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Abstract

The dectrification of transportationhas been considered ame of solutions to tackle the
shortage of fossil energy sources andpalution. Electric drives for electrified vehicles
including pure electric and hybrid electriehicles,need to fulfilsomespecific requirements
from automotive marketsuch as high efficiency, high volume povaadtorque densies low-
cost but saf¢o-touch high functional reliability, high torque qualjityand fluxweakening
control In this context, multiphasgermanent magnet synchronous machine (PM&tiwes
have become suitable candidates to meet the above requirements.

The main objective of this doctoral thesis ispmpo® and refire fault-tolerant control
strategies fomon-sinusoidalmultiphase PMSM driveghat require less constraints on their
design In addition, onstraints on current and voltadefined by the inverter and the machine
are considered toptimize the machine contrainderthe nonsinusoidal conditiorwithout
exceedingheir allowablelimits. Thereforethe systemsizingis guaranteed, especiallyfinx-
weakening operatian The proposed fault-tolerant control strategies based on the
mathematical model of multiphase driyesirich the controfield of multiphase drives by
providing variouscontroloptions.The selection of one @he proposed contrabptions can be

a tradeoff betweerahigh quality torquebutalow averagesalueanda high average torqubut
arelatively high ripple.The control and torque performanadsthe drivescan be refined by
usingartificial intelligence with asimple typeof artificial neural networksamedADALINE
(ADAptive Linear NEuroi. With selflearning ability, fast convergenceand simplicity,
ADALINE s can be appliedo industrial multiphase drivell proposedcontrol strategies in
this doctoral thesis are validated with experimentalsevenphase PMSMrive. The non
sinusoidalback electromotive forcebackEMF) of the experimentalsevenrphase PMSMs
complex withthe presencef multi-harmonics. Experimental results verify the effectiveness of
the proposed strategieandtheir applicability in amultiphase machine wita complex norn
sinusoidabackEMF.

Keywords: Multiphase machine, sevgihase machine, nesinusoidal baclEMF, fault
tolerant controlpptimal control undeconstraintartificial intelligence adaptive linear neuron
ADALINE .






Résume

L'électrification detranspors a été considérée comriene des solutiongour lutter contre la
pénurie de sources d'énergie fossile et la pollution de l'aireiteginements électriques pour
lesvéhicules électrifiés, y compris les véhicules électriques purs et électriques hylmidest,
répondre acertaines exigences spiques des marchés automobilesstgli'un rendement
élevé, des densitémlumiquesélevéesde puissance etle couple, un codt faiblavec une
protectioncontre les risques électriguese fiabilité fonctionnelle élevéene qualité de couple
élevée et un contréle de défluxageDans ce contexte, les entrainements de maxhine
synchrone a aimants permanen8MSM) polyphasées sont devenus des candidats appropriés
pour répondre aux exigenceigéesci-dessus.

/1R E M HiRdilgdl IdeSetite these de doctorat viseproposer et affiner des stratégies de
commandedolérantes auxiéfautspour les entrainemente machineMSM polyphasées
nonsinusoidalegui requierent moins de contraintes lors de leur conceanailleursles
contraintes de courantetdetensiBmp ILQLHYV SDU O TR Q oXt@risesiénidamp@D P D Fk
pour optimiser en régime nesinusoidal le contréle de la machine sans dépasser les limites
admissibles. Cela permet idéalement un dimensionnement aujysites et cela tout
particulierement dans la zone de défluxdges stratégieproposéesle commandetolérantes
auxdéfautsbasées sur Imodele mathématique destrainementpolyphasésenrichissent le
domainede contrbéle desntrainementpolyphasés en offramte diversesoptions de contréle.

Le choix de I'une des optiopsoposéesle commande peut étre un compromis entre un couple
de haute qualitéhaisavecunevaleurmoyemefaible, et un couple moyen élevgaisavecune
ondulatiorrelaivement élevéd_es performances de contrble et de couple peuvent étre affinées
en utilisantl'intelligence artificielle avean type simplede réseaux de neurones artificiels
nomméADALINE (neurone linéaire adaptatiiGrace a leucapacité d'autapprentissagey

leur convergence rapidest a leur simplicité, les ADALINE peuvent étre appliquéaux
entrainementpolyphasé industriels. Toutes les stratégies de contréle prepas#ns cette
thése de doctorat somalidéesavec un emainementG 1 X Q H PEMSKIAQ@dp phases. La
force électromotrice noesinusoidale € la machine PMSM a sept phasesrelevée
expérimentalemenist complexe avec la préseme plusieursharmoniqueslLes résultats
expérimentaux veérifient l'efficacité desratégiesproposéeset leur applicabilité dans une
machine polyphasée avecaforce électromotric@on-sinusoidale&eomplexe

Mots clés :Machine polyphasée, machine a sept phdses électromotriceon-sinusoidag,
commandeolérane aux défaus, commande optimale sous contrajnteelligence artificielle,
neurone linéaire adaptatif, ADALINE.
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Introduction

Introduction

In 1830s, the ideaf usng electric machines for thieaction of vehiclesknown askElectrified
Vehicles (EVs), was introduced. However, constraintpraaiuctioncoss, volume, and mass

of batteries hindered their commercialization process. In recent decades, fossil energy sources
have been sharply declining, and environmental pollttesbeen becoming a serious global
problem. Meanwhile, significant improvements on batteries have been achieved. Therefore,
since 1990s, EVs have been slowly emerging and becoming an effective commercial solution
to deal with the energy and environmeragases. An EV can be either a combination of an
electric drive and a thermal engine in a hybrid electric vehicle (HEV) or a pure electric vehicle.
The pure electric vehiclean bea fuel cell vehicle (FCV) or a battery electric vehicle (BEV).
BEVs and FCVswith zero emission have constraints productioncoss and technology
Mearwhile, HEVs with low emission become more interesting in automotive industry because
the rate of hybridization can be adjus

In general, an EV is a sophisticated combination of electrical and automotive engineering.
Regarding electrical engineerindeetric drives play ammportant role inoperations of EVs

They generallyconsist of electric machines, power electronics converters, energy supplies,
controlsystemsand energy managemesitategiesThe electric drivegchnologies applietb

EVs aremainly dependnton the electric machingéechnologiesDC, AC induction (IM), and

AC synchronous. It is noted that DC technology is no longer attractive due to its maintenance
requiremerg and mechanical limitations. Currently, permanent magnet synchronous machines
(PMSMs) ae more found in HEVs in which spatial constraints are important. Meanwhile, IMs
and DGCexcited synchronous machines, withdugh-cost permanent magnets, are more
observed in BEVﬂ.

There have beereseral main requirementsr electric driveso guarantedigh-performance
electromechanical conversions of EVs at variable speeds and variable torques. These
requirementsvill be explained in the following paragraphs as follows:

High efficiency

Electric drives for EVs are required to have high efficiency for optimal energy consumption. In
fact, the use of electric drives in vehiclesreaseshe system efficiency because the efficiency

of electric machines is higher than that of Internal CombudEngines (ICEs). In addition,
electric drives can recover the regenerating braking energy. Howetee, @rtesent timethe
electric energy storage for EVs is a challeagdthereforehigh-efficiency electric drives can
increase the driving range @duce the need for a huge battery capacity in EVs. Using PMSMs
can be a solutio[8].
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High volumedensities

High volume power densittkW/m3) and high volume torque densim/m?), collectively

known as high volume densities, are important criteria for electric drives of EVs, especially of
HEVs. In the limited space of EVs, these high volume densities can reduce the size of electric
drives. The high volume torque density is maintportant at low speed for accelerations and
uphill climbs.Meanwhile, be high volume power densitygsucialin the constant power range

of EVs. Theerequirements can be satisfied by using PMSMs with higher volume densities
thanlMs, DC-excited synchmous machines and DC machines with the same torque and power

3-5.

Low-cost butsafeto-touch

To meet the first and second criteria about high efficiency and high volume densities, PMSMs
are considered as a high potential candidate. However, the use of permanent magnets results in
high-cost machines, making PMSMs less interesting than IMs. Fanéss market of EVs,

low productioncoss can ensure an affordabf@ice of EVs making them become more
attractive to customers. Therefore, a compromise betevkmm cost, high efficiency and high
volume densities need to be made.

Besides thdow-cost criterion, EVs need to be safe for humans. In this case,-eoltage

standard (<48 V) can be a solution for the electiicafety margin. Lowoltage drives can

avoid the higkhvoltage electric shock as well as expensive complex requirerfa@ntgcuit
insulations and powerful electronic devices. Therefpretection coss are decreased. In
addition, the battery management can be easier because the number of battery cells in series is
reduced, facilitating the degradation detection of battefis ¢hrough variations of cell
voltages. In recent years, 48 V electric drives have significantly drawn the attention of EV
researcher. Nevertheless, for a given power, currents @ llus and phase windings in

the lowvoltage electric drives are obviously much higher than conventional drives, leading to

a big challengef electricdrives.

High functional reliability

High functional reliability is a prime consideration in electric g@ortation system

in which electric drives have ability to tolerate fauttgpower converters aglectric machine
windings. Specifically, power converter components including paeeniconductors, gate
drives,andcapacitors have been reported as the most fragile elemegiectric drive.
Faults in power converters are hardly predicted eveenvdeveral improvements have been
proposed in. Therefore, the fauliblerant capability for electric machines and power
converters has become a solution to avoid breakd@wveven damage of EVs, increasing their
functionalreliability. Besides, voltages and currents of electric machines in EVs are required
to respect their limits in all operating modeach ashealthy, faulty, acceleraiy and
deceleratig. The possibility of operating welith aderatecpower under aefectivecondition
makespostfault electric drivesnoreacceptableavoidinga costly safety margin in the context
of a mass market.
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High torque quality

An operation witha low-ripple torgte is animportant criteronin all electric drives, especially

in automotive applications, to ensure smooth accurate driving, especially at Ioweed
Torque ripplesseverely deteriorate theEV performance when producing undesirable
mechanical vibrations and acoustic noise, decreasing control preoi‘stdm/ers.
Therefore, torque ripples need to be reducashesliminated in electric drives for automotive
applications in all operating modes. It means that electric drives can operate in healthy and
faulty conditions with constant or levipple torquesTherefore the technologie$or electric
machines as well as electric drives wattrrespondingontrol strategies need to be properly
chosen to improve the performance quality of EVs.

Flux-weakeningcontrol

EVs need to operate at high speed in many circumstafiocesxamplea driveon highways.
Therefore, electric drive®r EVs are required toperate in thélux-weakeningegion known

as theconstant power regio. In fact, anEV can reach a high speed if its power is high
enough. Howeverthe use othe fluxweakeningstrategycanavoid the oversizingof electric
drives In flux-weakening control, thé&ractive torque is reduced when the rotating speed is
above the base spedtherefore, imits of current and voltage are respectespeciallyat high
speed In classical threephase drives, the fluweakening strategy can be analytically
presented

The above requirementisr electric drives used in EM&n be summarized as follows:

1) High efficiency for optimatonsumptiorof embedded energy supply.

2) High volume power and torque densities due to limited spaces in EVs.

3) Low-cost for affordable EVs in the mass market but safénéimantouches

4) High functional reliability with fauktolerant abilityandrespect foelectrial limits.
5) High torque quality for smooth EVs with low vibrations a@busticnoise.

6) Flux-weakeningcontrolfor high-speed driing without oversized electric drives

Theserequirements are considered as challenges that can be contradictory with the classical
solutions. Therefore, flexible compromises need to be made. To alltheaee contradictions,

the research on new solutionghwmore degrees of freeddiDoF)is of interest. In thisloctoral

thesis, electric drivewith n phasesr{> 3),known as multiphase drivelsavingmoreDoF for

control and designompared talassical thregohase driveswill be considered.

This thesis will be presented in three chawill discussseveral distinct properties
that open uppportunites for multiphase drivesn automotive applicationdndeed, @spite
some drawbacks, multiphase drivase considered as suitable candidate for EVafter
modelinga general multiphase driveecent studiesn the control field of multiphasdrives

will be categorize@nd analyzedThese analyses combined with the six above requirements for
electric drivesallow to address objectig®f this doctoral thesis
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wiII presentthe modeling and control strategies of a specific multiphase drive in
healthy mode andspeciallyunder a singkphase opewircuit (OC) fault. Control strategies

for two-phaseOCfaults are briefly presente Thesecontrol strategieare based

on the mathematical model of the drive in which a sqaease PMSM isised for illustratioa

The approachem this doctoral thesisan beapplied toother electric drives with different
numbers of phaselh addition, constraints on current and voltage are always imposedtrol
schemesto guarantee high functional reliability and flweakening operatianof the
multiphase drives.

In the performancesither in healthy mode or faulty modef, the considered
multiphase drivavith thestrategiewoposednWiII be improved by usingrtificial
intelligence As a result, arrent control and torque quality will be enhadaegardless of
uncertainties and imperfections of tmeltiphasedrive. Moreover, the knowledge of harmonic
components in signals of the drivakows a fast response of control (fast convergenaefi
avoids the calculation burdenTherefore,the applicality of the proposed strategids
industrial electric drivess improved
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Chapter 1. Multiphase Drives: Opportunities
and State of the Art

1.1. Multiphase drivesfor automotive applications
Multiphase drives: a suitable candidate for EVs

The use of classical machines with otilyee couphg phases, or rather the use of Voltage
Source Inverters (VSIs) with only three legsalimitation imposed by the past. i notedthat
these electric drives cannot worRroperly when one phase is not supplied. This historical
property induces an impautt constraint on the safety margin for VSIs afettricmachines.
To release this constraint, electric driveswhich VSIs hawe more than three legs will be
considered in thigoctoralthesis.These electric drives are called multiphase dri@eging to
more legsas well agphasesmultiphasedriveshavemore DoF for design and controln this
subsection, multiphas#riveswill be compared with differemxistingsolutionsregardingthe
requirementdor electric drivesn the EV massmarketpresentedn thof this
doctoral thesis

A general multiphase drive with phasegn > 3) fed by an-leg VSI andDC-busvoltagein
automotive applications described i The electric drive providestraction force to
anEV (wheel and chassis) through a gearde first study of anultiphase drivea fivephase

IM fed by aVSI, was proposed in 196fL9). However,at that time,the attention to fis
proposed fivgphase machine was still limited. The interest in multiphase machines for variable
speed electric drives has only been growing significamtlyecent decadesdt is thanks to
evolutions in some specifiareassuch aspower electronics converteend digital signal
processorsAnother reasoffor this emergencis thatthein-deph knowledge about multiphase
drives ha beensignificantlyadvanced20-23|.

Fig. 1.1. A n-phase machine fed byrdleg VSl in an EV.

Based on thepatialdisplacement between two adjacent phases, multiphase macainbes
divided into symmetrical (with a spatial phase shift angle @)2and asymmetrical machines
(with severakets of phasesuch a2 sets of three phases for a-phxase machir). If
the rotor constructioms consideredthere aramainly induction and synchronous multiphase
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machinesAn induction machinaisinga squirrelcage rotor heibeen interesting due to lew
cost méerials. Meanwhile, asynchronous multiphase machine can be with PM excitation, with
field windings, or of reluctance typ@. Like threephase PMSMs, mitiphase PMSMs

are interesting due to their advantages such as high efficemthigh volume densites
Therefore, multiphase PMSM=mnmeet the first two requirementfsr electric drives in EVs
(seeglntroduction ) but usinghigh-cost PMss one oftheir dawbacls.

The other requirementan be met by exploiting thellowing distinctproperties of raltiphase
drives.

