are named ad:q, di-0x and d2>-0p, respectively.Fig. 3.9 illustrates the reference frames

involved in the current sharing strategy and their directions of rotation.

The block diagram of the modifidBFOC scheme with auxiliary currents control is illustrated in
Fig. 3.10. As for the IRFOC scheme fronfrig. 3.8, the torque and rotor flux control Fig. 3.10 are
achieved by regulating thies and igs in the synchronous reference frame. In order to control the

amplitude of the currents in each winding set, the auxiliary currents are controlled according to the
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current sharing equatioi(3.105 i (3.107) and in the appropriate reference frame accordifgga3.9.

The first auxiliary currents:-y: subspace needs to be controlled in thegntchronous reference frame.
This means that it needs to be multiplied by the ratatidransformation matrix with the angle
multiplied byi 1. The following equations represent the synchronous rotational transformation matrix
and the antsynchronous rotational transformation matrix, respectively:

e 4% by,
g’ ggd d | cosf, sinf (3.108
89,9, | - sinf, cosf

~

e X Y1

ge' ggdl icosf, -sinf (3.109
gy i sinf, cosf

Equationg3.108 and(3.109) are used foxi-y: andxz-y» current control as illustrated Fig. 3.10. Also

note that these equations are transpose matrices of each other (orthogonal matrices). Therefore, they are
both used in different order to convtne reference frame from rotational to stationary or from stationary

to rotational reference frameFi@.3.10). The benefit of implementing thesiifferent rotational
transformations is to achieve the zero stestdye error of current control which will reduce the losses

as a consequence.

In order to have a balanced system the sharing coefficients need to be equal to each other, and
equal to 1/3 (8e(3.105) and their sum should be equal to one. For a-pivese machine with three
isolated neutral points, the sum of the sharing coefficientddlabwvays be equal to 1 during motoring

mode, thus:
K,+K, «; E (3.110

In practice, when choosing the valueskaf K> andKs, one should be very careful because the
rated currents of thmachine or the inverter switches, should not be exceeded. Therefore, the following

equations should be considered also during the current sharing operation of the machine:

|iabc..n| ¢l rated (3.11])

wherelraed represents the maximum inverter or phase rated current. If a fault occurred in one of the
winding sets, the faulty winding set current should be distributed evenly among the healthy winding sets
taking into consideration e TO validate tk developed auxiliary current control scheme, a
symmetrical ningophase induction machine with three isolated neutral points was developed using

Matlab/Simulink. The simulation results are presented in the following section.
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Fig. 3.10: Block diagram of IRFOC with curresharing control for triple threphase induction machine.

3.8 SIMULATION RESULTS

A symmetrical ningophase induction machine with three isolated neutral points is simulated in

Matlab/Simulink using the phase variable mof&brdevic et al. (2010)]

The

Cl

transformation for a triple thrgghasemachine (as irf3.87) for n=9 andk=3) is implemented in the

power invariant form. Afterward, the rotational transformation (as(3ri08 and (3.109) is

implemented in ordetio achieve a zero steadjate error of the regulated currents and to eliminate the

time-dependent terms. In all cases the machine was supplied by a voltage source invert@h@/Sl).

voltage source inverter was modellgginganideal switching. After thgeneration of the leg voltages

Table3.1:

The

Vrihémohsa ssendsy mmet r i c al

inducti on

Prated
M

Lls
Lir
Lm
Vdc

2.2 kW
115.6 mH
18 mH
8.6 mH
520 mH
750V

o)

R
R
Ls

L
fs

1 (pair)
4.85q
1.82q
538 mH
528.6 mH
5 kHz

me
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referencesthe common mode voltage is subtracteabtain the phase voltagdhe Simulink model
of the VSI isillustratedat appendixA. The parameters of the simulated machine and the VSI are
illustrated inTable3.1.

Different operating conditions are examined. Initially, the simulation is done by considering the
triple threephase machine supplied bydk threephase VSls under opdnop condition. The results
are shown inFig. 3.11. The machine started with no load and reached the sttamdy speg at
approximately 0.7 sec. and then it was loaded With 5 Nm att = 1.0 sec. The results show that the

machine stator currents dpalancedand the amplitudes of the currents are the same for all winding

[~

300 - - —= :
.g. Y:311.3
E 200
g 10¢

4

Torque [Nm|
N
iye (A

Y: 5.0
o | N—4 il

Y: 0.6218
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—
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o
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o 1A
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jr n.lyu,wMMMu,gwvmx.w..wm‘.“lM.m.m.w.x....xr‘.l,l,x,{,..ﬂ,,‘,..M,‘u...‘,l,.
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. 2
—_ — 1.9
< <
2 1 “ “,,\l\,’[’[‘l RV 8 o 1
. _2 _—
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Fig. 3.11 Simulation results for nirphase induction machine with three isolated neutral points supplied by VSI in
loop: ¢ = 0si 1.6 sec balanced operatidr, 1.6 sed 2 sec unbalanced operation)camplete simulation, ldoomed
section betweeh= 1.55 se¢ 1.65 sec.
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sets. An expected reduction of speed is noticeable after applying the load tdarguetasec. This test
confirms proper development of the machine model. In order to test the machine running in open loop
with an asymmetry in the winding sets, an asymnynieas been introduced in the first and the second
winding set stator resistance, by addingv3o the original value of the first winding set and by
subtracting W from the second winding set original value. The asymmetry is initiated &t6 sec.

The zoomed simulation results are illustrateéig 3.11b.

It can be noticed that the currents become unbalanced once the asymmetry is added. The currents
of the first winding sets (with asymmetry) are smaller than in the other winding sets. This is noticeable
from the last subplot dfig. 3.11b (ia123), Whereix = 1.93A, ix» = 2.40A andias = 2.16A. Comparing
the simulation results frorfig. 3.11b of the ningphase machine with and without asymmetry shows
that the machinauxiliary currents are zero during the balanced operation of the machine before 1.6 sec.
On the contrary, thg-y currents components are present during unbalanced operation of the machine
after 1.6 sec. as shown frdfig. 3.11b. Therefore, controlling only the mtad n @bdcsrrents is not

enough to balance the machinebés currents in the

Next, the machine is simulated under clekmmp control using the IRFOC including the current
sharing algorithm. The implemented IRFOC scheme is illustratE@ir3.10. The machi neds f
torque are controlled by regulating tdeg subspace currents. As can be seen fFgn3.10, the
ma c hg aureedts are initially converted to the stationary reference frame and afterwards to the
synchronous reference frame. The results are providEdyir3.12. Once again, both cases, with and
without asymmetry in the first and second winding sets stator resistances, were considered. The machine
is accelerated to 1500 rpm and a load torque of 5 Nm is applied stegptvis2.5 sec. One can see that
themachineds currents are balanced between al/l t h
producing current components are following their referen€is 8.12). The current sharing control
algorithm presented in secti@i7 is implemented irFig. 3.12 att = 3.25 sec. The sharing coefficients
were set to1 = Ky = Kz = 1/3) initially and up td = 3.25 sec. Subsequently, the sharing coefficients
were changedK: = Kz = 1/6,Ks = 2/3) during the periotl= 3.25 sed 3.5 sec. As a consequence, the
amplitudes ofa. andiasz are equal and the amplitudeigfis four times larger, as can be seen from the
last subplot ofig. 3.12b (ix23). Next, the current sharing coefficients were chan$ed K- = 1/4,K3
= 1/2) during the periotl= 3.5 sed 3.75 sec, and again the changes are directly reflected in the last
subplot ofFig. 3.12b (ia123) Where thevinding set currents are; = 1.74A, i = 1.74A andias = 3.35A.
Throughout the period betweér 3.75 sed 4 sec the sharing coefficients were again chanee (

1/4,K; = 1/2,K; = 1/4) and here the winding set phase currents change correspondirgly:74A,

ia2 = 3.35A andizz = 1.74A. These changes in the current sharing coefficients (3.254sgec) coincide
with the machine operating with balanced winding sets. Oma®a that during the balanced operation
of the machine, when the sharing coefficients are equivalentytBabspace currents are zero. During

the implementation of the current sharing strategy, after3.25 sec, the current amplitude of the
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winding ts is changing, while the totaib currents remain unchanged. Thg currents are changing
according to the sharing coefficier€sduring the current sharing period.

During the time period = 4 sec tot =5 sec the machine operates with unbalanced iagnd
resistances as detailed earlier. The current sharing coefficients were changed according to the details
provided at the top dfig. 3.12b. When there is asymmetry introduced between the machine winding
sets, the simulation results show that the current imbalance is not present anymore i.e. during the time
when the sharing coefficients were setko£ K, = Kz = 1/3)t = 4 sec to 4.25 sec. Frdrg. 3.12b one

K1 1/3 1/6 1/4 1/4 1/3 1/6 1/4 1/4
Ko 113 1/6 1/4 172 113 1/6 1/4 172
Ks 1/3 213 172 1/4 1/3 213 172 1/4
20G i 3
7 e o
k=) vi157] <
= 106 3
- —ig—i
s
Y

(Al

xyl

Torque[Nm]
(62}

[A]

10-7
e

8 0 ::3 u E .
A 1 * ==
pE= — == '
ik i’;'].'mﬂw"” ! l.;M.Mnﬂmwwnl e e et
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b
> I =~ ooy o
3 9 /"t‘l'l't’l’l't’l’i'l’l'l'l'i‘ﬂﬂﬂi‘i‘i “’MN} Wl' i\u“ %j\/\/\!\/ i vW\!\1\igxf\fgf\f\/\/u\l\/\l\l\/\ MY f\\f\fm

1 2 3 4 5 3 3.2 34 3.6 3.8 4 4.2 4.4 4.6 4.8 5

Time [sec] Time [sec]
a) b)

Fig. 3.12: Simulation results for ninphase induction machine controlled by IRFOC with and without asymmetry in
first and second winding sets. The green boxed area is without asymmetry whae thexed area is with asymmetry.
a) complete simulation, ljoomed section betweeér 3.0 sed 5.0 sec.
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can see that the currents in the first and third winding set have the same amplitude in all winding sets.

Due to controlling theycur rent s to zer o, the asymmetry of t
Having unbalanced currents between the winding sets can lead to decreased performance and efficiency

of thedrive system. In addition, the motor expected Vifi# decrease. Also, according to [Liu et al.

(2010], in practice, this will increase the torque pulsatand the acoustic noise. Thus, the current

bal ancing is an essenti al aspect of multiphase
T2 T L
F = e W |
e Y z Mmmh\mm\mmmm/x\ \/M/x\ MM
5 T WY 0 W W W W W
_. S W WV 1 A WA WA A
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Fig. 3.13: Simulation results for ninphase inductiomachine with three isolated neutral points controlled by IRFOr
with auxiliary currents control working under pdatlt. a) complete simulation, lJoomed section betweer 3.2 sec
1 4.0 sec.
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implemented also when there is asymmetry in the machine windings. The results of the scenarios with
differentcurrent sharing coefficients can be seen dfted.25 sec and are approximately identical to
the previous results when the machine was simulated under symmetrical winding sets. This can be

noticed by comparing the green and red boxed ard&g.i8.12b.

The current sharing control scheme can be utilised during thdéauidisbperation of the multiple
threephase induction machine. This can be achieved by manipulating the current sharing coefficients.
For example, if one of the VSIs has a fault, the macham still operate, albeit at a reduced capacity,
while the faulty VSI is switched off. This scenario has been simulatédgir3.13 where the first
wi ndi ng s e tKiissettoaxerd dt=i 3@25sec nAfterward, the first set was put on again but
the machineds second wi n t=53r5gec by settiristo zero Pigp3.1$p). i s s wi
Finally, the third winding set sharing coefficidfgis set to zero dt= 3.75 sec. In order to maintain the
same machine performance, the required power is divided equally betweendiéngrwo healthy
winding sets. One can see that the machitHauledbs spe
operation. Al so, note -ohh® whedcogrsets afethetd
because those windingtseare not physically disconnected, but their currents are controlled to zero,
hence the ripple is present. Finally, note that for practical implementation of this algorithm the rated
currents of the VSI 6s swit c h emsainavithithelimie Thenefaeh i ne 6 s
the current sharing coefficients should be appropriately reduced to satisfy these requirements.

3.9 EXPERIMENTAL RESULTS

The current sharing strategy presented in se@i@rand simulated in sectio®.8 is validated
experimentally using a symmetrical nippase induction machine with three isolated neutral points.
The machine parameters are presentethinie 3.1. Initially, the current sharing stratedgy validated
experimentally and the results are illustratedrig. 3.14. Then, the posfault operation utilising the

current sharing strategy is i@ddted and the results are showrrig. 3.15.