1.1.1.A.Low powerper phase rating fosafeEVs

As analyzed in the third requirement of Ecsés, asafeto-touchEV is supplied

by a lowvoltage.Consequentlythecurrentper phase ratingecomesigher thanthat of an EV
supplied bya higter voltagewith the sameower. Therefore several transistors with a given
commercial affordable ratingan beused in parallel to make a synthdt@nsistomwith ahigher
rating However, the synchronization tfiese parallel transistorsluring ther lifetime is a
challengesincetheir aging is not the sam@s a failure ofa singletransistor inducghigher
currentsin the remaining healthy transisgpra safety margilbecomesneedfulto ensure a
sufficient reliability. Consequentlythe oversizing of the transisteis practically necessary.
For examplewhen a phase of a thrpdase machine is obtained by puttikgvindingsin
parallel,it is possible to supplthe machine wittk threephase star windings bythreeleg
VSIs . As a result, 8k-phase machine is then obtained with the same properties of a three
phase machim The requirement is a perfect synchronization adhedeleg VSIk. Onthe other
hand,circulatiors of parasitic currents are observed between the windings of diffémers
phase star windirgy Moreover, in case of a fault in one winding @ie threephase star
winding, the supply athe entirecorrespondinghreephase winding is removed. This approach
is quite simple and used in industrial solutioAshugepowerloss in case oé fault of one
transistorand the complicated transistor synchronizatiomitsmaindrawbacksThereforewe
will not consider this kind of machisén our work.

Eventually it is concluded that the use of multiphase machimsplit the power across a high
number of phases amaverter legs is interestin@he arrentper phase rating of converters and
machine windings is lower compared to conventional tpreesedrives with the saméC-bus
voltageand powe. Therefore, it is possible to use two power electroswaschesper
leg instead of a set of paral®tlitches, improving the reliability of the electric driv 29|. This
feature of multiphase drives enablegs to besupplied bya low voltage such as 48 With a
power greater than 10 kW, the minimyawerfor hybridization As a result, saféo-touch
EVs become more feasibhath multiphase drive$3(].

1.1.1.B.Fault-tolerant ability for high functional reliability

Fault tolerancés one ofthe majoradvantageof multiphase maching21-23 that can
meetthe fourth requiremertdf EVsabout high funtional reliability (seéintroduction ). There
arevariousfaults including OpenCircuit (OC) andShort Circuit (SC)faultsthatcansuddenly
happen inpower converter§switches) phaselines, or stator windings These faultscan

6
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dramaticallyinterruptor even damagelectricdrives. Thefault tolerance omultiphasedrives
is dueto havingmore DoF for controlthan conventional threghasedrives. This featureas
first presented i, allows to preserve persistent operation @lectric drivesvithout any
additionalhardware Indeed, the reconfiguration postfault operatiors of multiphase drive
only definesnew current references obtain constant dow-ripple torques.

1.1.1.C.Low ripple torquesfor smoothEVs

A threephase machine isisually designed with distributed stator windsygnducing a
sinusoidalbackEMF. As aresult a constant torquis generateavhen sinusoidal currents are
imposed Then, time-constant efj currents aresimply obtained The more recenPMSM
generation with tooth concentrated stator windimgsinterestingfor EVs due to lower
productioncostswith short enetNindings. In this caseasinusoidabackEMF, required
for aconstant torque with sinusoidal currertan beobtained bya special design of rotor.

With amultiphase machinghis designrequirement iselaxedas the number of phases is high.
Indeed, according to the mutiference frame approa , a n-phase symmetrical
machine is characterized hy+1)/2 (if nis odd) andn+2)/2 (if nis even)characteristiplanes,
known asreferenceframes. One frameis associatedvith a group ofharmonis. A constant
torquecan beideally obtainedwhenonly a single harmoniof currens andbackEMFs exists

in eaclreferencdrame (excepthezerosequence fransg Therefore, an increase in the number
of phases results in moreferencdrames, permitting to have more harmonicbatkEMFs
Consequentlyin awell-designednultiphasemachine the torque generated by nrsimusoidal
backEMFs can be constant even atransient operation by imposing constasg durrensin
eachreferenceplane This propertyis not available ira threephase machindn conclusion,
with amultiphase machinet is possible to obtaia constant torque by imposing constarg d
currents in differenteferenceplanes. Meanwhile a threephase machineequiresthe classical
constrainbnsinusoidabackEMFsand currerd. Thereforeamultiphase machine leadsléss
constrainton designthanathreephase machine

As discussed i, an electric drivewith a high number ophasa generatesower
torqueripples thana conventional thre@hase drivelndeed,with a n-phasedrive, the lowest
harmonic orderof torque rippls is 2n if n is odd and its backEMF contains only odd
harmonicsFor example, theowestharmonic orders abrque ripples irB-phase, §phaseand
7-phase drives are 6, 10, and 14, respectiwdigenn is even, the lowedtarmonic ordeof
torque ripplesn symmetrical machines n while thatin asymmetrical machines is\2For
example, thdowestharmonic order of torque ripplés a 6phase symmetrical machine@s
equivalent to a -phase machinelhe lowestharmonic order of torque ripples a 6-phase
asymmetrical machine is 12, equivalent to aphase symmetrical machin&€herefore,an
increase in the number of phases results in hifeguency torque ripples. This feature is
interesting sincéhe mechanical resonanoé an electric drivet high frequency isliminated
As a resultthe torque o multiphase drive can be smootheanithat ofathreephase drive

This feature of multiphase drives meets the fifth requireroeBYVs (se about
high torque qualityor smoothdriving, especially at low speed

7
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1.1.1.D.More possibilities of stator winding configuratios

When an inverter is defined with a giveraxmum current and bus voltagéhe connection
changes of the machimendingsallow to vay the torquespeed characteristic with an approach
of flux-weakening.Combinatiors of the fluxweakening techniqlse and different
connections of stator windings canlargethe speed rangideed, he maximum voltagethat
can beapplied to the terminals of a phasmding aredifferentfor differentconfigurationsA
highermaximumphase voltagéa wider speed rangegsulsin asmaller phase curre(d lower
torque)and vice versa

Fig. 1.2. I(Daillzferent possibilities o(fb stator winding config(ﬁaat'mfmr five-phase machines(gr (a), pentagon (b),
pentacle (c)and corresponding torqempeed characteristics (H#)5][46].

Multiphase drives have more options of stator winding configurations for high speed
operationsGenerally with an-phase machine, there are-1)/2 possibilities to connect stator
windings. For example, with3-phase machine, there amaly 2 connectingpossibilities: delta
and sta. If the number of phases increages, therewill be 3 connecting options including
star, pentaggnand pentacleas shown i, b, and c, respectivellAmong these
connectingoptions the pentacle gives the widest speed raamgHowest torquevhile the star
connection hathe shortest speed rangiedhighest torquas presented . It
is understood that the pentacle makes possildbtanthehighest voltagevhile the maximum
current is smallds

1.1.1.E.Electromagnetic pole changinfjy imposingharmonics of current

The payload of torquepeed characteristics is specified and characterized by timitsare

defined by maximum torque at low speed and maximum power at high speed (above the base
speed)To find an optimal solution for a complex payload, a high numb&wodfin multiphase

drives carapplied.

Thebasic principleof the classicapole changing is that decrease in theumber of pole pairs
canextend the speed rande.threephase drivs, the pole changing methsdreimplemented
by switching different winding configurations as discussed. An appropriate
connection of stator windingsesults ina magnetomotive forceMMF) in the air gap
corresponding to théesired number of pole paitdowever, hese ple changing methodse
physicallyimplemented by electronic devicegth ahigh number of switches.

In amultiphasedrive, the principleto extendts speed range isherited fromtheclassicalpole
changingnethodsHowever multiphase machines carork on multiple polarities by injecting
different harmonic components of currenglled electromagnetic pole changinghis pole
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changing is implementedithout any winding reconfigurations, reducing switching losses as
presented i. This distinctfeature is onlypossessetly multiphase machirseIndeed,

by using the multreference frame approa, an-phasemachineis decomposed into
(n+1)/2 (nis odd) or(n+2)/2 (n is even)fictitious machinesvith corresponding characterized
frames Eachframeis associatedith a given group of harmonic componentshealthymode
these harmonic®f currentcan beindependentlycontrolled to obtaina constant torque.
Compared t@threephase machine, a higtumber of phases a multiphase machinallows

to use morg¢han onenarmonic of current to generate constant tasque

Fig. 1.3. EIec({arz)magnetic pole changing in mul(tibp)hah;a/esfor speed rangextensios: ([;:i)ole pairs (a)a
combination ofp and3p pole pairgb), andamoregeneral case (c)

For examplea five-phasemachinewith p pole pairsis decomposed intd fictitioustwo-phase
machines and one zesequence machin&hefirst fictitious machineassociateavith the first
harmonic is equivalent tp pole pairs while the secorigtitious machineassociateavith the
third harmonicis equivalent t®Bp pole pairs If only the currents of thdirst machinewith p
pole pairsare usedto generate torquehe speed range is presente&ig. 1.3]3. Whenthe
currents of théirst and thirdmachinesareimposed a wider speed range is derivielfig. 1.3b.
At the starting stage (low speed) the first and second machirgecontribute to the torque
generatiorwith 3p pole pairswhereaghe torqudas mainlyproduced by the main machingth

p pole pairsat high speedA moregeneral torquepeed characteristic usitige electranagnetic
pole changingvith decreases ithe number of pole pairs from to ps is shown igFig. 1.3¢.

In conclusionjn an EVusingamultiphase driveits mechanical gearbox can be replacedby
electranagneticgearbox not only reducing switching losses artit alsoincreasing the
efficiency andreliability of the EV. In addition, a more comfabledriving can be obtained
with the electromagnetic gearbox.

Opportunitiesfor multiphase drivesin automotive applications

According tothesix requiremergfor electric drives in EV$se, the fivespecial
propertiesin sectio enablemultiphasedrives topossiblybecome a favored choice for
automotive applicationgEspecially multiphase PMSMs armoreinterestingthan multiphase

IMs due totheir high efficiency, high volume torque and power deesitThe last two
properties of multiphase drives can be combined withnfleakening strategies to extend the
speed rangeDifferent from threephase drives, fluxveakening strategies cannot be
analytically expressed in multiphase drives dumtomanycurrents in e frames. Therefore,
flux-weakening operatiain multiphase drives can be implemented by imposing constraints
on currentand voltage.
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However to fully replace the threephasecounterpad beingwidely usedin EVs, multiphase
drives especially multiphase PMSM driveseed to overcomseveraldrawbacks There are
also possible solutions for these drawbaokbie belowdiscusgons.

1) One of the disadvantages multiphase drives anincrease in the calculation burden
for design and controlt is the reason why the potentfal the multiphase machines
has only beenprogressivelyexploited over the pastventy yearsThis problemhas
beentackled byusingmore powerful microprocessoin combination with adapted
modeling and control

2) Another inconvenience of multiphase drivesisincrease in the number of inverter
legsand the number of wiresonnectingmultiphasemachines and VSE. When the
number of phaseis not a multiple othreg it is difficult to usepreviousstandard
develoged for threephasedrives. Therefore, special VSIs must be desighedthe
multiphase drivedn this case, ifransistos in parallelareunnecessarythe number of
drivers and heatsink componentsreasesnd sodo productioncoss. However,the
mass production could cut dowimesecoss. In addition,as the currenn each legs
lower, the quantity ofSilicon and switch lossesn multiphase drivesare not
intrinsically highercompared to threphase drives

3) Time constants of fictitious machines in a multiphase machine may not be of the same
order, especiallya machine with classicalistributedwindings (aninteger number of
slots per pole per phaelf the classicaPulse Width Modulation (PWM) is usedhet
smallesttime constanimposesthe carrier frequencyor PWM. Consequently, the
switching frequency is high with corresponding switching Io Using Space
Vector PWM (SVPWM) can bea solutionto tackle this problem. Indeedow-
amplitude voltage vectorsan beused forfictitious machines with small time
constarg. Specifically, 2roamplitude voltage vectsrcan beused if no torque is
required in the fictitious machiressociateavith the smallesttime constan{or zerc
sequene machinsin the case ofinopenwinding configuratior). Another solution is
to chasestatorwindings which induce equal time constaiittis the case of fractional
windings such as tooth concentrated windinggsaddition, wth new highfrequency
wide-bandyap componest this problencouldvanish.

4) Another drawback ianoccurrenceof parasitic currentthat donot contribue to the
torquegenerationlt is possiblevhenthe control of an-phasedrive (n > 3)is obtained
by an adaptation dheclassical thregoghasedrive control.For examplewhen only the
main harmonicof currentsis considered for the torque productioonly two
componerg of then-dimensional voltage vectare mainly consideret control two
d-g currents associatedth the main harmonic. In fagt is also necessary to take care
of (n-2) other componestof the voltage vectoro avoid the occurrence of parasitic
currentsConsequentlythe controbf a multiphase drives more complexhan a three
phase drive

5) Social inertiais one ofexisting obstacles preventing multiphase drives frbeing
popularizd in industry The development of these complebectricdrives requires
long-term human investmentdn a society with market profit rules and shi@m

10
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shareholding compaes, risks from developinga drive with complex knowledge in
the field of energyare high. Thereforea change from industrial thrgghase drives to
multiphaseadrivesis achallengg.

Recent projects on multiphase drives

In recent years, there have been several projects on multiphase drives for multiple applications
suchasprojecdtORWMRDLQ  LQ *HUPDQ\ DQG 3, QWHOOLJHQW ,QWHJU
in France. The common points of these projectsaam@tempt todesignconverterintegrated

multiphase machines witinhigh power densityEVs can be e of highpotential applications

of these motor drivesin addition, another integrated drive with a sevphasemodular
brushlessvound rotor synchronous machinediesscribedn .

The wo projects MotdBrain and CE2I arériefly summarizeds follows:

(a) (b)
Fig. 1.4. The highly compact electric motor prototype without using rare earth metals in MotorBrain [B8ject
(a), and the model of an integrated machine in CE2I pr¢&git(b).

1.1.3.A.MotorBrain project

The MotorBrainproject started in 201with Infineon and a total of 30 partners from nine
European countrie3he MotorBrain prototype is a highly integrated electric motor that unifies
the most importantomponents of the powertrain for an electric vehi€lee interdisciplinary
team represents all development and production sectors relevant to electromobility. The team
includes universities, neaniversity research facilities, semiconductor manufactuedestric
motor builders, automobile component suppliers and automobile manufacitinersnain
challengds to develop a lowcost integrated drive for automotig@plications Withouttaking
fault tolerancento considerationthe constrainbnintegration leadgto the choice of multiphase
machinesgiving more DoF for design Therefore six-phase and ninphase prototyehave
been developedhe first onds apure reluctance machimehile thelatter ones composed of
ferrite magnetsis shown i. The integration ok motor, a gearbox.and aninverter,

with the use of newly developed ferrite magneitows to build an engine with a reduced
weight about 15%, from 90 kg to 77 in comparison witlthe reference nemtegrated
threephase drivelt is interesting taotethat in this projegtthe number of phases higher than
threedoes notome from thdault tolerarcerequirement

11
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1.1.3.B.CE2I project

The smart energy converter project C is undertaken by Laboratory of Electrical
Engineering and Power Electronics (L2EP) cooperated with other laboratories and industrial
partners in the north region of France from 2015 to 2020. Thggbres to address
interdisciplinary issues relateditdegratedirives. One of hetargetoutcomeis alow-voltage

(< 48V) electromagnetic actuator withtegrated VS usingwide-bandyap componest To
maximize theprofit of animposedsafelow voltageof 48 V, an operwinding configuration is
chosen for the machind@herefore48 V will be the maximum peak voltage imposex one
phase.GaN tansistorused in VSIs isa wide-bandgp component fitted for low voltage
Considering limited available currerits GaN and associated thermal constraints, a multiphase
tooth concentrated windingM machin) with H-bridge supply is choseallowing
tolerancefor OC and SC faultsof power componest Specifically, o axial multi-leg VSIs,

one at each axiaxtremityof the machingwill supply twentycoils of the machineThefinal
choice of the number of pkas from five to twentwill be madeaccording taa compromise
between sgl constraints irthe VSIs andthe machine andcomputatiomal constraintdor the
control andhermaldissipatio .