The presented experimental resultskig. 3.14a andFig. 3.15a are recorded from dSPACE
ControlDesk while the experimental results presentdeign3.14b andFig. 3.15b are screenshots of
the oscilloscope. Ifrig. 3.14 the experimental results of the current sharing strategy are implemented
with the same condition of the simulation result§ig. 3.12. The speed reference is set to 1500 rpm
(157.1 rad/sec) and loaded using a-s&lfited DC generator with 5.22 Nm after reaching speed steady
state. The sharing scenarios applie®ion 3.12 andFig. 3.13 are appliedtothenileh as e machi ne
experimental results as illuatedFig. 3.14 andFig. 3.15, respectivelyln the first sharing scenario of
the experimental results illustratedrig. 3.14 the sharing coefficients are changedic= K, =1/6 and
Ks = 2/3 between = 0.2 sed 0.4 sec. It can be noticed from the last subplétigf3.14a that the third
winding set current is four ti me slqsubspacefcurnrerast and

are constant during the current sharing operatien((2 sed 0.8 s&.). However, thei-y; (di-g;) are
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changing according to the sharing coefficients. The experimental results match the simulation results
during the same conditions, however, the experimental results have longer settling time of 0.1 sec, unlike
the simulabn results. Also, the current amplitude is slightly higher in the illustrated experimental results
due to the higher load torque value (5.22 Nm) because applying the same load torque was not possible.
In addition, additional vector Pl regulators have kadated to the auxiliary current controllers in parallel

to eliminate the low order harmonics"(5™, 11", 13", 29" and 3%) existing in the machine due to the
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Fig. 3.14: Experimental resultg farurrent sharing strategy of symmetrical ngtease in)duction machine with three
isolated neutral points (4 turns of wire were used for the oscilloscope current measurement). a) dSPACE record:
b) Oscilloscope screensho}dhlia, Ch2iaz and Ch3ias current,ii) first set currents Chilai, Ch2ip1, Ch3ic
iii) second set currents Gk, Ch2 in2 and Ch3icz. iv) third set currents Chils, Ch2 ins and Ch3ics.
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norrideal design of the machine and due to the large-tieedof the VSI. Theq current has a small
ripple due to the existence of a small mechanical misalignment between the machine and the DC
generator.

In the second sharing scenario presentdeign3.14, the sharing coefficients are changedto
=Kz =1/4 andKs = 1/2 between = 0.4 sed 0.6 sec. As per the previous sharing scenario, the current

ratio is following the sharing coefficientghere the ratio between the third winding set current to the
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Fig. 3.15: Experimental results)for po&ult of a symmetrical ninphase induction maczline with threeléted neutral
points using current sharing strategy (4 turns of wire were used for the oscilloscope current measurement). a) c
recorder results b) Oscilloscope screenshdBhil-ia1, Ch2ia2 and Ch3ias current,ii) first set currents Chilai, Ch2ip1,
Ch3iciii) second set currents Ghk, Ch2 in2 and Ch3ic. iv) third set currents Chilas, Ch2 iz and Ch3ics.
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first and second winding sets currents is 2/1. The last current sharing scenario is implemented by
changing the coefficients #; = 1/4,K; = 1/2 andKs = 1/4 betweent = 0.6 sed 0.8 sec. Thaecond
winding current amplitude is twice the first art
scenario. This is clear from the last subplofigf. 3.14a (a123). In the last 0.2 se¢ € 0.8 sed 1.0 sec),

the machine is running in the normal condition where the auxiliary currents are controlled to zero by
settingK; to zeros. The same result is obtainable by equaliKingo 1/ 3. Therefore,
amplitude of the individual winding skEd3ldare eq.l

andFig. 3.15b are measured using four turns of wire to increase the resolution of the measurement.

The second experiment of the current sharing strategy is peddongrove the ability of the
current sharing strategy to operate the symmetricalptiase machine in pefult operation. The
experimental results illustrated kig. 3.15 are under the same conditions as the simulation results in
Fig. 3.13 where the speed reference is set to 157.1 rad/sec and the load torque is equal to 5.22 Nm.
Initially, the sharing coefficients are all set to 1/3 in the period from 0.0 8etsec. Then, the sharing
strategy is applied by setting the sharing coeffisién 1/2 for the healthy winding sets and by shutting
down one winding set (by setting its sharing coefficient to zero) each 0.2 sec, in the period from 0.2 sec
T 0.8 sec. The first winding set is shutdown first by chan#ingp zero. Afterwards, each2sec one
of the winding sets is shutdown. Then the machine returns to the normal operation point when the
sharing coefficients are set to 1/3. During glastit operation of the machine the current in the running
winding sets is roughly 1.5 times highdrah during the normal operation of the machine. The
experimental results of the pefsult operation of the ninphase machines match the simulation results

shown inFig. 3.13.
3.10 SUMMARY

In this chapter a generalised mathematical modelling approach for the symmetrical multiphase
induction machines is introduced. The modelling approach is based on a few assumptions and
simplifications such as the lineariian of the magnetising characteristics and neglecting the parasitic
capacitances. Next, the generalised Clarkeb6s dec
machines was introduced. Usage of C Imaticakneode t r a n s
compared to the phase variables model, which is decoupling the flux and torque producing plane from
the loss producing (auxiliary) planes and zseguence axes. The rotational transformation is
i ntroduced, af t er sftrratiod,lineomdédr ®© éliminateehe tirdepehdemtgrmg r a n
introduced by the Clarkebds decoupling transf or m
threephase machines or multiphase machines with multiple isolated neutral points is discusked and

differences between these types of machines and the machines with a single neutral point were explained.

The fieldoriented control for higiperformance electric drives is derived for the multiphase

induction machines. The main idea behind the {faeldnted control is to convert the multiphase
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induction machine to its dc machine equivalent. The fioest of the FOC, to be utilised for induction

machines, is the IRFOC scheme because the measurement of the position of the rotating field is not easy

for these machines. Therefore, estimating the position of the rotating field is a better solution. The
IRFOC scheme is used to control the multiphase induction machines. Due to the presenddeaf non
characteristics, such as asymmetry of the windings aadtare effect, the auxiliary currents of the
multiphase machines need to be controlled in addition to the flux/torque producing currents. The
auxiliary currents can be used also to control the current amplitude in each winding set. This technique
iscalld current sharing and it can control the i nd:l

simply changing the current sharing coefficients.

The current sharing method derivation is introduced and elaborated in this chapter. The introduced
current sharing scheme is validated by the simulation and experimental results, presented at the end of
the chapter. These results show the validity of theeoit sharing technique to control each winding set
separately and therefore the power of the winding sets of the machine. Moreover, as presented, by setting
the corresponding coefficierd; to zero, the podtault operation of the induction machines dae

obtained by utilising the current sharing strategy
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CHAPTER 4

CURRENT SHARING FOR ASYMMETRICAL MULTIPLE THREE-

PHASE INDUCTION M ACHINES

4.1 [INTRODUCTION

This chapter considers the design of a current sharing control scheme for the multipdhasee
asymnetrical induction machines. The general mathematical model and control for symmeptieaie
induction machine were derived @hapter 3. In this chapter, a generalised model of the asymmetrical
multiple threephase induction machine is derived firstidawed by the derivation of the current sharing
algorithm. As for the symmetrical machine, the current sharing scheme for asymmetrical machines is
based on theRFOC which has been derived ihd@bter 3. Therefore, naturally, this chapter follows the
organsation of the previous one, while putting more emphasis on the differences that come with the

asymmetrical structure of the machine.

The organisation of the chapter is as follows. In seetida generalised mathematical modelling
approach for the asymmetrical multiple thyiase induction machines is introduced. The same
assimptions as those presented ihafter 3 are used to simplify the mathematical modelling of the
machine. Then, in sectigh3, vector space decomposition (VSD) transformationti®duced. VSD is
Clarkeds transformation equivalent which decoupl
producing subspace and other subspaces, which produce losses, piegjgerice components. Next,
in sectiond.4, the generalised VSD is applied to a specific case of asymmetrical multiplgptiase
machines with multiple neutral points. SectibBpresents the derivation of the current sharing scheme
between the different winding sets for asymmetrical induction machine by controlling the auxiliary
currents and the electrechanical subspace simultaneously. Next, the machine model and control
system are validated using Matlab/Simulink. The simulation results of the asymmetricphagee
(triple threephase) machine for different current sharing scenarios are presersection4.6. The
experimental results for the asymmetrical machine are presented in gec¢tion Fi nal | vy, t he ¢

summary is made in sectidmB.
4.2 MODELLING OF ASYMMETRICAL MULTIPHA SEINDUCTION M ACHINES

The asymmetrical multiphase machines are operating based on the principle of the rotating field
as for the symmetrical multiphase machines. They have to be supplied by the voltages which have an
appropriate phase delay which corresponds to the magneticofstee machine. The asymmetrical

multiphase machines were introduced to solve the problem of symmetrical multiphase machines where
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the high pulsation in the torque waveform is present when supplied bystegixnodulated inverter.

The torque pulsationatises excess mechanical vibration and poor performance during low speed and
high torque operatiofNelson and Krause (1974)However, the development of the VSithvpulse

width modulation has eliminated this problem. The main difference between these machine categories
is the angular displacement between the winding sets. For instance, the angular displacement between
the winding sets of the symmetricalphase matnes isa=2"/n. On the other hand, the angular

displacement between consecutive winding sets of the asymmetrical machinesiis

The mathematical model of an asymmetrical multiphase machine in principle is similar to the one
of a symmetrical inductiomachine. The model can be derived in the same manner as in the previous
chapter. However, the assumptions made in the previous chapter should be modified to consider the
difference in the angular displacement between the winding sets of the machineciioenelchanical
conversion equation is the same for symmetrical and asymmetrical configuration. However, the

inductance matries of the stator are different.

The asymmetrical induction machingeneral equationsare exactly the same as for the
symmetrical mduction machine Therefore, the equation.1) i (3.12) are also valid for the
asymmetrical multiphase induction machiiiée difference appears in the inductance matrices. Note
that the model below is presented for multiple tkpbase machine withthreephase winding sets. The

selfinductances of the stator and rotdr[fand [L;]) contain only constant terms as expressed below:

éf[L51]k3k [LsZ]kak [L53]|< K

I 0 N W (9 @
gl‘82]kak [L53]k3k [LS'l]k K
e L, +M M cos(2 ) M cos(4a) -+ M cos(f2 - 2p
M cos((- 2y ) L, M M cos@) --- M cos(@® -4
gL, g M&os((h -4p) Mcos((@ -2p) L M - M cos( 6p (4.2)
é . . : . .
é . . . T, H
& Mcos(z) M cos(4a) M cos(6a)-- L, +M

wherea=" i and Lsi], [Lsg and [Lsg from (3.15) are defined as:

e L +M M cos@ ) - Mcosk -2a) M cosl -1)ag
g M cos((r- 1r ) Ls M -+ M cos( -3g) M cosk —2)%}

&lq g€ : : : : u  (43)
é u
dMcos((h- k -2)r) Mcos(( -k 3r)- - L, M+ M cos@) |

gM cos((d- kK -)r) Mcos((B -k 2r)--- M cos(@ 1Ipn) Lk, M+ g
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e  Mcos@) M cosgf+a ) - M coshP+K -2» )M cosf” k( g
g Mcos@Z- a) M cosg?) - M coskP+K -3R )M cosf P K 2p

g e : 2 z : (4.9)
gMcos@SE- k -2p) McosE? Kk 3pg)-- M cos(?) M codf” ar)
&M cos@2- k -1g) M cosg? K 2)a) - M cos@Z - a) M cos&?)
e  Mcos¢2) M cosgf+a ) - M coshP+K -2» )M cobf” k( Ip)
g M cos¢Z- a) M cosg?) - M coskP+K -3R )M coéf P K 2p

e gg : : : : (4.5)
gMcosésﬂ- k -2p) Mcost? % 3p)-- M cogg?) M coéf ” ar)
gMcos(2- k -1p) M cost? Kk 2)a) - M cosfZ - a) M cost?)

Note that the stator is modelled as asymmetrical, while the rotor (which is assumed to be a squirrel cage
rotor made of rotor bars) is in fact assumed to take a symmetrical structure. This sittaifiesdel

but does not affect the generality of it.

The mutual inductance matrices between the stator and rotor are consistingwariimg terms
since the rotor is in constant movement and the stator is stationary. The matrices are dependent on the
electrical position of the rotod., which is defined in (3.17). The mutual inductance matrix between the
statorto-rotor [Ls] and rotorto-stator L] is defined as follows:

é»[ Lsrl]k3 k [ Ler] k 3k [ Lsr3] k K
gl‘sf H aLsrB]ka k [Lsr’l] k % [Ler] k K (4-6)
g L5f2]k3 k [ Lsr3] k % [ Lsrl] k K

o LS (4.7)

where Lsr], [Lsd and [Lsig from (4.6) are defined as:

& c0S@e ) cos(g+ & - cos(egK -2) )acose & B
g cos@.+ (4 -1)a) cos(y7) -+ coseg¥ B) )a cosf ¢ 2 :

&on ﬁng : : : : - (48
&os@e+ (D -k 2))a) cos(y @ k- 3)) #- cosg ¥ cosg g )ra
gcos@e+ (1 -k 1)a) cos(yy @ k- Pa) - cos(g+ (D -1) cos(eq

¢ cosg+%) cos(g ¥ +a - cos(eq&P W+ 2)-)acose & Prk( 4)
g cos@e +2 - 9 cos(&7 42) -+ coS(e gP K+ 3)-)acosg & k()

gLer SMS : : : (49)
g{cos@e+—2§ -k 23 cos(@ & k- 3-p- cose &P ¥ cosg & P+ ) ¢
Geos@e+% -k DI cos(g HF k- 2)-a-  cos(e &P+ ) a cos 2gF) +
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¢ cosge+%) cos(g ¥ +3 - cosegy” K+ 2)-)acose & Ak( 4)
g cos@e +% - 4 cos(g7 42) o cos(e P W+ 3)-)acosg & k()
s §ME : : : (4.10)
bcos@e + L -k 2)a) cos(gg ¥ k- 3)-R- cos(e ¢ ¥ cos¢ & P+ )
e
Eoos(@e+% -k DI cos(yy HF k- 2)-)a- cos(c 5P+ ) a cos g7~ +