Sectionsummary

Section has manly delivered severaldistinct propergs openng up opportunitiesfor
multiphase drivesn automotive applicationsegardless of some drawbacl&efore further
discussions about thexistingcontrolissue a general modealf a multiphasemachinewill be
discussed in the next sectidxs previouslyanalyzed, compared to multiphddés, multiphase
PMSMs possess functional advantages such as high efficiency, high volume torque and power
densites Therefore, for the sake of simplicity, this thesik focus on the modeling and control

of multiphase PNMs.

1.2. General model ofa multiphase PMSM

The schematidiagramof an-phase PMSMs shown inFigwith severalassumptionsn
phasesA, B, C «n-1, n) are equally shifted with a spatial phase shift angz@a in the
stator; the rotor is nesalient; is the electrical position; is the rotating speed of the machine;
the magnet circuit saturation is not considered in the-BA¢k and flux calculations; and iron
losses are not considered.

Fig. 1.5. The schematidiagramof an-phase miltiphase PMSM.
12
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Natural frame model

The voltage anélectromagnetitorque of an-phasé®MSM are given by

(1.1)
(1.2)

wherey, i, and e are then-dimensional vectors of phase voltages, phase currents and back
EMFs, respectivelyRsis the resistance dhe stator winding of one phasf;] is then-by-n
stator inductance matrix; is the selinductance of one phask}; is the mutual inductance
between two phases shifted an angl@djn) with j B[1, (n-1)/2] , < if nis odd andj D[1,

n/2] , e if nis even TemandPem arethe electromagnetitorqueand powernf the maching
respectively

Decoupled sator reference frame model

Thedecoupledstatorreference frames are virtual frames obtained by the Clarke (or Concordia)
transformation. The machine parameters (Habk=s,currentsand voltagesin natural frame
are converted into theecoupledstatorreference frames dsllows:

(1.3)

wherexis then-dimensional vector od parameter in natural framg; is the n-dimensional
vector of the parameter in tlteecoupledstatorreferenceframes; k is the number ofwo-

dimensionaktator reference framés- ); k=(n-1)/2if nis odd andk=(n-2)/2if nis even;xa

andxz, are parameters ionedimensionakzerosequence framdgi, z); [Tciarkeg IS then-by-n

Clarke transformationmatrix; xz in x. and the last row ofTciarke] Only existif nis even

coefficient ¥t Jin [Tciake is to preserve thpowerin the new reference frames.

13
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In other words, ecording to, after theClarketransformation, theealn-phasemachine is
mathematically decomposed info+1)/2 (if n is odd)or (n+2)/2 (if n is even)fictitious

machines as presented in Eigss|and1.7| respectively Specifically, here arek two-phase
fictitious machines wittk two-dimensionateference frames from{- 1) to (.k- «). In addition,
there is onlyl zerosequence machine withonedimensionatreference framéz) if nis odd

Whenn is even, there ar2zerosequence machines wiBlonedimensionaframes(z, z).

Fig. 1.6. Equivalent fictitious machines ofrephase machine whenis odd.

Fig. 1.7. Equivalent fictitious machines ofrephase machine whemis even.

A fictitious machine withits correspondinglecoupledreference frame is associated with a
given group of harmonics as presentdd@ablel1.1.

Tablel.1. Fictitious machinggeference framesnd associated harmonics afi-phase machine.

Fictitious machine Reference frame Associated harmonic
1%t fictitious machine a1 nj+1

2" fictitious machine 2 2 nj+2

k™" fictitious machine " K nj =k

1%t zero-sequence machine z nj

2" zero-sequence machine (if n is even) b3 n(j £ 1/2)

with j B e, k=(n-1)/2if nis odd, k=(n-1)/2if nis even.

The voltages in thdecoupledstatorframesare given by

(1.4)

wherev. ,i. ande. are then-dimensional vectors of voltages, currents and {#&dks in the
decoupledcstatorframes, respectively; for a nealient machine, the inductance maftix ] in
thedecoupledstatorframes isdiagonal aneéxpresseas follows:

(15)

14
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whereL; (j P[1,K] , *), Lz1andLz arethe inductances of fictitious machipezeresequence
machinez; andz, respectively|f the rotor presents any saliency, all elementd.of] need to
be calculated with the electrical position of the machine

It is noted that thenatural frame model does not allow an easy development of the control
system due to the magnetic coupling between phase windings, represeﬁltihg'dam

By using the Clarke transformatiaihge inductance matript] becomegL . ] in allowing

the magnetic decoupling between phase windings in the new reference frames.

All row vectors of[Tciarke] are orthogonal to each othém important property of the Clagk
matrix regardless of the even or odd number of phaskeatithe inversion of the Clarke matrix
IS equal to its transpose

(1.6)
The electromagnetidorque of the machine isqual to the sum of torques generatedaby
fictitious machines as follows:

(1.7)

Rotor reference frame model

The rotor reference frames are virtual frames in which the sinlg@danetes of the machine
in the decoupledstatorreferenceframes are converted to constaignak by using the Park
transformationThe generaParktransformation igjiven by:

(1.8)

wherexqq is then-dimensional vector of the machine parameters in the rotor reference frames;
k is the number o2-dimensionatotating framegd-q); k=(n-1)/2if nis odd,andk=(n-2)/2if n

IS even Xz andxz are parameters ionedimensionakzerosequence frame§Tpar is then-

by-n Parktransformatiormatrix with harmonic$ to hk that are determined from associated
harmonics iIt is noted thakz in xd¢q andx. , and the last row dfTrark] Only exist

in case of the even number of phases.

The voltages im d-q framek can be expressexs follows:
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(19)

where(Vak, Vak), (idk iqk), and(edx, €qk) are the voltages, currentnd backEMFs ind-q frame
k, respectivelyp is the number of pole pairfl;q Lqx) are inductances ing framek.

In a nonsalient machine, the inductance matrix in the rotor reference frimgsequal to
matrix[L . ] in[(1.5)| can beprovedas follows:

(1.10)

whereL; (j B[1,K] , *), LzzandLz arethe inductances of fictitious machipezeresequence
machinez; andz, respectivelyTherefore, we havéLa=Lqg= Lk).

In the rotor reference frargethe machine modehheritsthe magnetic decouplingroperty
from thedecoupledstatorreference frame Ideally, the machine parametessch as currenia
therotor referencéramesare timeconstanfor control.

1.3. State of the artin the control field of multiphase drives

To derive a general and systematic viewtoflies on theontrol of multiphase drivethestate
of the art is organized as followsirst, control techniqguesor multiphase drivesn healthy
modearepresentedThen,existing studies ofault-tolerantcontrolare analyzed

Existing control techniques ofmultip hase drivesin healthy mode

As analyzed iff21-23)[26||31]|60-62], controltechniqueg$or multiphase drivesan be generally
categorized in thremaintypes Field-Oriented Control (FOC), Direct Torqu@ontrol (DTC)
and ModelbasedPredictive Control (MPC)lhe inner loop for currentorque, and fluxontrol
is considered becausbhe outer loodor speed controin the three controlechniqus is the
same

1.3.1.A.FOC

FOC, early proposedn @ has becoméhe mostpopularcontroltechniquewith the use
of orthogonal transformation matrice$o understand the principle of FOQetFOGC-based
current control loop of a-phasePMSM fed by a VSI is described As previously
mentioned, ratrices >, ;- 7and >, ;~- 7are appliedo decompos¢he n-phasemachine into
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(n+1)/2 or f+2)/2fictitious machinesdecoupledeference framgsTherefore, theontrol of
flux and torque can be decoupled mgdependentlyregulating constantcurreris in rotor
referencerames. Reference voltages: s g,gnostly calculatedby proportionalintegral (P1)
controllersand estimated baedkMF compensationsA yp  (Optional) are converted into
naturalframe R, g.yThese voltages ameference valuet determine the duty cycle for the
generation of switching signals of VSK). Specifically, R g ds compared withcarrig
signals, called Carrier Based PWKIEPWM), or it isused todefinedifferentadjacent space
vectos appliedn different time periods, called Space Vector PUS¥PWM).

Fig. 1.8. The inner control loop of aphase PMSM drive based &@®Ctechnique.

In the early2000s, methodologies to generally study multiphase drives by using space vector
approachhave been propos@. The geometrical and graphical properties of the space
vector are generalized and adapted for multiphase systems with advancements of matrix
calculations.Power converters including PWM voltageand current source inverters are
characterized by space vectors. Tiethodologiesan be generalized to various inverters with
different numbers of legs. Then, the formalism is first appletireephase machines before
being verified in fivephase induction machines.

Somerecentstudies on FOased control of multiphase drives can be summarized as follows:

1) Five phase and dual thrplase induction machines with sinusoidal Mi&ave been
studied in. Due to moreDoF thanthreephase counterpartapn-sinusoidal
MMFs in multiphase induction machinean be properly controllei . The
injection of current harmonics allows to improve torque quality.

2) Studiesbased on FOG@or threephasefive-phase, dual threghase andevenphase
PMSMs with different stator winding topologidsave been proposed

| 55||7590]. In these studies, most ofele machine have norsinusoidalbackEMF
waveforms enabling to increasthe torque densityEspecially a bi-harmonicfive-
phasePMSM with adominantthird harmonioof backEMF isintroducedn .
This specialmachine careasily exploit correspondingurrent harmonic$o havean
electromagnetic gearbpextendng the speed rangeithoutusingphysicalelectronics
switches Meanwhile, sudies calculate current references to obtain maximum
torquespeed characteristic by considering limits of peak values of phase currents and
voltagesfor a sinusoidafive-phasePMSM.
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1.3.1.B.DTC

An alternative to FOC is DTC that was introduce. In general, DTC is based on the
modeling to estimate the magnetic flux and torque. The control of the magnetic flux and torque
is implemented in decoupled stator reference frames wittheuhner current control loop.

DTC techniques are categged by the way to definthe stator voltages. The stator voltages
can be either obtained by an optimal Switching Table3T) or by a constant switching
frequency (PWMDTC).

Fig. 1.9. Theinner control lop of an-phase®PMSM drive based o8 T-DTC technique.

Theinner loop ofan-phase PMSM driveising STDTC is described ifFig. 1.9 The SFDTC

is to compare the estimated and reference values dtéterflux :6gand 03 g)as well as

of the electromagnetitorque : 65 xz zaNd 6 4 g » Then,stator voltage vectorare selected

from a lookup tableto define switching signals of VSIQ@g). With ST-DTC, hysteresis
controllers are usually applied to force the controlled variables to rapidly track their reference
values without PWM. This feature mak&J-DTC simple witha fast torque response.
However, ST-DTC leads tovariable switching frequencies and patiashigh-frequency
components in currents, resulting in highi@ple torques than FO. In addition, the
number of voltage space vectors is exponentially proportional to the number of phases, making
the size of the lockip tabledramaticallyincreas. Study proposes general SIDTC
method for the odd number of phases more than thi@eever,the ST-DTC technique has

not been extended yet to any phase number higher than six.

1) Some studies orST-DTC for five-phase and asymmetrical gpkase induction
machinesare introduced i. Specifically,the stator voltagein the secondary
planeare reducedo minimize the stator current componetitat do not generate the
torque.

2) Meanwhile,studies orST-DTC for five-phasePMSM drives using the multmachine

multi-converter system concepdve beenproposedn .

Alternatively, PWMDTC technique imposes constantitehing frequencies and requires a
PWM as described Specifically, DTC algorithm in PWNMDTC is used to generate
voltage references before PWM defines inverter switching states. This algorithm is based on
the deadbeat solution in which reference values of the stator flux and electromagnetic torque
are obtaned in just one sampling ti. This method has several advantages compared to
ST-DTC with variable switching frequencies such as lower torque ripples and smaller high
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frequency components in currents. However, because of controlling in decoupled stator
reference frames, PWNDTC requires a high switching frequency to guarantee a good
performance. In addition, as SITC, the calculation burden is a drawback of PMIVIC. An
application of PWMDTC can be found i@ for a dual thregohase induction motor drive.

Fig. 1.10. The inner control loop of aphase PMSM drive based on P\ADA C technique.

1.3.1.C.MPC

Although first developed in the 1970s, MPC has recently becomefthe most promising

and widely used techniqﬂ. This approach can be considered ma@provemenbdf

DTC. According to the optimization and control actioM®C techniques can be divided into
two types, including Continuous Control Set MPC (G@BC) and Finite Control Set MPC
(FCSMPC). CCSMPC applies an average model of the system with continuous reference
signals and a fixed frequency. Meanwhile, Fg@BC useghe finite number of switching states

in the inverterandit has variable switching frequencidedeedthe FCSMPC scheme for a
n-phase PMSMirive inshows thait is based on the accuracy of the system mtuel
predict future behaviors of the system variabl® °;. The anticipation witta minimization

of a cost function(min(J)) allows to define the optimal VSI switching sta{eg8). It is noted

that FCSMPC can easily add extra control objectives such as copper losses or constraints on
current and voltage.

Fig. 1.11 The inner control loop of aphase PMSM drive based on FW8C technique.

In generalMPC hasa faster response than FOC amdoreflexible control structuréghan DTC
However it still possesses high computational ealste to ehighnumber of iterations and high
switching frequenciedmportantly MPC requires accurate knowledge of the system for the
model predictio.
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1) General MPC schemes for power electronics and devices are categorin
MPC-based control structurese describedh for asymmetrical skphase
induction machinesandin for five-phase indation machines

2) Studies forfive-phase PMSM are conducted i, taking into accountimits
of current and voltage.

Existing control strategiesfor post-fault operations
1.3.2.A.Possible &ultsin multiphase drives

To analyz existing faulttolerant control strategies, possitdkectric faults may happen in
multiphase drives should be presen different types of faults in a multiphase
drive include SC oOC in inverter switches, phase windings or connecting lines between the
machine and the inverter. Among them, OC faults have beea reported than SC faults in
electric drive since a SC fault normally leads to an OC fault with the inner protection
of thecorrespondingswitches. Therefore, this present doctoral thesis will mainly focus
on OC faults in multiphase drives.

Fig. 1.12. Different types of faults in a-phase drive.

When a faulhappensn an electric drivedetectbns,diagnosesandfault isolationsof the fault
need to take placavoiding possibledamages of thelectricdrive. There have beemany
studies on fault diagnaes, detectios and isolationsuch a by exploitingspecial
characteristics of multiphaskives

In healthy modemultiphasedrives arepropety controlledwith smooth torqueby the control
techniqgues as presedten the previoussulsection. Their phase currents hatke same
waveformwith rated RMS valuesin postfault operationsthe number ofactive phases is
lower, and the remaining phases are no longer symmeffita¢ prefault current references
arenot changedthere will haveuncontrollable currents and pulsating torq@.
Specifically, here are twanainconsequences of the fault occurreirca multiphase drivas
follows:
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1) Limits of peakor Root Mean Square (RMSurrents may not be respected. In other
words,current waveforms aemaininghealthyphass of the drivearedeterioratedn
postfault operations The peak current limit is based on the instantaneous peak
currents during a shettime operation and it is related to VSI components.
Meanwhile, RMS curreritmit is mainly defined from the thermal limits of the stator
windings.