The above equation@.1) 1 (4.10) represent the complete electrical subsystem of the asymmetrical
multiphase machine. To describe the mechanical subsystem and the-reksdtamical energy
conversion of an asymmetrical indiact machine, the same equations ashia@er 3 are also applicable
here,(3.19) (3. 25) . The mechanical subsystem of the ma

law for rotation as:

e (4.11)

The electremechanical energy conversion can be described by the following equations:

T.= P%[i]T C;[_;—e][l] (4.12
T=p[i]" d([j;j][ir] (4.13)

where L] and [] from (3.22) are defined as follows:

L] [L,
[L]:‘?[ 1 [Ld]

9L [L] (419

: T T 7
[i]=38- @ & § (4.15)

The complete mathematical model of the asymmetrical induction machine is represented by the
above set of equatior{d.1)1 (4.15) plus the equation fromt@pter 3 ((3.1) (3.12)) The model in
phase variables contains+Z differentialequation To simplify the model, another form of the discrete
Fourier transformation is utilised to decouple the asymmetrical machine into itcdmeaquivalent.
This special case is known as the vector space decomposition (VSD). A generalised VSD transformation
is introduced in the following section for asymmetrical multiphase machines with multipleptiase

winding sets and a single neutraiint.
4.3 VECTOR SPACE DECOMPOSITION TRANSFORMATION

Vector space decomposition transformation was introduced for asymmetriphlesi®@ machines
in [Zhao and Lipo (1995)] V SD, similar to Clarkebés transforn
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c 0 mp o ntleeory. Afi@r applying the transformation, the asymmetrical machidedsupled into
flux/torque producing subspace and loss producing subspaces plus teeqerace component(s). The
transformation looks different depending on whether the machine winding sets are consisting of three,
five or more phases. The most commamd dominant configuration is with multiple thypbase
winding sets. Therefore, this section will only consider the VSD transformation for the asymmetrical
machines with multiple threghase winding sets and with a single neutral point. The generalfcase o

this transformation has been analysed and presented in [Zori¢2150].

VSD will introduce new fictitious variables when it is applied to the phase variables such as stator
or rotor voltages, currents or flux linkages. The following equation defireerelationship between the

phase variables and the newly introduced VSD variables foipduase asymmetrical machine:

Sfa b% ¥y,...0,0 le [Vsq n3ng fl,z,“ n 8 3 (416)

wheref can be any mentioned variable of the stator or the rotor. VSD transformation decouples the
machine into orthogonal subspaces. This allows a separate control of the flux and torque of the
asymmetrical mul ti phase mac hinmmgon, thdfirst Julosspacetwille Cl a
have the fundamental harmonic of the machibkb (subspace The electremechanical energy
conversion (flux/torque) occurs in this subspace. Theposducing subspacesy: are also present.

The last component (for oddimber of phases) or last two components (for evanmber of phasay

of VSD variables represent the zesmquence component(s). The generalised VSD transformation

matrix [VSOnn for asymmetrical multiphase machines with evemmber of phases and a single

neutral point is defined as:

ea | cos([¢])

b . sndad
$X ! cos(3 ])

eN sin(304,])

% | cos(505, )

&Y. | sin(5Cg. ])

[vsD) = 52- b (4.17)

X,y ! cos((- 1) @, )

é .

€Yot | sin((n- 1) 1)
SN2 V2 V2 V2 V2
ép 11 -1 1 4 1

> 2222 T2

where 5] represents the angular displacement between the phases. For an asymmetrical diachine [

can be expressed as folloviksg the number of threphase winding seks
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[qs]=%[0 1 k-2k 3%k & T K 2-% 14 & 1+ % 2 & ] (419

Obviously, there is oné}b subspace in4.17), (ni4)/2 x-y, subspaces and two zero sequence
components for an asymmetrical multiple thpkese machine with an even number of phases. On the

other hand, when there is an odd number o§ebathe matrix will be in the following form:

ea | cos([g])
eb . snCe
ex cos(3; ))
eV | sin(3dg, 1)
$% | cos(5C, )
2 ¢ ' ) ..

= [26Y, | sin(50g. )

[VsO ngg | | (4.19

& cos(@- 2) @)
e * "
&Yes | sin((n- 2) @.))

O EGRGT

The angular displacemerti] in (4.19) is the same as i#.17) and is defined by4.18). One can notice
from (4.19) that the number of logsroducing %i-y;) subspacelsas changed tmi 3)/2. Also, the number
of zeresequence components is reduced to one only. The VSD matrices illustrgtdd)imnd(4.19)

are in the power invariant form. The transformation can also be expressed in the amplitude invariant
form if the coefficient in front is changed fronf2 /n to 2hand the zero sequence(s) terms are changed

from °1//2 to +1/2. The purpose of the previous matrices is to decouple the machine into flux/torque
producing plane and the lepsoducing planes. Furthermore, tih@nsformations are uniquely mapping
the oddorder harmonics into the created subspaces.

The application of the VSD matrices (£.17) and (4.19) onto the stator and rotor voltage
equilibrium equationg4.1) and (4.2)will produce the same results as ima@ter 3 equations (3.2B)
(3.37). The electromagnetic torqligequation afteapplication of the VSD transformation (stationary

reference frame) can be expressed as:
T.=PL(cosg,(iyip 4 b § sindi insj ¥ 4) (4.20

The electromagnetic torque expressed3r8) shows that the developed torque of the machine is

dependent only on theb currents components of the stator and rotor. In order to eliminate the
nonlinearity of the system and the tidependent coefficients, the rotational transformation should be
applied. This chapter will not discuss the rotational transformation sinaex@ésly the same as for the

symmetrical multiphase machines. Application of the rotational transformation will provide a significant
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simplification of the mac h ofrequétisns asanticpter 3,4314d) cont r c
(3.51), describinghe machine model in rotational reference frame will be valid for the asymmetrical
machine as well. The electromagnetic torGuérom (4.32) will be simplified further to (which is in

fact the same as (3.52)):

To = Ply(igdgs 4 d o) (4.22)

The VSD transformations matricés17) and(4.19) are considering the asymmetrical machines with a
single neutral point. Inhie following section, the VSD transformation for an asymmetrical multiple

threephase machine with multiple neutral points will be introduced in a general form.
4.4 VSD TRANSFORMATION WITH MULTIPLE NEUTRAL POINTS

The interest in the multiple thrgghase machines has significantly increased recently. This is
because of the fault tolerance capabilities and their utilisation of the vesfiablished threphase
power electronics technologigshe et al. (2014a), Che et al. (2014b), Che et al. (2014a)]lustration
of the asymmetrical ninphase machine with multiple neutral points is showrFig 4.1 The
construction of the VSD transformation matrix for these machines is the same as for the case with a
single netral point, but with two important differences. First, the number of zero axes will chakge to
to correspond to the number of thgease widing sets (and the number of isolated neutral points).
Further, if each set is formed afphasesd=3, for multiple thregohase caseg-th harmonics and its
odd-multiples (third, ninth, fifteenth etc. harmonic, fB+3) will now map into zergequences. Hence,
Xi-yi subspaces corresponding to these harmonics (when single neutral point was presesitenigt
any more. These subspaces are practically replaced by added zero components, still keeping the total
number of axes after the transformation equah.t&/SD transformation matrix for asymmetrical

multiple threephase machine witkneutral poing is given as:

C C3

Fig. 4.1: Stator magnetic axes of an asymmetrical fihase machine with three isolated neutral points.
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Note that the way that the phases are arranged into a vector is changed (4@R)irRather than
positioning phases according to their anglg &, @, by, by, 6y, C1, Cy, €, they are now

arranged séby-set @, by, c1, az, by, ¢, &«,,bx, c). Hence, {Ij is now defined as:

[qs]=%[02< K1 K+ & £2 X 2 &k 2k 1-8 18| (4.23)

The VSD matrix 0f(4.22) is applicable to asymmetrical multiple threlease machines with an even

number of phases. In case of an odd number of phases, the VSD matrix can be expressed as follows:
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eb o ooosde)
g X cos(50y; 1) 3
é V1 sin(50g; 1) U
€% | cos(70y, 1) N
é Y. | sin(7dg, 1) G
é : | : u
2¢ | o u
[Vsq nen— Eéxn—(k-ﬁ) COS((n' 2) @s ]) L:J (424)
e 2z . ) u
Yo i) sin((n- 2) {3.]) u
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In (4.24), [d4 is arranged by winding sets, as(#h23). Application of the VSD transformatioi4(22)

and(4.24)) will produce a decoupled model of the asymmetrical machine with multiple neutral points.
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The same as for the other analysed configurations of machines, the first subkpadespace) is the
flux/torque producing subspace, where the elegtechanical energy conversion is occurring, and the
Xi-yi subspaces are the lggoducing subspaces. The number of auxibiagyplanes in(4.22) and(4.24)

is reduced tor( (k+2))/2 compared ton{4)/2 and (i 3)/2 in (4.17) and(4.19), respectively, where a
single neutral point is present. As mentioned, the reduction in the numbgr siibspaces is countered
by an increase in the number of zeeguence components kanstead of two or one if4.17) and
(4.19), respectively. Each zeigequence component(#h22) and(4.24) is representing a zelgequence

component of one of the thrpbase winding sets.

Applying the VSD transformation matrix4.22) or (4.24)) to the voltage equilibrium equations
in the phase variables reference frarfel) and (4.2) will lead to differential equations with time
dependent terms as for tMUsEtracsfoaatibrenirssindglerneutras poiot.r ma t i
The implementation of the rotational transformation is a necessary step to remove {thepiEmdent
terms. The rotational transformation has been digclissdetail in section 3.4 off@pter 3. The model
of the multiphase induction machines in the common reference frame (after application of the rotational
transformation) whether in symmetrical or asymmetrical configuration, with single or with multiple
neutral points, is basically the same (with the mentadiéference in the number of auxiliary planes
and zero axes). Hence repetition of the derivation is omitted. This, common reference frame modelling

approach is regularly used for controlling the multiphase machines (for example, for IRFOC).

Controlling amultiple threephase machine with symmetrical or asymmetrical configuration in
essence is the same. The difference is in the application of the decoupling transformation matrices.
Symmetrical machines are decoupl whethartheyarginttd ar ke 6
single neutral point configuration (3.27), or in
contrary, the asymmetrical machines use the VSD transformation matrices to decouple the machine. The
IRFOC scheme has beenridged and discussed in detail for the symmetrical mudtgghmachines in
section 3.6 of Gapter 3. The derivation is equally applicable to the asymmetrical multiphase machines
taking into consideration the different decoupling transformations. The IREG@@matic for

asymmetrical multiphase induction machines with camspling decoupling is illustrated ig. 4.2

i

ds € - o
o O—{(a W .
L ) Inverse Vos™
o F b Igs* Vgs® Rotational Vis*| Inverse VS_D .
i ; Transformatiol o

as Transformatiol vso?

oyt |w| [VSH

Vs

Fig. 4.2: IRFOC schematic for asymmetrical multiphase induction machithmecrosscoupling decoupling controllers.
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The difference betwedfig. 4.2and Fig. 3.8 is in the applied decoupling transformation as obvious from

the schematics. The schematic présd inFig. 4.2does not consider any control x{y; subspaces.

However, these subspaces are to be controlled in practicentpensateany asymmetries in the
machineds windings or in the power el énaddtiomni cs ¢
the lossproducing subspaces{) can be utilised to perform full
each winding set within a multiple thrpbase machine as will be shown in the following section.

4.5 CURRENT SHARING FOR ASYMMETRICAL MULTIPLE THREE-PHASE

M ACHINES

The current sharing for symmetrical machines has lieoduced in section 3.7 ofh@pter 3.
The current sharing strategy utilises IRFOC and auxiliary current control to achieve full control of the
winding setsd&ecurhridret sud idmpsliintgu Cl ar kebds decoupl i
amplitude can be controlled by using mugitator (MS) vector control. In this modelling approach, the
machine is considered as an aggregation of multiple-fiitase machines. Howey the main drawback
of the MS method is the heavy coupling between the winding sets. Proper decoupling can become quite
involved [Zabaleta et al. (2018)and hence it is not favoured for control of the midtifhreephase
machines. Instead, the VSD approach is recommended. The VSD approach considers the machine as a
whole rather than as aggregation of thpb@se machines. However, by utilising the VSD approach the
ability to control the individual winding $® is lost and the machine is controlled by a singfe
subspace (rather than by three sepdidiglanes as in MS approach). In section 3.7, a technique to
control t he i ndi vi dushéden deriveddvihereghe Bnkstbstvieencthe IClargen t s h
decoupling transformation and the MS modelling approach have been found. The current sharing
strategy has been derived for a symmetrical multiple {phese machine. In this section, following the
same procedures assection 3.7, the current sharisigategy for the asymmetrical multiple thiglease

machine will be briefly derived.

In the MS approach, when using the thpeh a s e Cl arkebs transf or mé
displacement of the winding sets (with respect to the first one) should be considered. Tl ar ke 6 s

transformation for each winding s€t;f] is defined as:

€cos(@) cof o 2/pB cds €4 )p
. 8 ggsin(a’) sin{ d+2 /8 sif &4/ B (425
STNER NP V2

wherel represents the angular displacement betvikterwinding set with respect to the first winding

set. For an asymmetrical multiple thiglgase machine witkwinding sets[ican be expressed as:

di{fo a2 a- (k-3 } or  d=(i 4) ¢ (4.26)
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whereU= "/n. In order to control the amplitude of the winding set currents, i.e. to perform current
sharing, the links between the two modelling approaches should be found first. The same derivation of
the current sharing strategy for symmetrical midtihreephase machines can be repeated for the
asymmetrical multiple threphase machines.