2) Smooth electromagnetic torques cannotgoaranteedin general the uncontrolled
healthy phase currentsreate uncircularrotating MMFs per reference frame
generang torque ripples.These torque ripplesan causenoises andvibrations,
reducng the operatingquality of the drive

1.3.2.B.Categorization based orriteria of newcurrent reference for fault-tolerant
operations

From theconsequences the previousubsection, ew current references need to be defined
when one or more phases are epeouited called the reconfiguration or fatttilerant contral
New current referenceare required tgeneratesmoothtorquesand complysome of theseveral
additional criteria as follows:

1) Constraints on curretitnit: theremaininghealthy phase curremigedto respectheir
RMS or peak value Iimit.

2) Constraints on voltagkmit: the peakphase voltagearerequired to bewithin their
limits to avoid inverter saturation. In other wordisix-weakening operationsan be
guaranteed in falytmode.

3) Copper los®ptimization theremaininghealthy phase currents are desigtweobtain
eitherminimumtotal copper losseld.20121]{124136 or equal copper lossin the
healthy phasell 24/126-135|137(139.

The above criteria can be combingdh each othem afault-tolerantstrategy For example,
the first andsecondcriteria can guaranteenigh functional reliabilityin low-speedand flux
weakening operations f@ostfault multiphase drives

1.3.2.C.Categorization based on types of MMFor fault-tolerant operations

The principle ofafault-tolerantstrategy is based dault typesand characteristics ofiultiphase
drivessuch as the number of phases arathine desigrOne of the first attemp@ shows
that the number of stator phases and the tfpexcitation waveforms (sinusoidal or ron
sinusoidal) affect degrading performances. Accordingly, f@ldrant control studies can be
classified into two groupaccording to types of MMH®r IMs and PMSMsas follows:

1) Sinusoidal multiphasenachines Faulttolerant strategies for sinusoidal multiphase
machinesave been found i|11d|123|126133||137—14]]. Thesemachines have
more DoF for control because higbrder harmonics of baedkMF do not exist,
allowing the presence of higtrder harmonics of current for optimization purposes.
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Faulttolerant control strategidsr sinusoidal machines cannot be simply apptied
nonsinusoidal magines due to torque ripples.
2) Nonsinusoidal multiphase machinestudies{61][120124[124[125[134136[142]
have been proposefhult-tolerant strategies for nesinusoidal multiphase
machines. These strategiase often morecomplicatedthan ttose of sinusoidal
machines. However, these nesinusoidal multiphase machines have several
advantages such amasyto-manufacture, lower production costsigher torque
densites lower copper losse@f concentrated windings with short emdndings are
chose), and the ability for electromagnetic pole chandseesectior|1.1.1.5.

1.3.2.D.Categorization based on modelired multiphase drive for fault-tolerant
operations

Themodelingof a multiphase drive in poe$ault conditions can be derived byevector space
decompositio 150], or the multi-reference frame theorwith generalized space vectorial
formalism 65]. As discussed in thgeneralmodeling(seesectio, using Clarke
transformation >, ;- 7allows to decompose n-phase machine into several decoupled
fictitious machinegreference frames)here arg¢n+1)/2reference framefor the odd number

of phases andn¢2)/2 reference frame$or the evennumber ofphasesin these reference
frames, currents and voltages are independently controlled in healthy mode. Howeves, in fault
modes, the decoupling property no longer exists. Therdftge have been two options for the
modeling as follows

1) Clarke transformation dfealthy mode>€, - + ~. 1s preservedbut current references in
rotor reference framaseed to beedefine. The control structure
is unchanged in fayitmodes, making #se strategiesimpler. New dq current
references of fictitious machines that create most of the torque are designed to be
constant.Consequentlyother dg currents in other fictitious machines are time
variant.

2) Reducedorder transformationmatrices [126-129 [132-135 [149 with dimensions
equivalent to the number of Hdey phases are applieethdeed, when a-phase drive
loses one phase, the machinethis postfault condition can be considered as a
asymmetric(n-1) phase machine. Hence, the piastit drive can be mathematically
remodeled with i(-1) phasesin which new (n-1)-dimensional Clarke and Park
matices are defined with the aim of preserving MMFs underQRefault. In new
decoupledeference framesiewd-qg current referencesith optimization optiongre
determined to obtain constant torques.

1.3.2.E.Categorization based on control techniques fault-tolerant operations

A popularcontrol techniquéor a postfault multiphasedriveis FOCin which the speed control
loop is regulated bya proportional or Pl controllerto generate torque referenc.
Meanwhile, beinner loopcontroler for current can bene of the following options

22



Chapter 1. Multiphase DrivesOpportunities and State of the Art

1) PL: Sudies 120 apply theclassicaFOC schemavith PI controllerdoecausenain
d-g current referencegenerating most of the torquee designed to be constant.

2) MPC and DTC:With a faster response th&®OC, the use of MP(as beeriound in
[10d[12d[151[159 while ome studie§136[148 have been conducted with DTC
The MPC scheme is also flexiliteapplyconstraints on curréand voltageHowever,
MPC and DTC possess some drawbacks as described in the control techsegues (
section.

3) Hysteresiscontrot To deal withtime-variant current references in natural frame
studiesllZ]]|122||125||15ﬂ|154] appl hysteresis controllerfor current control.
However, noisg lossesand variable switching frequeles can be considered as
severaldrawbacks of tb control

4) Dual PI: Sudies|123135138]|149[155 usedual PI oproportionaintegralresonant
(PIR) controllersfor time-variant current reference®emands for multipl@arameter
adjustments and tHanowledgeof frequengesare some drawbacks of this appraach

5) Robust ontrol: A FOCGbased control schemeith a robust controllerfor speed or
currentsuch asa fuzzy logic (FL) controlleranda sliding mode controllehas been
foundin I13Q|156||157]. This schemecan enhance the fatthhlerant ability of the
drive in various types of faultfOC faults ininverter switcles or lines between
inverters and machings

1.4.Objectives of the doctoral thesis

This doctoral thesis is dedicated to enriching comtrhodsof multiphase drives with the aim
of highlightingadvantagesf multiphase driveg automotive applicationd/ultiphase drives
can meet thaix requirements foelectric drivesn EVs (se only whenthese
drivesare properly controlled under variety ofoperatingconditions.For examplean EV
driven by multiphase drivewith two driving modesis described i The torque
reference can be generatgckither the accelerator pedabgtrolled bythe driver) or the speed
controller @n autonomouperation for example) Economical modgenerally enables EVs
to work with high efficiencyin the lowtorque regionof the torquespeed characteristic
Meanwhile, high-performance modallows EVs to operate with maximum torquetseach
speed for acceleration& switch between these twayiving modesis madewhen the required
torqueresults in an excess efectrical limits (currents and voltage$his doctoral thesis will
focus on higkperformance modender healthy or faulty conditioh The electromagnetic
torquewill be maximizedunderlimits of currents and voltages.
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Fig. 1.13. Multiphase drives in EVs wittwo driving modes.

Therefore, acording tathe aboveanalyss andstate of the art in the control field of multiphase
drives(seesectio, themainobjective of this doctoral thesistoproposecontrolstrategies
for nonsinusoidal multiphase PMSMirives under OC faults (see section .
Importantly, constraints on current and voltagell be always consideredn all operating
modes Another objective of thigloctoral thesis is tenhanceperformances, includinthe
control and torque qualifyunder impacts ofincertainties and imperfections thfe electric
drivesby using artificial intelligence

Severalmain points of hese objectives of this doctoral thesigan bejustified and more
explainedas follows:

1) Regarding the type ddlectric machine, on-sinusoidal multiphase PMSare the
controlled objectin this doctoralthesis As analyzed insection(1.1.9 besides the
generalproperties of the multiphase concept, multiphase PM&Mshosen for this
doctoral thesis due to theimigh efficiency and high volume densities These
advantageseet the first twaequirement®f EVs. In addition, norsinusoidal back
EMFs are considered due teveral advantages such easyto-manufacture, low
productioncosts,high torque densis and the ability foithe electromagnetic pole
changing(seesection. The control of norsinusoidal machines is more
challengingand interestinglue to highorder backEMF harmonics.

2) Regarding the control technique in this doctoral thgsigposedontrol strategiesn
all operating modewvill be based orFOC techniqueand PI controlleras healthy
mode Besides the recent techniques MPC and DT CgldmsicaFOCtechniquewith
PI controllerss still interesting, especially for industry due to gisality, simplicity,
androbustness (less dependent on the machine mdaaelidition, this classical FOC
has been widely used in industijherefore, the proposed control strategies in this
thesis ar@erived from the mathematical modesing the multreference frame theory
. Currents in rotating reference frames are expectedrterbe constant or slowly
vary, especially currents generating most of the torque.
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3) Regarding constraints on current and voltagiese constraints guarantee high
functional reliability andlux-weakening operations of the drivésom the state of
the art (seesection, few studiesconsideringfault-tolerant controland non
sinusoidabackEMFs underconstraints on current and voltagave been conducted
excep with MPC and DTC techniquder 5-phase machines

4) Regardingenhancements ofontrol and torqueperformance under impacts of
uncertainties and imperfection§electric drivedy artificial intelligence ADALINE
(ADAptive LInear NEuron)asimpletype of artificial neural networks chosenOne
of the uncertainties can bdeadtime " voltages (the inverter nonlinearity) whilee
presence of muHinarmonics in baclEMFs causganimperfectionin machine design
ADALINEs arechosenn this doctoral thesithanksto theirselflearning abilityand
easy implementatiotMoreover the knowledge of harmonic components in signals of
the drivesallows a fast response of control (fast convergence) amids the
calculation burden, increasing thapplicability to industrial electric drivesndeed,
this knowledge is easily obtained and generally proportional to the number of phases.
ADALINEs just need tofind the right amplitudes of these harmonic¥hese
advantagesnake ADALINEs more favorable oapared to other approach&sch as
FL, PIR, and so onFL control requires experience of experts while Pl€ontrol
requires multiple parameter adjustments atiee knowledgeof frequences By using
ADALINEs, quality of torque and current contralill be significantly improvedn
eitherhealthymodeor faulty mode.

1.5.Conclusiors

According to theequirementpresentedh thof this doctoral thesisectio

of has presentedseveraldistinct advantagesand some possibledrawbacksof
multiphase drivesThanks taheseimportantadvantagesf multiphase drives, EVdriven by
multiphase drives, especially PMSM drives, have high potential to be commercialized in near
future. However, there have been somm@wbacksof multiphase drives regarding the
calculation burderhigh electronics driveeoss for a high number of VSI legghe complexity

of modeling and control, argbcial inertia These drawbacks can be overcome by advances in
microprocessors, mass productipashancements power electronicgechnologesas well as
long-term investments of indtrsal companies anslo on In addition, the modeling of a general
multiphase PMSM has been briefly describedéntio This modelinghasfacilitated the
analyses of recent studiescontrolstrategie®f multiphase drives healthy and faulty modes

in sectio High-performance dving mode ofEVs can bdeasibleif the objectives of this
doctoral thesipresentedn sectioare achievedThen, justifications and explanations of
the objectives have been delivered to clarifygbegose®f this work.
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Chapter 2. Modeling and Control of Multiphase
Drives

This chapter isgledicatedo presenting the modeling and control of multiphase drives under
heathy and faulty modesh@& healthymode issues are discussedsiarctioin which the
modeling and a control schemrder constraints on current and voltage introducedin this
schemeFOC technique and PI controllers are us@drrent references are calculated dyy
optimd strategythat maximizetorquesunder the considered constrairﬁectiodescribes
critical problems of posfault operations without reconfigurations through analytical
expressions and experimentasults Especiallysectioproposes three main fattilerant
control methods by exploiting mathematical models of multiphase diiescontrol scheme

is almost the same deealthy mode with on FOC technique and PI controll€n critical
problems in postault operations including ripple torgsi@nd electrical limit excesses are
solved Therefore torquespeed characteristics with fhyxeakening operations of pefstult
multiphase drives will be verified by numerical and experimental resottaclusions of the
chapter are presentedsactior2.4

2.1.Modeling and control of a multiphase drive in healthy mode

This sectionpresens the modeling and control of a multiphase machine in healthy mode. To
effectively illustrate characteristics of the multiphase drive, a spliase PMSM drive is
considered as a case study. Comghaie a fivephase machine, the sevphase machine
possesses mokoF for control.

The case study: a sevephase PMSM

The schematidiagramof a severphase PMSM is describewith rotating speed ,
electrial position , and electromagnetic torqiem

Fig. 2.1. Schematic diagram of a sevphase PMSM.

To model the machine, several assumptions are considered as follows:

1) Seven phases of the machine are equally shifted with the spatial angular displacement
/equal to 2¥.
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2) The machine has a naalient rotoy hencethe inductances in fictitious machines can
be easily calculated from Clarke transformation matrix

3) The saturation of the magneticcuits is not considered in the calculations of the back
EMFs and the fluxes.

To simplify the control scheme, machine parameters are converted from natural frame into the
decoupled.- andd-q frames for the sevephase machine dsllows:

2.1)

with

wherex is an arbitrary parameter of the machine such as current;HMEkand voltage;
[Tciarke] is the 7 by 7 Clarke transformation matri2 & is the spatial angular displacement;

is the electrical positio;Tran] is the 7 by 7 Park transformation matrix in which tfg ),
9" (9 ), and3™ (3 ) harmonic components are considered. The selection of these harmonic
components in the Park matrix depends on main harmonics existing in thEM&skof the
machine. In his study, the 8 harmonic is much smaller than th& 8neg hence, 9 is used
instead of 5.

In the new decoupled reference frames, the real machine is decomposed into 4 fictitious
machines including 3 twphase fictitious machines (FM1, FM2, FM3) and 1 z&¥quence
machine (ZM) as described in Each fictitious machine with a corresponding reference
frame is associated with a given group of harmonics as sh Specially, the d
reference frame for the second fictitious machine is denotedidg)( because the ninth
harmonic is considered in the bagKFs.
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Fig. 2.2. Decomposition of a sevgrhase machine into four fictitious machines.

Table2.1. Four fictitious machines with corresponding reference frames and associated harmonics 6f a seven
phase machine (only odd harmonics).

Fictitious machine Reference frame Associated harmonic
The first machine (FM1) di-0 «M
The second machine (FM2) dg-Clo «M
The third machine (FM3) ds-0s «M
Zero-sequence machine (ZM) z « M
withj Deg

The electromagnetic torquemof the real machine is equal to the sum of torques generated by
all its fictitious machines as expresse({2r)

(2.2
Energetic Macroscopic Representation for modeling and control

2.1.2.A.The representation of the electric drive model

Energetic Macroscopic Representation (EMR) is a functional descripiiginally developed

in the control team of L2EP laboratary2000sto analyze an energetic syst .In
other wordsEMR is a graphical tool usg block diagrams to easily organize the model and
facilitate the control of an energetic systémaddition,thenumber ofDoF arepointed oufor

the control. This point is particularly important for multiphase macwimsenumber oDoF

is high in comprison with thregohase machines.

In fact, here have beeexisting other graphical approaches based offiaitiktation of visual
humansense. The idea is to choose a graphical approach which is adapted at fhst for
deduction of control anthen for energetic systemlwo of aher tools for system model
representationareBond Graph (1959) an@Gausal Ordering Graph (COG 199Bpnd Graph

is based otthe derivative causalityhile the integral causality is us@dCOG. As COG, EMR

is based on the integral causaliBonsequentlythe controlschemas deduced from the model
representatiomy the principle of inversiomn which the control is considered as a functional
inversion of the modelAs Bond Graph, EMRcanpoint out power fows Therefore, ti is thus
well adapted to the graphical representatioaroenergeticystem as electrical driveSrom

the above reasons, EMR is chosen to represent multiphase drives in this doctordiithekss

to EMR, the modeling and control ofcamplex system such as a multiphase drive become
more synthetic.

More descriptions about EMR elements are presenof this doctoral thesis.
To understand the representation of a system model by EMR, the case study with the considered

sevenphase drive is describedHig. 2.3
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(23) (24)

Fig. 2.3. Representation of the model céevenphase PMSM drive using EMR.

Two adjacent elements of EMR are connected by two arrows with two opposite directions,
representing the action and reaction between them. This connection is based on causality
principle (integral). EMF helps to highlighbwtrolled variables of the system such as a duty
cycle (conversion factor) for an inverter. In addition, EMF can determine either the power flow
or the control path. Four main elements of EMR can be generally described as follows:

1) Energy sources (oval greepictograms) represent the environment of the studied
system, delivering or receiving energy the electric source (ES) is a BC
bus voltage/pc to feed an inverter while the mechanical source (MS) represents the
mechanical load of the drive system.

2) Accumulation elements (rectangle orange pictograms with diagonal lines) represent
the energy storage because the transfer functions of these slenatude integral
operators. I the accumulation elements present in the fictitious machines and
in the rotor shaft.

3) Conversion elements (square orange pictograms for +pbysical conversions or
circle orange pictograms for mufthysical conversions) convert energy without any
energy accumulations. the monephysical conversion element is the
inverter while the multphysical conversion elements are the electromechanical
elements in the fictitious machines.

4) Coupling elements (overlapped orange pictogramesfios energy distributions.

the first coupling element is the Clarke transformation (or combined with Park

transformation). The second cdimg element is to calculate the electromagnetic
torque from four fictitious machines.

Specifically, mathematical descriptions for all elemenfSign2.3|are expressed |i{2.3)}(2.7)

Inverter (conversion element):

(2.3)

with
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wherev andi are the 7dimensional phase voltage and current vectorss the conversion
factor vectorMpc andipc are the voltage and current of the DC bus, respectively.

Coupling 1 (coupling element):

(2.4)

with

wherevyq andigq are the fdimensional voltage and current vectorsHg frames, respestely;
(Vdg1, Vdg2, Vdga) and (dqy, idg2, idqa) are the 2dimensional voltage and current vectors of fictitious
machines FM1, FM2 and FM3 thq frames respectivelyv; andi are the voltage and current
of zeresequence ZM, respectively.

Fictitious machines (accumulation and conversion elements):

(2.5)

with

whereeqq is the backEMF vector in dg framesiL; andL; are the inductances of the fictitious
machines in d) frames calculated as Rsis the stator winding resistance of one phase;
sis the Laplace operatof; andT; are the torques of the fictitious machinesis the rotating
speed of the machine.

Coupling 2(coupling element):

(2.6)
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where the electromagnetic torque of the macHigeis equal to the sum of torques of the
fictitious machinesTy, Tz, T3, T2).

Shaft (accumulation elem8:

2.7)

whereTioadis the load torque applied to the machifags the friction coefficient of the roter
load bearingsJm is the moment of inertia of the electric drive and mechanical load.

2.1.2.B.The representation of the electric drive control

The controlschemewill be designed according the modekepresentatiomwith the principle
of inversion Indeed, he control elements are determined basedhennversion of their
corresponding models with three inversion rules as follows:

1) Conversion elements are directly inverted from theiresponding models.

2) Accumulation elements require closkedp controls with controllers. The pictograms
of these controllers are light blue parallelograms with oblique lines.

3) Inversions of coupling elements may require criterion inputs which lead tategst
of the energy management (in blue parallelograms).

The control structure of the studied seydrase drive with speed and current control is
described iwhere all control elements are presented in light blue parallelogkéons.
descriptions about EMR elements are presen1éqb|'mndix A|of this doctoral thesis.

Fig. 2.4. The general control scheme of a sepbase PMSM drive with speed and current control represented
by EMR.
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The closdoop control of speed and currents can be implemented with Pl or other advanced
controllers. From the speed referenge, torque referenc@&en ref is calculated by the speed
controller.

When no electrical constraints on voltage and current@rsidered, current references can be
generally calculated asby using the vectorial approach, also called Maximum Torque
Per Ampere (MTPA), as introduced . Then, current referensefor each fictitious
machine can bdetermineds follows:

(2.8)

(2.9)

with

where is the norm of the baeEMF vectorein natural frame.

In other words, the total torque refereng ref is distributed to fictitious machined( ref,
T2 rer, T3 ref, Tz re according to the MTPA strategy with repartition coefficient ve&toas
follows:

(2.10)

(2.11)
(2.12)
(2.13)

(2.14)

whereEnis the amplitude df" harmonic of the bacEMFs; the $harmonic of the bacEMFs

is considered in the first fictitious machine; th®& Barmonic is considered in the second
machine instead of thé"sharmonic; the '8 harmonic is in the third machine while th& 7
harmonic is in the zersequence machine.

Then, current references for all fictitious machines-q lamesare given by:

33



Chapter 2. Modeling andControl of MultiphaseDrives

(2.15)

where is the norm of the bacEMF vectorg of the fictitious maching

In variable torque/speed applications such as automotive, the determination of the
electromagnetic torque reference depends on constraints (limits of currents and voltages, for
example) ad optimizations (high efficiency, high torque quality, and minimum copper losses,
for example).Therefore, in this study, the torque generation with the current control loop at
each rotating speed is considereda multiphase machine, as the torque ésshm of torques
generated by fictitious machines, a strategy of the torque repartition that considers the above
constraints and optimizations must be define#dwns described |Rig. 2.5

Fig. 2.5. The control scheme af severphase PMSM drive with current control represented by EMR.

Control scheme with an optimal control strategy under constraints on RMS
current and peak voltagein healthy mode

Developed from the control scheme an optimal strategy in which the
electromagnetic torque is maximized under constraints on current and voltage is considered
determine current referencés fact, theconstraint on peak jise currenteas been considered

in for five-phase sinusoidal machines. The peak current tamtbe defined from rated
parameters of VSI components. Howeverthis doctoral thesis, the concern about the RMS
current limit is preferred for a lorgrm operation of the drivier goodefficiencywithout any
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overheated machine windiagrhe thermal issue is more important when the drive is covered
and placed in a limited space of E\By using this optimal control strategy, fluxeakening
operatios arealso guaranteed. The details of the optimal strategy are desasilieltbws:

(2.16)

wherevj(t) andij(t) are the instantaneous voltage and current of gh&se is the limt of peak
phase voltagesikwms_iimis the limitof RMS phase currents.

Determinations o¥im andlrwvs_imcan be explained as follows:

1) Conventionally, in a wye€onnected stator winding machine, the limit of the peak
phasevoltagesVim is roughly equal to a half of the Didus voltage in the PWM
technique. In an opeand winding configuration (Hbridge),Viim can be equal to the
DC-bus voltage. The voltage linfior theoffline optimization denoted bWiim_op, can
be chosen to be smaller than the valueVg# due to the imperfection of the
experimental systems.

2) RMS current limitlrums_imis associated witthe maximum thermal limit of stator
windings andoermanentnagnets. Thudgrms_imcan be defined from the rated RMS
current. If the RMS current limit is respected in all phases, the winding insulation will
beguaranteedor a longterm operation of the tre.

The control scheme with the optimal strateto maximize torques under constraints
on RMS current and peak voltage for healthy mode is descri The details of the
optimal strategy are explained as follows:

1) A current calculation method (MTPA, for example) providing the way to define
current references is combined with an offline optimization.

2) The offline optimizationwith fminconfunctionis used to determine proper current
references that generate maximal torques under constraints on current andagltage
describedin The fmincon function is a nonlinear programming solvier
MATLAB to find the minimum or maximum value of a constrained nonlinear
multivariable functior{16d.

3) After calculations irtheoffline optimization optimal dqg current referencagqg optare
stored in a loolup table with their corresponding rotating speedThese stored
current references will be selected for current control according to the rotating speed
of the drive.
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(23

Fig. 2.6. The control scheme af severphase PMSM drive in healthy mode with the optimal control strategy
under constraints on RMS current and peak voltage, represented by EMR.

Control performances of a seveaphase PMSM drive in healthy mode

2.1.4.A.Assumptions and experimental setup descripto

To control in healthy mode, there are several assumptions for the consideregbisesen
PMSM drive as follows:

1) The machine windirg are wye-connected; hencehe current control of the zero
sequence machine is unnecessary bedtsiserrent is always zero.

2) The control scheme is usedwith the aim of maximizing the electromagnetic
torque under constraints on RMS current and peak voldgmntrollers are used for
the current control loopMTPA strategycombined with the offline optimization is
applied to calculate current references.

3) The saturation of magnetic circuits is not considered in calculations cHMEk and
fluxes.

The control scheme is verified by an experimental electric drive as showFii |

Electrical parameters of the drive are describ@lle2.2| The experimental sevgrhase
PMSM is mechanically connected to a load drive that is an industriatphese synchronous

machine. The load drive is controlled to tune theesl of the sevephase machine. A voltage
source inverter (VSI) with seven legs of Insulated Gate Bipolar Transistor (IGBT) is used to
supply the sevephase machine. A dSPACE 1005 board with I/O interface is used to transfer
PWM signals(10 kHz) to the IGBT driver of the inverter and collect measured data of speed
and currents.
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Fig. 2.7. Experimental test bench of the seydrase PMSM drive.

Table2.2. Electrical parameters of the experimental seplease PMSM drive.
Parameter Unit Value
Stator resistance Rs 14
Self-inductance L mH 14.7
Mutual inductance My mH 35
Mutual inductance M, mH -0.9
Mutual inductance Mg mH -6.1
1% harmonic of the speed-normalized back-EMF Virad/s 1.265
3" harmonic of back-EMF over 1% harmonic % 32.3
9" harmonic of back-EMF over 1% harmonic % 12.5
Number of pole pairs p 3
Rated RMS current of seven-phase PMSM A 5.1
DC-bus voltage Vpc \Y 200
Maximum calculation time V 350
PWM frequency kHz 10
The friction coefficient of the rotor-load bearings f., Nm/(rad/s) 0.1
The moment of inertia of the electric drive and mechanical load J kg.m? 0.02

The experimental sevgshase PMSM is introduced [A61]
flux with double rotors. Different configurations of the double rotors result in several back
EMF waveforms. For example, when the two rotors have different numbers of poles and

167. This machine has an axial

spatially shifted an angle of 7 degrees, the Halgle waveform and its harmonic spech are
presented i Besides the *Lharmonic of the bacEMFs, the § and 3% harmonics

account for the highest proportions (12.5 and

3208%e F'harmonic, respectively). Each of

these harmonics present in one fictitious machBeveralminor harmonics in fictitious

machines can be described as follows:

1) In FM1, besides the®1harmonic, the
harmonic.

2) In FM2, besides the'™harmonic, the
harmonic.
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3) In FM3, besides the™harmonic, the 1% harmonic is equal to 10.3% of thé' 1
harmonic. Proportions of other Inaonics are trivial.

4) In ZM, the 7" and 2% harmonics are equal to 9.4 and 3.2% of thadrmonic. If the
machine windingarewye-connected, these harmonics have no effects on currents and
torques.

Fig. 2.8. Themeasuredpeednormalized baclEMF and harmonic spectrum of the experimental selase
PMSM.

2.1.4.B.Optimal calculations underconstraints on RMS current and peak voltage

In the control scheme the offline optimizationbased oconsides onlythe
main harmonics of the badkMFs including ¥, 39, and 9. Therefore, the calculated (optimal)

torque in healthy mode is constant when the3F, and §' harmonics oturrent are imposed.

The constraints on RMS current and peak voltage can be specified based on parameters of the
considered drivésegTable2.2) as follows:

1) The rated RMS pase current is 5.1;Ahencethe RMS current limitrms_imiS selected
to be 5.1 A

2) The VSI is fed by a D@us voltage/pc of 200 V; hence the limit of phase voltage
reference®im is 100 V, equal to a half &fpc. However high-orderharmonics of the
considered experimental baBivFs (11", 13", and 19, for example) may cause
additional values to phase voltage references. Therefore, to respect the peak voltage
limit Viim in experimentsthe peak voltage limior the offline optimization Viim_opt iS
selected to be 75 Wased orsimulationassesments

The optimal torquespeed characteristic is showrFiy. 2.9 with a speed range from 0 to 73
rad/s and the base speed of 38 rafite torque before the base speed is 33.3 Nm and reduces
after the base speed to respect the considered constraints.

In healthy modephase currentas well aphase voltages are identical in all phases. Therefore,
the RMS currents of all phases at a speedgqual to the highest RMS current among all phases
denoted byirvs Thanks to the offlin@ptimization current refeences are determined so that
Irvsis equal tolrms iim (5.1 A) at every speed as show. In addition, the peak
voltages of all phases at a speed are gquhk highest peak voltage among all phagesoted
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by Vpeak The value olVpeakis less than or equal to voltage lifvim_opt even at high speed as
shown inFig. 2.9¢. Therefore, a fluxwveakening operatioaof the drivecan beperformed

(a) (b) (c)
Fig. 2.9. (Calculated result) Optimal torcuspeed characteristic (a), all RMS phase currents (b), and all peak
phase voltages (c) in terms of speed under constraints on RMS current and peakrvbiatihy mode.

2.1.4.C.Verification with experimental results for hediy mode
2.1.4.C.1Current control performance:

To obtain the torquepeed characteristic as the optimadultin|[Fig. 2.9, six d-q currents
obtained from seven measured phaseents need to properly track their constant references
at every speed. These current references are calculated from the offline opti

as discussed isectior{2.1.4.a Currents indq:-q1) frame that create most of the torque are well
controlled as described in Hig10

(@) (b)
Fig. 2.10. (Experimental result) Currents idi{q.) frame in terms of time at 20 rad/s with =0 A and
i1 re=12.7 A (a), and in terms of speed (b) in healthy mode.

However, in Figs2.1112.12| measured currents both @do-qo) and ¢ls-g3) frames, generating
minor torques, are timeariant witha mainfrequency of 14 even though their references are
constant.These arrent harmonics irfde-go) and ¢z-gs3) frames are generated by unwanted
harmonics(11" and 19", for example)of the experimental badkMF andby the inverter
nonlinearity. This issue will be more explainedséettiors3.2.1and3.2.4of| Chapter 3of this
doctoral thesis.
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(a) (b)
Fig. 2.11. (Experimental results) Currents ith{q) frame in terms of time at 20 rad/s with =0 A and
iqe_re1.6 A (&), and in terms of speed (b) and in healthy mode.

(@) (b)
Fig. 2.12. (Experimental result) Currents ids{gs) frame in terms of time at 20 rad/s with =0 A and
igs_reF4.1 A (@), and in terms of speed (b) in healthy mode.

2.1.4.C.2Torque performance:

In healthy mode, the total torque is mainly generated by three dominant harmonic components
of backEMFs (£, 39 and 9") and corresponding current harmonics. If the bBME values

are ideally constant in-d frames, the constant torque will be generated by constgnt d
currents. It means that the baekIFs should contain only one harmonic per reference frame
for the best performan. However, the considered experimental bR&kFs contain more

than one harmonic per franﬁee, causing torque ripples in healthy mode. In this
doctoral thesis, a torque rippld is given by:

(2.17)

where maxTer) D Qr@in(Ten) DUH PD[LPXP DQG PLQLPXP YDOXHV RI
HOHFWURP D JQHWHN SHEWILXHWIAH DYHUDJH WRUTXH

In addition, in this doctoral thesis, experimental torques are estimated values calculated from
measured currents and estimated Habis, denoted b¥em_exp Meanwhile, optimal torques

are calculated values obtained from the offline optimization as s of section

2.1.4.8 denoted bylem opt

The total torque and the fictitious machine torques at 20 rad/s in healthy mode are shown in
Fig. 2.133. The optimal torqueTém op) is constant at 33.3 Nm while the experimental total
torque Tem_ex) has an average value 88.5 Nmanda ripple 0f12% ata main frequency of
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14 . These ripples are caused by the interactions between current harmonics and unwanted
backEMF harmonics. For example, the' harmonic of currents interacts withe 13"
harmonic of backEMFs, and the '8 harmonic of currents interacts with th&" harmonic of
backEMFs A ripple-free torque can be possible by applying the MTPA strategy as loksdcri
in However, all €q current references for control are no longer constant, possibly making

PI controllers less effective at high speéd.viable solution with an ADALINE will be
presented isectior}3.2.3of[Chapter 3of this doctoral thesisn|Fig. 2.13h, he torques in first,

second and third fictitious machin€Bi_exp T2_exp T3_exp are proportional to their amplitudes

in the backEMF harmonic spectrum. Therefore, FM1 generates the $tighrejue T1_exy then

FM3 (T3 exp.