After applying Clarkeb6s transformation to t

currents can be expressed in the following way:

G @ £ & 1, & 8 i, & g e la
e U = . € u . e U -1 e U e u
don G G log o2 8CBy W2 a ik € a1 wb (4.27)
gcl H Iols H ) 8 H Io2 @ IH:k @ IHk

Stacking together, currents in phase variables reference frame can be expressed as:
gph 8[ia& im iaii a2 i b2 i cz' aki bki c]<T (4.28

The phase currents shown (#.40) are arranged by winding set. For simplicity, from now on an
asymmetrical ningphase machine with three isolated neutral points is taken as an example. By

combining(4.39)and(4.40), for ninephase case, one can write:

Sy @ Sy !
ei u Q l
glor | CR
iy, U, 1 & 1
3; ﬂ 2C(0) ¢ [qsas [q333 %012 :
>4 U é R -1 k2
& phoa HgbZ 3_ [0]383 SC(%) EI’ [0]333 L:ngz : (4.29

do u¢ 1 o,
ST ICPCRRY o) § o
? g ,.a3 l
gb3 E 203 :
éics { éi03 l

On the other hand, from the VSD perspective (for asymmetricalphase case) one has:

[IVSDQA] =8. Toila Tyl ol pl ol g2l 03§ \*SD ]939 I%@Agzl (4.30)
where VSOexe matrix is defined as i(4.22) or (4.24).

By substituting phaseurrent [orea] from (4.29) into (4.42)the links between VSD currerik(
b, X-yi, 01-0g) and MS currentsU-bi-0;), for the asymmetrical ninghasemachine with three neutral
points, can be obtained:
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e a1t o i 5
e, o e : .Nﬁ ,
& u e nfie s
e U € ..
élxl L:J gz\ﬁar\ﬁaz V3,5 8 4By,
e u > 6
elyl l‘J e3i.az'3as 28 4, ¥B 5 VB 3
. _é7 - e— 5
[IVSD9A] h é % EFEVSD]E}W 8QH)A ﬁl QZ%M'\/@&Q 35 B 5 Bty (431)
u € 6
e__y_z_ u e'3iaz'3 = 2B By, VA 5
Sy, U A T
€ u € i
€oz U e oL
> N é I
8oz U é 02
e I03

The correlations between the MS and VSD approach forptiase asymmetrical machines with three

isolated neutral points are obvious fr@¢i31). Looking back at the correlations between the MS and
Clarkeds decoupling tr an s-phase machine with thred neutral pomts, sy mn
defined in (3.93), one can see that the correlations are exactly the same. In other words, although the
mahineds winding is different, the correl ations

are the same.

Since the electromechanical energy conversion should be maintained, the current sharing should
be implemented using tkxey: subspaces crents In order to simplify the equations, the current sharing
strategy can be represented by the space vectors
vectors. Repeating the same mathematical procedure from sectiof8.93), through (3.27), the
following results are obtained:

Ly=(Ky Ky, K, (4.32
(ke K2 ke, (439
- j2o - j2pr\ =+
e =(Ke K2 Ke)T, (434

(4.44)through(4.46)are valid in the stationary reference frame. Different rotational transformations for
each subspace, i#.44)1 (4.46) should be considered. An illustration of the different rotational

transformations for the differemty subspaces is shown fig. 4.3.

The currensharing strategy for asymmetrical nippase machines can be obtained using IRFOC
with auxiliary current control as illustratedfinig. 4.4 The schematic is the same as in Fig. 3.10 for the
symmetrical ningphase machines apart from the different decagptransformation. During the

implementation of the current sharing, the sharing coefficients should always sum to 1. However, the
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Fig. 4.3: lllustration of the reference frames involved in the current sharing strategy.

_>Va$*
—)Vbs*
—>V/*
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K, —»] equationg lyr L L —>Vhs
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Fig. 4.4: IRFOC with current sharing control for asymmetrical triple thyhase induction machine.

rated current of the winding sets should be taken into consideration. The validation of the current sharing

strategy illustréed inFig. 4.4using Matlab/Simulink is presentedtime following section.

4.6 SIMULATION RESULTS

An asymmetrical ninghase induction machine with three isethtneutral points has been
simulated using Matlab/Simulink. The machine is modelled using the presented phase variables model,
(4.1)7 (4.15), in sectiond.2, [Dordevic et al. (2010)]The asymmetrical machine parameters are taken

to be the same as the ones presented in Table 3.1. In order to test the current sharing algorithm, the
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control scheme frorfig. 44 is implemented in Simulink. The rotational transformation is applied to
each VSD subspace according to its direction of rotation (synchronous-symeitronousk-ig. 4.3) as
in Fig. 4.4 The simulation results are illustratedrigy. 4.51 Fig. 4.6.

In Fig. 4.5three current sharing scenarios are implemented, as will be spsbtifigty. Initially,
the machine is magnetised for one second. Then, the machine is set for a speed reference of 157.1 rad/sec

att = 1 sec, as shown Fig. 4.5. After the machineeaches steaestate, it is loaded at= 2.5 sec with

Al S R S

T = W A R
i .,—:.@o.—u A RV R
Ew = 5 NAMNMMNMAN mmmmmmx\ VN
g 57 E‘O Il\WIy WWW\X/\X/\X/\Y/\Y/\)!\X/\X/\)U\X N\
R WMIM(l|ljWx'n'h'lWlWﬂx'n'n‘n’ﬂ;'n’n‘|'|W|11V1’1’ ""iMﬂfa'n'm'ﬂl ] _g

2 oTTIIMW“i,m,qv,wlm|lwml,l,v,vlm,“llllll!M!‘lll | I'.mmw 'j ' |

%o Mﬂl\l‘ﬂm4'1/’1"%'1'“l’l’l’u’l'l’l’l’t"'"l‘l‘ ‘M |)|)|)jij’1’(’(" 1% 2\AN_\N\N\J\/\/\/\/\/\/\V/A\//V\f\f\f\

T ma) sec Ti n;)) sec

Fig. 4.5: Current sharingiswulation results foan asymmetrical ninphase induction machine. @pmplete simulation,
b) zoomed section with current sharing betweerB8.2seci 4 sec.
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Ti=5 Nm. This is obvious from the torque subplotFig. 4.5a. The current sharing scenarios are
implemented starting frorh= 3.25 sec. To clearly show the waveforms in regular operatisadi3
3.25sec) as well as during the current sharing operation §€&@54 sec), timing waveforms frofig.

4.5 are enlarged and shownFig. 4.%. One can see, that regardless of current sharing presence, the
electromechanical energy conversion is conslaring the steadgtate operation of the machine.