(@) (b)
Fig. 2.13. (Experimental result) Torques in terms of time at 20 rad/s (a), and iepgea€l characteristics (b) in
healthy mode.

Fig. 2.13p presents the torgtspeed characteristic in a speed range from 0 to 73 rad/s with the

base speed at 38 rad/s. The experimental toFglexpis in good accordance with the optimal
valueTem_optas obtained isectior]2.1.4.Band equal to the sum of fictitious machine torques

2.1.4.C.3Constraints on RMS current and peak voltage:

In|Fig. 2.14] all measured phase currents always respect their constraint even in the flux
weakening region (38 to 73 rad/s). Indeed, the RMS current of all ptiaggshat is directly
calculated from the measured phase currents in real time is stably controlled at 5.1 A, equal to
Irms_iim It means that the local thermal limit of each phase winding can be guaranteed i a long
term speedvariable operation. Fi also showsa variation of the measured current
waveform before and after the base speed of 38 i@dfsent vaveforms at two investigated
speeds (2@nd 55 rad/s) are totally different but have the same RMS value.
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Fig. 2.14. (Experimental result) Phase currents in terms of speed, and current waveforms at 20 and 55 rad/s in
healthy mode.

Similarly,|Fig. 2.15shows that experimentabltage references, known as output signals of
current controllersrespect their limit\(im=100 V) at highspeed. It is noted that the voltage
limit (Vim_op=75 V) used fotthe offline optimizations suitable Fig.showsa change in
thevoltage referencevaveform before and after the base speed (20 and 55 rad/s).

Fig. 2.15. (Experimental result) Phase vgtareferences in terms of speed, and voltafgrencevaveforms at
20 and 55 rad/s in healthy mode.

2.1.4.C.4Comparative summary:

The general comparisebetween optimal and experimental results at 20 aefdescribed in

It is noted that the experimental results are in good accordance with the optimal
values in terms of the RMS current and total copper Tdss optimal results are obtained from
numerical calculations of the offline optimizatic(seesection. In addition, the
experimental averag®rque is like the optimal average torque. However, the experimental
instantaneous torque has a ripple of 12% while the optimal instantaneous torque- is time
constant, as previously discussed in the torque performance section.
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Notably, i the experimental peak voltage reference is higher than its optimal value
due to extra voltages generated by higtier harmonics in the experimental bd&WFs. This

point can verify the necessity of using the peak voltage Nitop=75 V for the offline
optimizationinstead ofVim=100 V.

Table2.3. Comparisoabetween optimal and experimental results in healthy mode under constraints on RMS
current and peak voltage at 20 rad/s.

RMS current Igus Torque Tem Peak voltage Vpeak Total copper 10SS  Pioss
Type ofresults @) Toe M) | T (%) V) W)
Optimal (numerical) 5.1 33.3 0 45.9 255
Experimental 5.1 33.5 12 60 255.2

43



Chapter 2. Modeling andControl of MultiphaseDrives

2.2.Control of a multiphase drive in anOC fault without reconfigurations
An OC fault in a sevenphase PMSM drive

In general, an electric drive unde€ faults is modeled by considering more constraints on the
stator winding of its electric machin. For exampl describes three situations
causing aiOCfault in phase\ of a severphase PMSM drive. The first two situations are when
either the line cable or the pha&evinding is opened. The last siti@t is when two switches
(Qand @ in the inverter leg of phaskeare simultaneously opened

Fig. 2.16. An OCfault happens in phageof a severphase PMSM drive.

When theOC fault happens in phagg the current of phas& must be zero. The fault reduces
the number ofDoF of the drive for control. Th@umber ofDoF means the number of
independent variablethat can baused for control. In this work, these variables are phase
currents or currents in decoupled reference frames. The decreaseniimber oDoF can be
explainedeitherin natural frameor in .- frames (or e frames) as follows:

1) In natural frame, thaumber ofDoF is 7 for a sevephase machine when there ace
constraints on stator windings. It means that 7 current references of the seven phases
can be independently imposed. If the stator winslang@wye-connected, the sum of
the seven phase currents must be zero. Thereforeuthber ofDoF is reduced to 6
in this case. When phageis opencircuited,ia must be zero, making thmumber of
DoF become 5.

2) ,Q-. 1UD P HWumbg¢iKdfDoF can be explained accordind(®1)|for currents.
Without any constraints on stator windings, thenber ofDoF is 7. It means that 7
FXUUHQWIVYDR®HY FDQ EH LQGHSHQGHQWO\ LPBRVHG
wye-connected, the zersequence currenh PXVW EH JHUR 7KH-UHIRUH
currents can be independently imposed, reducingtineber ofDoF to 6. If anOC
fault happens in phage ia must be zerghence after applying the inversion property
of Clarke matrix in (1.6)the current transformation|{2.1)|becomes

1 SCfaults of switches normally lead t@C faults with the inner protection of the switches [111] as discussed in
sectior]1.3.2.Aof|Chapter 1|
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(2.19)

(2.19)

7KHUHIRUH WKH FXDBHQWWX ._m \U H ¥h&add= at another
FRQVWUDLRW RHQWY KDV EHHQ LPSRVHG RQ WKH GUL®
DoF decreases from 6 to 5 as previously explained in natural frame.

In thisfaulty condition if current references for the pdault operation are kept as in healthy
mode, the current control will be no longer guaranthezito thecoupling between currents in
fictitious machines

Control performancesin an OC fault without reconfigur ations

It is assumed that &@C fault happens in phageas discussed in the previous subsection. To
see impactof theOC fault, the experimeat drive in sectiois used. Th®C fault of
phaseA is safely created by sending an interrupting signal from a control interface to the
inverter of the drive. This signal helps open simultaneously two IGBTs of the VSI leg of phase
A, disconnecting phagefrom the power source.

2.2.2.A.Current control performance

As analyzed irsection the current control cannot be guaranteed due to the coupling
between currents in-d frames. Current responses in thdeg frames cannot properly track
their references at 20 rad/s as presente Therefore, fault detections and
reconfigurations are necessary.

(@) (b) (c)
Fig. 2.17. (Experimental result) Measured currentsdnds) frame (a), ds-0o) frame (b),and(ds-gs) frame (c)
when phasé\ is opencircuited without anyeconfigurations at 20 rad/s.
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2.2.2.B.Torque performance

The distortion of current control reduces the torque quality of the drive. As desc jBizd [in
although the average torques are similar, the experim@@aiorque {[Tem est oc Nb
without reconfigurations has a ripple of 50%, much higher than that of the healthy torque
(Tem_est_Hl\) with onIy 12%.

Fig. 2.18. (Experimental result) Torques in healthy mode and when phissepencircuited without any
reconfigurations at 20 rad/s.

2.2.2.C.Constraints on RMS current

The postfault current waveforms of the remaining healthy phases are deteriorated and no
longer identical as shown|l¥1'g. 2.19] leading to unequal RM&irrents in the remaining phases
as shown ififable2.4] The highest RMS current appears in pHagkws_g, increasing about

1.55 times from 5.1 ARig. 2.19) to 7.9 AD). In other words, the RMS current limit

Irms_iimiS NOt respected in the pesiult operation when new current references are not imposed.

(a) (b)
Fig. 2.19. (Experimental result) Measured phase curremkealthy mode (apnd when phasa is open
circuited without any reconfigurations (&t 20 rad/s.

Table2.4. Experimental RMS currents in all phases when pAdsepencircuited without anyeconfigurations

at 20 rad/s.
. RMS current (A)
Operating mode A B C D E F G
Phase A is opened without reconfigurations 0.1 7.9 5 5.7 6.8 5.7 5.8
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2.2.2.D.Comparative summary

The comparative summary of healthy mode and a faulty mode wi@Cafault in phaseA

without reconfigurations is describe Per unit (pu) Bsed on parameters of healthy

mode is applied to evaluate the increaseorresponding parametetsiderthe postfault
operation compared to healthy mode. It is noted that per unit is not used for the torque ripple
value because the torque ripple in healthy mode, as a base, can be zero. As previously analyzed,
the fault occurrence dramatically increasesraflortant parameters such as the torque ripple

(12 to 50%), the highest RMS current (1.55 pu), the highest peak voltage reference (1.74 pu),
and the total copper loss (1.27 pUerefore, a reconfiguration of the contial the postfault

drive, calledfault-tolerant controlis necessary.

Table2.5. Comparisons between experimental results in healthy mode and whei\phagencircuited
without anyreconfigurations at 20 rad/s.

Highest RMS current Torque T Highest peak Total copper
Operating mode Irms 4 en voltage Vpeak 10SS Ploss
(A (pu) Tave (NM) | Tave (pu) T (%) V) (pu) (W) (pu)
Healthy mode 51 1 335 1 12 60 1 255.2 1
OC fault without
reconfigurations 7.9 1.55 33.6 1 50 104.1 1.74 323.7 1.27

pu: per unit where the base values are parameters of healthy mode.
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2.3.Fault-tolerant control for a multiphase drive
Introduction to proposed fault-tolerant control methods

From the analyses isectio new current references for pdatlt operations need to be
defined to avoid the oversizing of the drive. Before proposing-taldtant control methods,
several assumptions of the consideseverphase machine are described as follows:

1) Phase windings of the machine are symmetrically distributed in the stator. Constraints
on stator windingconfiguratiors (such as a wye connection in healthy mode
removedto have general analyses of faudterant control.

2) In the offline optimizationfor fault-tolerant control, only thé and3“ harmonics of
the backEMFs are considedeto facilitate the offline optimization wittheoretical
smoothtorques Indeed,the number of DoFor controlin the posffault conditionis
reducedfrom 7 to 6 (no constraint ostatorwinding configuratios), or from6 to 5
(wye-connectedstatorwindings) (seesectio. Therefore, aly 4 d-g currents in
the first and thirdfictitious machines that generate most of the torqueuatally
imposed as constantgleanwhile,d-q currents in the second fictitious machines are
consequentltime-variant As a resultthe harmonics obackEMFs in the second
fictitious machine(9") should not be consideredin the offline optimizationto
theoreticallyobtain smooth torquse

3) The saturation of magnetic circuits is not considered in calculations cHMEk and
fluxes.

Owing to the equal spatial displacement of phases, phasassumed to be opemrcuited
without loss of generality. Therefore, the current of phase always equal to zeroa€0).
Becausédhere are no constraints on stator windings nlmaber ofDoF becomes 6, compared
to 7 in healthy mode. In other words)lp 6 currents can be independently imposed either in
natural frame or decoupled D Q-Gfr&@nes when phaskis opencircuited.Similarly, when

two phases are opaircuited, there will be 5 currents that can be independently impéset.

tolerant catrol strategies for twgphaseOC faults are presented This chapter
will focus on anOC fault in one phase (phasg.

Under the considered fault, the transformation of phase currents from natural frame into the
decoupled frameis similar td(2.1)|[(2.4)| and(2.9)|as follows:

(2.20)

In this doctoral thesis, new current references in sipgbeseOC faults are derived by
exploiting the transformation equatio The general scheme of three methods (1), (I1),
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and (lIl) is described ifrig. 2.20|where .- D Q-G fr@nesare equivalent. The principles of
these methods are explained as follows:

Fig. 2.20. General scheme of tipeoposedadult-tolerant control methods when phasis opencircuited.

1) Method (I): 1HZ FXUUHQW UHIHUHQFHV DUH GRHW@&MNRLQHG IL
to obtain smooth pogault torques. As result currents in natural frame are derived
from the determined currents in the decoupled frames. Method (I) is similar to the
study in ZKHUH WKH FXUUHQW UHIHUHQFHYVY DUH FDOF
frames. However, in this doctoral thesis, method (1) with different possible options is
systematically described.

2) Method (11): New current refances are determined by finding new transformation
matrices with a €y-6 dimension to obtain smooth pdault torques. Two current
design options will be proposed to provide either control robustnessmiliar
distributiors of copper losses in the remaig healthy phases. Method (Il) is
developed based on the principl where fivephase nofsinusoidal machines
are considered.

3) Method (111): New current references are directly determined from natural frame to
obtain the waveform uniformity dfealthyphase currents, resulting in higher average
torques compared to methods (I) and (II) under current limits. Another puopose
method (lIl) is to distribute equally copper losses to the remaining heathy phases.
However, torque ripplewith method (IIl) are inevitable. Method (1) is developed
from a solution in where sinusoidal machines are considered with a various
number of phases. However, the approach of methodirflihis doctoral thesiss
different from the existing studwith analytical expressionand moreproposed
solutions.

Especially, different fron@, in this doctoral thesis, new current referensits
methods (1), (II) and (Ill) are required to maximize electromagnetic torques and respect
constraints on current and voltage as descri Therefore a control scheme with the
optimal strategy under constraints on RMS current and peak voltage for faulty micdgd in
Mis applied. In fact, the schemfor faulty mode is developeddm the control
scheme ilfig. 2.6|for heathy mode by adding fault informatifigpes and positionsf faults),

and by using method (), () or (lll) to calculate current referencében, new current
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references stored in a loalp table can be selected according the fault information and rotating
speed. However, the fault detection issue is not within the scope dbtiiaral thesis.

e

Fig. 2.21. The control scheme of a sevehase PMSM drivéor faulty modes with an optimal control strategy
under constraints on current and voltage, represented by EMR.

Method (I): new current references determined from decoupled reference frames

2.3.2.A.Principle of method (I)

When phasé\ is opencircuited, six of seven currents in decoupled frafnesi ,i.,i ,i.,
i, iz or (idy, iq1, ido, iq9, id3, ig3, i) can be independently determineaid the last current is
consequently derived. Thanks hetrelationship between phasgrents and decoupled frames
in currents of the remaining healthy phases can be derived from curretits in
decoupled frames.

In the considered nesinusoidal sevephase machine, it is assumed that 1Reand 3
harmoncs of the baclEMFs account for the highest proportions, presenting in the first and
third fictitious machines, respectively. Other harmoni@$, for example, exist in small
proportions. Therefore, in method (1), the determination of currents in decdrgtess should

be based on the following principles:

1) The1tand3“ harmonic currents (,i )and {.,i ), creating most of the torque, are
FKRVHQ WR EH VLQOXVPRIVGOODXLFDOHQWO\ WKHVH FRUL
d-q framesigs, iq1) and (g3, iq3) are constant, facilitating the control with conventional
PI1 controllers at high speed. Therefore, 4 currentsi(,i.,i ), equivalent toigz,
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Iq1, i3, ig3), In the first and third machines have been determined. In other words, the

first andthird harmonic sinusoidal MMFs are guaranteed in each fictitious machine.
2) Among three currents (,i , iz), equivalent toifo, ig9, iz), only 2 of the three currents

can be independently imposed. The last currentassequentlyderived from

previously determined currents.

From(2.20) the relationship between currenits,(i ,i.,i )and (a1, iqy, id3, iq3) iS given by
(2.21)
(a) (b)
Fig. 2.22. Desired currentd (,i ,i.,i ) (&), andiqy, iqy, id3, ig3) (D), at 20 rad/s withi:=0 A, i7:=12.7 A,igz=0
A, ig=4.1A).
(@) (b)

Fig. 2.23. Circles created by desired currerits, { ) (a), andi( ,i ) (b).

According to the first principle, desired currenits, (iq1, id3, ig3) are constant, enabling desired
currents(i. ,i ,i.,i )to be sinusoidalndeed the desired curren{s. ,i ,i.,i )and {41,

iqu, lds, iq3) are described i an, respectively. Consequently, desired
sinusoidal currentsi (,i ) and (., i ) create two circles as presente These
circular relationships are to describe the first and third harmonic sinusoidal MMFs, creating
constant torques.

Finally, there are 3 remaining currenis (i , i;) or (ds, iqo, i7) to be definedWhen the 9
harmonic is considered in the second fictitious machhme re¢lationship betweem (i , i)
and (a9, iq9, iz) can be expressdyy:

(222
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According tothe second principlehe number of currents that can be independently imposed
is 6, leading to only 2 remaining currents to be imposed. Therefore, only two of three currents
(i.,1 ,iz can be independentignposed and the last current will be consetly derived.

in

Table2.6. Description of the three options in method (1).

Current design description
Option - - - Objective
I | 12
Method (1)-1 0 0 . Reduce copper losses
Method (1)-2 . 0 0 Reduce copper losses
. . A simple dual three phase system
Method (1)-3 0 (is+Hp+r=0) and (ic+ic+ie=0)

Therefore in method (1), three options are proposed to define currents (, iz) as described
in|Table2.6| These proposed options can be specified as follows:

1) Method (I}1: Currents in the second machime,(i ) are imposed to be zero, aiming

at reducing copper losseSonsequently, the zemsequence current;) is different

from zero. It means that this option is feasible in two c. The first case is
when there is a neutral line connecting the neutral point of the stator wsradidghe

power source. The second one is when the stator wisidnegonfigured in an open
end topology.

2) Method (I}2: -axis current in theecond machine () and zeresequence currenit)

are imposed to be zero, enabling to reduce copper Is As a result,.-axis
current in the second machirie ) is different from zero. This option can be apglie
without adding the neutral line connection or changing the stator winding topology.
The study ir@ applies the vectorial approach to obtain the current references (

i ) with the aim of reducing copper losses. The current referenrand method

(N-2 of this doctoral thesis are similar when phAse opencircuited. Wken other
phases are opened, st uses norzero current references (i ). In additon,

the study ir@ does not consider any constraints on current and voltage as well as
flux-weakening operatian

3) Method (1}3: Only zeresequence currenit;) is imposed to be zero. The currents, (

i ) in the second machine are determined according to a simple dual three phase
system ig+ip+ir=0 andic+ig+ic=0) . Like method (132, this option can be
applied without adding the neutral line connection or changing the stator winding
topdogy.

It is worth noting that an option with currerts = i,=0) is an impossible solution due to the
coupling inthe postfault conditiondevelopled fror(2.18)t(2.19)|asfollows:

(223

wherei . andi. are previously imposed as sinusoidal curremémicei. andizcannot be zero
at the same time.
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The details of methods (I), (1)-2, and (133 will be presented in the followirgulsections.

2.3.2.B.Method (I)-1

With (i. =i =0), the current transformation

(@.20)|becomes

wherethe spatialangulardisplacement/ is &
currenti; and phase currentgs(ic, ip, ig, ir, i) from four main currents (,i ,i.,i ) are

given by:

(2.24)

7 K H ddituRtiohs of zergsequence

(2.25)

Therefore, all new current references for the OC fault in pAdsgve been determinet.is
noted that currentis timevariant, making the sum of all phase current references different
from zero. Therefore, method {1) can be applicable only when theis a neutral line
connecting the neutral point of the wgennected stator windings and the power source, or
only when the stator windings are configured in an egrashtopology. In addition, currents in
the second fictitious machindgs, iq9) for cortrol are always zero according
Therefore, method ) have 6 constantgl currents for control.

2.3.2.C.Method (I)-2

With (i =i=0), the current transformation

(2.20)
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(2.26)

Therefore, alculations of current. and phase currentgs(ic, ip, ig, ir, ic) from four main
currentsi. ,i ,i.,i ) are describeds follows:

(2.27)

In this option, the wyonnected winding topology considered in heathy mode can be used in
postfault operations without additional hardware or changing the stator winding topology.
Currenti . depends on currents in the first and third fictitious maching i. ), resulting in
time-variant currentsido, iq9) according t Therefore, method ({2 have 5 constantgl
currents for control.

2.3.2.D.Method (1)-3

With (is+ip+iF = ictietic =0) and (==0), the current transformation|{#.20)|becomes

(2.29)

Therefore, arrents (. ,i ) and phase currentgic, ip, ig, ir, ic) are calculated from four main
currentsi. ,i ,i.,i ) asfollows:
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(2.29)

(2.30)

In this optionJike method ()2, the wyeconnected winding topology can bged in postault
operations without additional hardware or changing the stator winding topology. Cuirrents (
I ) are functions of currents in the first and third fictitious machines, resulting irvannent
currents igo, iq9) for control according Therefore, method {3 have 5 constant-q
currents for control.

2.3.2.E.Comparative analyses of calculated results by thegmsed option®f method (1)
2.3.2.E.1Preserving the torque as in healthy mode:

The postfault torquesmore precisely the average torques, kept the same as in healthy mode
when main current referenc@s,i ,i.,i )and (a1, iqy, 1d3, ig3) in the three options of method

() are preserved as in Fan Specifically, d-q currents are imposed wifta:=0 A,

ig1=12.7 A,ig3=0 A, ig3=4.1 A). Parameters oheexperimentakevenphase drivelescribedn
are usedfor calculations If the first and third harmonics of the baEMFs are
considered, the torques with the three proposed options of method (I) are constant and equal to
theiraverage glue of 33.3 Nm.

For clear comparative analyses of the three options of method (1), only curremts (z), (ids,

ido, 1), and phase currents(ic, ip, i, ir, ic) at 20 rad/s are presented in It is

noted that current waveforms of the remaining healthy phases in each option of method (I) are
no longer identical as in healthy mode. The z@quence curremtin method (31 is time

variant with a high amplitude (21.8 A) compared to the plasents This currengenerates
torque ripples if the experimental baEKFs contain the harmonics in the zsexuence
machine (¥, 21%, and so oh If method (I}1 is chosenit means thaa constraint on machine
design (o harmonis associated withhie zeresequence machine backEMFs, for example)

is imposed. Meanwhile, currenigy(iq9) with methods (H2 and (1}3 are timevariant, creating

torque ripples if the bacEMFs contain the harmonics in the second machifigg®example).
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For control, the timenvariant property of the reference signals can facilitate the current control
with conventional PI controllers. Method {1) has 6 constant currentga(iqs, ido, iqe, id3, ig3),
only i; is timevariant. Methods (}2 and (1}3 have 5 constant currenig.(iq1, id3, ig3, iz) and

2 timevariant currentsigg, iq9).

(a) (b) (c)
Fig. 2.24. Desired currentd (,i , i) (&), currentsifg, iqge iz) (b), and phase currents (&} 20 rad/s with method
(-1 for anOC fault in phaseA to preserve the healthyode torqueif:=0 A, ig:=12.7 A, i45=0 A, iq==4.1 A).

(a) (b) (c)
Fig. 2.25. Desired currentd (,i , iz (&), currentsifg, iqge iz) (b), and phase currents (&} 20 rad/s with method
(-2 for anOC fault in phaseA to preserve the healthyode torqueif:=0 A, i3:=12.7 A,igz=0 A, iq=4.1 A).

(a) (b) (c)
Fig. 2.26. Desired currentd (,i , iz (&),currents i, iqge iz) (b), and phase currents (&} 20 rad/s with method
(-3 for anOC fault in phaseA to preserve the healthypode torquei§:=0 A, i3:=12.7 A,igz=0 A, iq==4.1 A).
Calculated RMS values in all phase currents and thesagroence current of the three options

are described |iable2.7| It is noted that the RMS camts in the remaining healthy phases in
each option of method (1) are different and higher than their rated value (5.1 A). In the three

options, the highest RMS currents are often in phasasdE. In addition, method (11 leads
to the RMS zeresequenceurrent of 13.4 A, possibly causing the oversizing of the drive.
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Table2.7. Calculated RMS values of all phase currents and thesegraence current with methods11)(1)-2,
and (1}3 for anOCfault in phaeA to preserve the healthypode torqueat 20 rad/s.

RMS current (A)

Method A B C D E F G i,
Method (1)-1 0 52 7.6 9.7 9.7 7.6 5.2 13.4
Method (1)-2 0 57 6.3 7.9 7.9 6.3 5.7 0
Method (1)-3 0 6.5 6.9 10 10 6.9 6.5 0

Table2.8. Comparisons between calculated results with methods (1)-2, and (1}3 for anOC fault in phaseA
to preserve the healthmode torqueat 20 rad/s.

Method Torque Tem =Tave Highest RIRMi current Highest p\z&:ivoltage Total copper loss  Pioss
(Nm) (pu) (A) (pu) V) (pu) (W) (pu)
Healthy mode 33.3 1 5.1 1 45.9 1 255 1
Method (I)-1 33.3 1 9.7 1.90 51.4 1.12 500.5 1.96
Method (1)-2 33.3 1 7.9 1.55 47.1 1.03 375.5 1.47
Method (1)-3 33.3 1 10 1.96 57.9 1.26 536 2.1

pu: per unit where the base values are parameters of healthy mode.

Finally, comparisondetween the three options of method (I) and healthy mode for the same
torqueat 20 rad/sare described i Highest RMS currenamongall phass Irvs
highest peakoltageamongall phased/pea and thetotal copper los®iossare consideredt is

noted that when the torque is preservieghs and Pioss In fault-tolerant operationgan be
doubled, dramatically exceeding its limifoltage Vpeak is significantly higher than healthy
mode (1.26 pu) Method (1}2 provides the best results among the three options over all
considered criteria. Indeed, methodZlyesults in the lowestwus (1.55 pu), the lowes¥peak

(1.03 pu) and the loweBloss(1.47 pu). Meanwhile, method {B) leads to the highesalues of

the considered parameters, especially the hidh@s(1.96 pu)andthehighestPioss (2.1 pu).

2.3.2.E.2 Optimal calculations under constraints on RMS current and peak voltage:

When the control schemellifig. 2.21jwith the optimal control strategy|{2.16)|is considered,
the torques by the three amtis of method (I) will be reducdd respectonstraints omrcurrent
and voltage.Therefore, fluxweakeningoperationscan be guaranteedhese constraints in
faulty modes are the same as in healthy modeseé'n:tion_@ with lrms_in=5.1 A and
Vim_op=75 V to respect the experimental voltage liii=100 V. As previously assumed, only
the first and third harmonic components of the babks are considereth the offline
optimization.

In Figs main currentsigs, iq1, a3, igg) or(i. ,i ,i.,i )at20 rad/sre redetermined

by fminconto respect the considered constraints. It is worth notingcthegnt(ias, iq1, id3, ig3)

in the three options of method (1) are no londpersameThese currents are also different from
the currentgreserving theheathytorque.The other current§iqo, iqe, i) Or (i.,1 , iz are
consequently calculated from the main currents. Comrselty) the current waveforms of the
remaining healthy phases in Fi are changed compared to the previous case in
Figgq2.24¢12.26¢.

Calculated RMS values of all phase currents and thessgroence current under the constraints
with method (1) at 20 rad/s are describe In the three options, the highd&S
currentappearing in phas® andE is equal tdrms_im(5.1A). In addition, method (4L results

in the RMS zeresequence current of 7.2 A.
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(a) (b) (c)

Fig. 2.27. Desired current§ . ,i , i) (a), currentSiag, iqge iz) (b), andphase currents (cat 20 rad/svith method
(N-1 for anOC fault in phaseA under constraints on RMS current and peak voltageO(A, ig:=6.4 A,iss=0 A,
13=3.2 A).

(a) (b) (c)

Fig. 2.28. Desired currenté i , i) (), currentgiqg, iqge, iz) (b), andphase currents (cat 20 rad/svith method
(-2 for anOC fault in phase\ underconstraints on RMS current and peak voltageQ A, ig1=7.9 A,i43=0 A,
13=3.8 A).

(a) (b) (©)

Fig. 2.29. Desired current§ . ,i , i, (a), currentSidg, iqe iz) (b), andphase currents (cat20 rad/swith method
(I)-3 for anOC fault in phaseA under constraints on RMS current and peak voltageQ(A, iqgz=7.9 A,i¢==0 A,
ig=0.5 A).

Table2.9. Calculated RMS values of all phase currents and thesegfgence current with methods 11)(1)-2,
and (I}3for anOC fault in phaseA under constraints on RMS current and peak voltage at 20 rad/s.

RMS current (A)

Method A B C D E F G ;
Method (1)-1 0 32 3.9 51 51 3.9 3.2 7.2
Method (1)-2 0 36 43 5.1 5.1 43 36 0
Method (1)-3 0 2.9 4 51 51 4 2.9 0
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Table2.10. Comparisons between calculated reswite methods (H1, (1)-2, and (1}3 for anOC fault in phase
A under constraints on RMS current and peak voltage at 20 rad/s.

Highest RMS current Highest peak voltage Total copper loss
Method T Torque Ten=Tave ) R/peak ) B
(A) (pu) (Nm) (pu) V) (pu) W) (pu)
Healthy mode 5.1 1 33.3 1 45.9 1 255 1
Method (1)-1 5.1 1 17.7 0.53 42.8 0.93 144.4 0.57
Method (1)-2 5.1 1 21.7 0.65 42.3 0.92 162.6 0.64
Method (1)-3 5.1 1 19.1 0.57 39 0.85 140 0.55

pu: per unit where the base values are parameters of healthy mode.

Finally, comparisons betwedhe postfault operations using the three options of method (I)
and healthy mode is describe Whenlrums_iimiS respected, method {2) generates

the highesfTemat 21.7 Nm (0.65 pu). Meanwhile, the torquéth method (I}1 and method

(-3 are lowerat 17.7 Nm (0.53 pu) and 19.1 Nm@.§7 pu), respectively. Additionally,
comparedo healthy mode and methods-{l)and (1}2, the calculated/peakwith method (133

is lowest(0.85 pu) leading to the highest base speddanwhile, the calculatédheaxin healthy

mode is lowest, resulting in the lowest base sp&ethl copper losseBioss in fault-tolerant
operations are lower than that of healthy mode (0.55 to 0.64 pu) due to the current constraint.
Indeed, in each method, the highest RMS curigmappearing in phasé& andE is equal to

Irms_ iinm5.1 A (1 pu) while RMS currents of the other phases are less than 5.1 A, resulting in
lower Piossthan healthy mode. Especially, method4dhaving similar RMS curren(se

2.9) results in the highe$tossamong the three options.

When the operating speed varies, the optimal tespeed characteristics, all RMS plas
currents and all peak phase voltages by the three options of method (I) in terms of speed are
expressed It is noted that method (B hasthe highest faultolerant torquespeed
characteristic. In addition, all options of method (1) respect the constraints on RMS current and
peak voltageallowingflux-weakeningoperations

(a) (b) (c)
Fig. 2.30. (Calculated result) Optimal pefault torquespeed characteristics (a), all RMS phase currents (b) and
all peak phase voltages (@) terms of speed under constraints on RMS current and peak vaithgeethods
(N-1, (-2, and (1}3 when phas4 is opencircuited.

Table2.11|describes the calculated base and maximum speeds of the healthy and faulty modes

with the three options of method (The lowest base speedn beobservedn healthy mode at
38 rad/s. The highest base speed is 46 rad/s (1.24ifunethod (133 while the base speeds
with methods (H1 and (I}2 are the same (1.08 pu). Tlevest (healthy mode) and highest
(method (1}3) base speexhre consequencesthie highest(healthy mode) and lowest (method
()-3) values oNpeakin The healthy mode has tighestmaximum speed of 73
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rad/s.Method (1}2 results in the highest pefstult maximum speed (0.88 pwhile method (B
1 has the lowest maximum speed (0.81 pu).