Prior tot = 3.25 sec the current sharing technique was not uséd csefficients were all equal
to 1/3. Then, the current sharing coefficients are changkg=al/6,K; = 1/6,Ks; = 2/3, and are valid
for the time rangé= 3.25 sed 3.5sec, as illustratediRig. 4% . Accordi ngly, the th
currentsisar e four times the other winding seRgsd curr
4.50. From the top subplot one can see that}b currents are the same during balanced operation and
during the current sharing scenario. However xthecurrents are not zero during the current sharing
as shown irrig. 4.%. In the next current sharing scenarios implemented betwesed.3.75sec, the
sharing coefficients are set such that the third windingiggt ( wi | | be twice the ot
currents (i.eKi = 1/4,K, = 1/4,Ks = 1/2). Finally, between 3.75eci 4 sec the second winding set
current {x) is twice the amplitude of the other winding sets (again, see the last subipigt 3 2b)
which is obtained by setting: = 1/4, K, = 1/2,Ks = V4. I n all cases tB® machi
currents are constant, although thg; currents are not zero; they have different values in each case.
From the simulation results illustratedfig. 4.5 the current sharing strategy showrfig. 4.4for the

asymmetrical ningghase machine with multiple thripbhase machine has been validated.

The presented current sharing strategy, utilising VSD auxiliary currents, can be also used to
operate a multiple thrgghase machine in the pdault operation regio. This is proven by the
simulation results illustrated Fig. 4.6. Initially, the machine is magnetised for 1 sec. Then, the machine
is acceleratedta speed of 157.1 rad/sec and then loaded with 5 Nm2Zb6 sec, as shown kig. 4.6a.

Next, the current sharing strategy is implementdd=a8.25 sec where one of the three winding sets is

shut down completely for 0.25 sec. The last second of the simulation is enlarged and $figwhéh.

The winding sets are shut down by setting their current sharing coeffiéietiszero, causing the
current of that set to be zero as well. This is obvious from the last subplgt 4i6b where the winding

set currents (first of each sit, ia2 andias) are illustrated. The first winding set is shut dowh=aB.25

sec by changing the coefficieldt to zero and increasing the current of tHeeotwinding setsi, = K3

= 1/2) to compensate the lost power of the first winding set. Then the second set only was shut down at
3.5sec, and finally at 3.7%ec the third set was shut down. The current sharing coefficients used in each

section are showim the top row ofig. 4.6b.

When a set is shut down, the amplitude of the current in the other two winding sets is increased
from 2.125A to 3.30A during the postault operation as shown from the last subplotsigf4.6b. The

copper | osses of the active winding sets are inc
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duringthepost ault operati on. However, note thee in pr
taken into consideration. If the rated current is reached, the torque of the machine should be reduced. In

the simulation results illustrated fig. 4.6, the machine electromechanical conversion is kept constant,

as can be seen from the speed and torque subpleits #6a. Thed-q currents are constant during the

balanced and pos$ault operations. The-y; currents are not zero during the ptasilt operation and

they change according {d.45)and(4.46) Therefore, by changing thercent sharing coefficients;,
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ﬁ < T
B 1 A
?ZT io—ul—fil HMW' i
T 4 ._%_5 _Wlxzyivz\W\W\Wi(/\W\)UIWWUI(/\YE\W\BU\BU\)U\W\W\
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: oWﬂ@[ﬂﬂ%’@lﬂ'ﬂn'Wﬂn‘lfﬂ{'ﬂj‘l’l’l’l’ﬂl‘l‘ ‘l‘l’i’@,‘;‘)\)\)! WI <L T T
I T 1501 e = s
g o ﬁMMﬂM\W‘l'lll‘l‘l’l'l‘l'\ll"‘l(]!lyl’lllllll'lww WMl‘\l\l\“"l‘l‘l‘l"} E 0 /_\‘ I/ \A I// \\// — / | \/[ \/l /\/ \/f \A\VAJAVAV \VAVA

Time [sec] Time [sec]

a) b)

Fig. 4.6: Current sharing siulation resultsluring postfault operationa) Complete simulation, loomed section with
current sharing betwedrr 3.2seci 4 sec.
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the winding sets can be controlled independently, and the current sharing strategy can be utilised to
operate the machine during pdault operation.

4.7 EXPERIMENTAL RESULTS

The current sharing strategy presented in seetibrand simulated in sectiof.6 is validated
experimentally using an asymmetrical njplegase induction machine with three isolated rapivints.
The experimental sep is described in Appendix A. Note that the same-pimese machine can be
configured in symmetrical or asymmetrical configuration. Therefore, the sam@hase inductin
machine, as the one used ihapter 3, is used here agll. This is possible only if both, positive and
negative, terminals of each phase are accessible (machine has 18 terminals in total), which is the case
with the machine used. The reconfiguration can be accomplished in the following way. Positive
terminds of the first winding set, of the symmetrical machine, are connected as usual to the first set of
the VSI. Negative terminals are connected to each other forming a neutral point. If the magnetic axes of
the third set (red set iRig. 4.7) of the symmetrical machine are rotated by 180° then an asymmetrical
configuration can be obtained (as showii. 4.7). Rotation of the magnetic axes can be obtained by
swapping positive and negative winding terminals for this set. Therefore, negative terminals of the third
(red) winding set of the machine& supplied from the VSI&s second
positive terminals are forming a neutral point). Note also that changing the phase sequence is necessary
as indicated irFig. 4.7-right. Finally, the second winding set of the originally symmetrical machine
becomes the third winding set of the asymmetrical machine. VSI terminals are again as usual connected
to the positive terminals ofiis set, while the negative terminals are forming the neutral point. After this
reconfiguration machine parameters remain the same, therefore the asymmetrical machine parameters

are still the same as those presented in Table 3.1.

VSI terminalsY Machine termina

a Y &
b, Y b,
Cy Y Cy
ay Y -b3
b, Y -G
C2 Y -a3
ag Y a
bs Y b,
C3 Y Cy

-a3 Cz

Fig. 4.7: Symmetrical to asymmetrical nipase induction machine conversion.
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Initially, the current sharing strategy for the asymmetrical-pim@se machine, corresponding to
the simulation results ifig. 4.5 is validated experimentally. Experimental resufes shown inFig.
4.8 Furthermore, the pe$ault operation utilising the current sharing strategy is validated and the
results are presented iRig. 4.9 (corresponding simulation results are Hig.4.6). Presented
experimental results ifrig. 4.8 andFig. 4.9 are recorded by dSPACE ControlDesk while the
experimental results presentedFig. 4.& andFig. 4.9 are from the oscilloscope screenshots. Note

a) b)

Fig. 4.8: Experimental results for current sharing strategy of an asymmetricaphése induction machine with three

isolated neutral points. &iming waveforms captured by dSpace ControlDeslOdilloscope screenshots: i), ia2,

ia3, (ii) setl currentdas, i, icy, (iii) Set2 currentdaz, inz, icz, (V) Set3 currentdas, i3, ics. Four turns of wire were used
for oscilloscope current measurements.
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