Table2.11. Comparisons between the calculated base and maximum sp#edwethods (H1, (1)-2, and (133
for anOC fault in phaseA under constraints on RMS current and peak voltage.

Base speed  pase Maximum speed  max
Method (radls) (ow) (radls) ou)
Healthy mode 38 1 73 1
Method (1)-1 41 1.08 59 0.81
Method (1)-2 41 1.08 64 0.88
Method ()-3 46 121 61 0.84

pu: per unit where the base values are parameters of healthy mode.

2.3.2.F .Verification with experimental results for method (1)

According tQFig. 2.30| Table$2.10jand2.11] method (1)1, feasible in a system with a neutral

line or in an operend winding topology, generates the lowest torque and the shortest speed
range among the three options of methodl{l)s possible to physically change the existing
wye-connected winding machine in the test be(&é@b to a neutral line system an
opentend windingsystem to facilitate method {I). However, the high zersequence current

with method ()1 (i; in will interact with the ' and 2% harmonicsof backEMFs

(9.4 and 3.2%respectivelyin the experimental machine to generate high torque ripples with
low frequencies. In addition, the tares and phase curremtdl contain switching frequency
component. From the above reasons,the scope of this doctoral thesis, methoed (i3

not verified with tle experimental test bench.

Only methods (P2 and (I}3 with the control scheme are validatedin the
experimental test benoﬁlaeesectio. Although the torques with methods-®)and (I}

3 are sensitive to thé"dharmonic (12.5%) of the experimental be&eMFs, these methods can
be easily implemented in the test bench without any hardware modifications.

2.3.2.F.1.Current control performance:

To experimentallyobtain theoptimal torquespeed characteristiqsegFig. 2.30n), six dq
currents need to properly track their referer(seeFigs|2.2§l2.29b. At a speedmethods (H2
and (I3 have timeconstant current8qz, iq1, id3, ig3) and timevariantcurrents igo, iq9).

Currents ind:1-q1), creating most of the torque, are well controlled in speed ranges as described
in As in healthy mod@eesectio, currents in@z-gs) and (lo-qo) frames have
current harmonics caused by the unwanted {&dk harmonics and the inverter nonlinearity.
These types of disturbances can be eliminated by ADALINES that will be oresé@ﬂmh'ter |
Therefore, the control of currents ith{gz) in speed ranges is describegFig. 2.32|with
current harmonics. Similarly, the tinvariant currentgiqg, iq9) are controlled at 20 rad/s with
errors as shown {ﬁig. 2.33] However, these currents create a sntab@tion of the torque.
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(b)

Fig. 2.31. (Experimental result) Currents idi{q:) frame in terns of speedvith method (1}2 (a), andwith
method (1}3 (b), when phasé\ is opencircuited.

@)

(b)

Fig. 2.32. (Experimental result) Currents ids{gs) frame in terms of speedgith method (132 (a), andwith
method (1}3 (b), when phasd is opencircuited.

@)

(b)

Fig. 2.33. (Experimental results) Currents itb{ge) frame in terms of time at 20 raddéth method (1}2 (a), and
with method (1}3 (b), when phasé\ is opencircuited.

2.3.2.F.2.Torque performance:

An operation with three operating states at 20 rad/s as shq@ i12.34{is investigated,
including ahealthy operation, mOC fault without reconfigurations, and a fatdtierant

operation with one of two methods-@

and (1}3. The first two operating statdsave been

deeply investigated ieectionandﬂ It is noted that the average torques in the third

statewith methods (B2 and methods ({3

are in good accordance with the optimal (calculated)

values inTable2.10] To respect the constraints on RMS current, the average torque is reduced

from 33.5 Nm in healthy mode to 21.6

Nm (0.64 pu) witttimad (1}2, andto 19 Nm (0.57 pu)

with method ()3 in thepostfault operation. However, the experimental torques have gpple
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of 31% with method (F2, and 32% with method (3. The main reason is that the considered

experimental bacEMFs have a significant proportion of the™@harmonic (12.5%) This
harmonidnteracswith the timevariant currentsifs, iq9) in methods (H2 and (133 as described
in|Fig. 2.33] creating ripple torques. These torque ripples can be eliminatad ARPALINE

that will be presented |@hapter 3| However, these torque ripples are much lower than the

postfault operation without reconfigurations with 50%.

Fig. 2.34. (Experimental result) Torqlgae)in three operating states including healthy m(cgé,fanlt in phaseA
without reconfigurationsand when method @ (a) and method ({3 (b) are applied.
When the operating speed varies, ¢éixperimental torquepeed characteristiegith method
(D-2 and (1}3 in comparison with healthy mod&f_opt HMaNdTem_exp_Hy are described
By using these methods, the experime@al fault torques Tem exp_ o¢ are in good
accordance with the optimal torquésm_opt 0d (sedFig. 2.30‘. The experimental basand
maximum speeslare the same as calculated resu|f&aiple2.11

(@) (b)
Fig. 2.35. (Experimental result) Pe$ault torquespeed characteristics under@@ fault in phaseA with method
(-2 (a), andwith method (1}3 (b).

2.3.2.F.3.Constraints on RMS current and peak voltage:

Table 2.12| shows that experimental RMS currents in all phases at 20 rad/s gaodn

accordance with optimal values. The experimental highest RMS currents appear silphase

andE in the both options wh (4.5 and5.1 A) for method (132, and(4.5 and5 A) for method
(n-3.
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Table2.12. Experimental RMS currents in all phaséth methods (B2 and (133 for anOC fault in phaseA
under constraints on RM&irrent and peak voltage at 20 rad/s.

RMS current (A)
Method A B [ D E F G
opt exp opt exp opt exp opt exp opt exp opt exp opt exp
Method (1)-2 0 01 | 36 | 38 | 43 | 39 | 51 | 45 | 51 | 51 | 43 4 36 | 38
Method (1)-3 0 01 | 29 | 33 4 35 | 51 | 45 | 51 5 4 36 | 29 [ 32
opt: optimal calculated results; exp: experimental results.

When the operating speed varies, the constraints on RMS current and voltage are still respected
in the experimental resultgith methods (B2 and (1}3, including the fluxweakening regions.
Measured phase currents by the two methods in terms of spedesaribed iand

The waveforms of measured phase currents at 20 and 55 rad/s are also plotted. The
waveforms of theemaininghealthy phase currents are changed at high speed, but the highest
RMS current is lavays less than or equal its limit (Irms_in=5.1 A).

Fig. 2.36. (Experimental result) Phase currents in terms of speed, and current waveforms at 20 and 55 rad/s with
method (1}2 under arOC fault in phas A.

Fig. 2.37. (Experimental result) Phase currents in terms of speed, and current waveforms at 20 and 55 rad/s with
method (1}3 under arOC fault in phase.
Similarly, phase voltage references with the two methods in terms of speed are presented in
IFig. 2.38landFig. 2.39 Their waveforms in terms of time at 20da66 rad/s are also plotted. It
is noted that the peak values of phase voltage references after the base speeds are relatively
under their limit ¥im=100 V).
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Fig. 2.38 (Experimental result) Phase voltage references in terms of speed, and current waveforms at 20 and 55
rad/s with method ({2 under arOC fault in phaseA.

Fig. 2.39 (Experimental result) Phase voltage refiees in terms of speed, and current waveforms at 20 and 55
rad/s with method (48 under arOC fault in phaseA.

2.3.2.F.4. Comparative summary:

A comparative summargf experimental performances @nhealthy operation, a@C fault
without reconfigurationsgndfault-tolerant operatioswith methods (B2 and (I}3 is presented
in The highest RMS currenitsus torquesTem highest peak voltag&seax and total
copper losse®ioss in the two methods are compardthe performances ofucrent control
torquegenerationsand constraintsave been analyzed the previous subsectiaris general,
the calculated and experimental resul{$able2.10landTable2.13Jare in good accordance.

However, the experimental voltage referen'rrelé’ able 2.13| are higher than the calculated
values i In addition, the experiment&heakWith healthy mode is no longer highest
as shown in calculated results, related to the lowest base speed. The reasadditibasl
voltages caused by highrder harmonics of the experimental b&WFs are added to th
voltage references

The experimental total copper los$&sswith method (132 (0.58 pu)andmethod(l)-3 (0.49

pu) aremuchlower than healthy mod@ pu) andhe OC faultwithout reconfigurations (1.27
pu). These copper losses are also slightly lotlvan calculated values due to the existing errors
in current control.

64



Chapter 2. Modeling andControl of MultiphaseDrives

Table2.13. Comparisons between experimental resuite methods (H2 and (133 for anOC fault in phaseA
under constraints on RMS current and peak voltage at 20 rad/s.

Highest RMS current Highest peak Total copper
Method Irms Torque Tem voltage Vpeax 10SS Ploss
(A) (puw) Tave NM) | Tare (PU) T (%) M) (pu) (W) (pw)
Healthy mode 5.1 1 33.5 1 12 60 1 255.2 1
OC fault without
- . 7.9 155 33.6 1 50 104.1 1.74 323.7 1.27
reconfigurations
Method (1)-2 5.1 1 21.6 0.64 31 68.2 1.14 149.1 0.58
Method (1)-3 5 0.98 19 0.57 32 59 0.98 124 0.49

pu: per unit where the base values are parameters of healthy mode.

Method (I): new current references determined from reducedorder
transformation matrices

2.3.3.A.Principle of method (ll)

The principle of methods using redueadler transformation matrices is to design new current
references for pogault operations by modifying classical transformation matrices, especially
matrix Clarke. An overviewnthis type of methods has been présdnn 164 Studie
consider sinusoidal fivphase machines whiteethogin are applied

to nonsinusoidal fivephase machinesn general, fon-phase machinevhen one phase is
opened, this type of methods is to determine new current references by usimglndw-(n-

1) transformation matrices. In other words, the {faslt n-phase machine can be considered
as @ asymmetrial (n-1)-phase machine witm{1)-by-(n-1) transformation matrices. In this
doctoral thesis, the case study wifirphase nossinusoidal machine is considered. In addition,
the constraints on RMS current and peak voltage are considezade flux-weakening
operatios at high speedreguaranteed.

Like method (I), method (Il) can generate constant-fadt torques when the badkVFs
consist of the first and third harmonics. Moreover, one option of method (lljjucamantee
constant torques even when the b&®KFs consist of harmonic components in the second
fictitious machines (9, for example). This feature can be considered as an advantage of method
(1) over method (1).

To find new transformations as well as new curreférences for &-phase nossinusoidal
machine, two following steps are taken as follows:

1) When only new éy-6 Clarke matrix for the fundamental currents are determined, the
generated sinusoidal currents cgmerateonstant torques a sinusoidal backEMF
machine. Howevein a nonsinusoidal backEMF machine, there are inevitable ripple
torques due to the interactions between the fundamental currents and #refdgh
harmonics of the bacEMFs (3", for example)

2) The third harmonicurrents are injected to eliminate the ripple torques by determining
new 6by-6 Clarke matrices for the third harmonic currents. Therefore, the non
sinusoidal currents interact with the rsinusoidal backEMFs to generate constant
torques. There are twaigent design options that are considered as two options of
method (I1).
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2.3.3.A.1The use of fundamental currents:

When phasd is opencircuited, its phase current becomes zero. Therefore, the first column of
the classical Clarke transformation matri associated with phage should be removed.

The transformation with the classical Clarke matrix in the-fandt condition for seveiphase
machines can be written as follows:

(231

(232

In ce&32 % the first, third and fifth row vectors are no longer orthreg to each othehence
three fictitious machines associated with three reference frames which are decoupled in healthy
mode are coupled in faulty mode. Consequently, currents cannot be properly controlled without

any reconfigurations as analyzedsection2.2)

According to the principle proposed [@I for nonsinusoidal fivephase machines, new
transformation matrices for nesinusoidal sevephase machines can be proposed according
to the preservation of the fundamental MMF as in healthy modeher words, the posault
sevenphase machine can be considered as an asymahdihase machine Wi 6-by-6
transformation matrice3he relationship between new reference currents in natural freme (
icy, ip1, i1, iF1, ic1) @and currents in new-d frames i1, iq11, idoa, ige1, ixa, i21) iS describedhs
follows:

(233

(2.34)

(235

where !, -. gand c€|U¢~‘ gare newe-by-6 Clarke and Park matrices piesented ig2.34i and
(2.35)| respectively.
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The index3L " in all elements ilf2.33)|means that the fundamental currents are considased.
previously discussedhe posffault 7-phase machine can be consideredraasymmetricab-
phase machin& herefore(d11-g11) and €lo1-ge1) are 2referencdrames associated with 2 two
phase fictitious machineghile x; andz, are 2referencdrames associated with 2 zesequence
machines, respectively. If the stator windings are-ag@nected, the zerseqence currenity

is always zero.

New Clarke matrixcel. ,-. gs determined fromeg ;2 %gn|(2.32)|by:

1) Removing its fifthrow because it is not orthogonal to the first and third row vectors
and frames (3- 3) or (d3-g) in healthy mode become in faulty mode.
2) Adding coefficientl to its first row to respect the orthogonal property between rows.

After the above modifiations, the remaining row vectors of the new matfj}icim(gin
are orthogonal to each other, allowing to control independently currenés dq frames.

To prove the robustness of method (ll), the-sonusoidal baclEMFs are assumed to consist

of the #, 39 and 9" harmonis. The torque has ripples due to the interactions between the
fundamental currents and these considered harmonics of thé&Miek Indeed, fro

the machine torqu&.m1 with its average torquéaver and harmonicgan be generally
describedhs follows:

(2.36)
(237

wheree, andi are the 7dimensional vectors of the speedrmalized backEMFs and currents
in natural framefns is the amplitude of the'8harmonic ofen; f1 andf; are trigonometric
functions of 2 and 4, respectivelygns is a 6dimersional vector of backEMFs deived from
e by removing the backEMF of phasé?; [M1] is a constant-®y-3 matrix described
and obtained from thé®3o 5" columns of &?.,-..g -

The generated torque is constant if a sinusoidal-BAdk machine is considerem
currents igo1, iqe1, ix1) can be used to eliminate the impact of tHe3r and 9" harmonics okt

on torque ripples by simply imposing curreritsi( iqoy, ix1) to be zero. However, torques with
frequenciesof 2 and 4 in Tem1 cannot be eliminated because of the presence of'the 3
harmonic of backEMFs with amplitudeEns. Therefore, the '8 harmonic currents need to be
injected to compensate the pulsating torquearizi 4 .

2.3.3.A.2The injection of the third haramic currents

The 3% harmonic components of current in natural framsg ics, ips, ies, irs, ic3) are calculated
from new dq frame currentsif, ides, iqo3, id33, 1933 123) as follows:
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(2:39)

(2.39)

(2.40)

where &Y ;- gand cef; - gare news-by-6 Clarke and Park matrices mesented i&2.39i and
(2.40)| respectively.

Similarly, (d3z-0z3) and (loz-go3) are 2referencdrames associated with 2 twhase fictitious
machinesvhile xs andzz are 2referencdrames associated with 2 zesequencenachines. The
zerasequence curreiiz is always zero due to the wye connection of the stator windings.

As Y., -. g 6-by-6 matrix c€l.,-. gs defined from matrixe& 2. %gn((2.32) |by:

0'F ¢

1) Eliminating its first row and because it is not orthogonal to the third and fifth row
vectors and frames (- 1) or (di-qu) in healthy mode become in faulty mode.

2) Adding coefficient-1 to its fifth row due to the requirement of orthogonality. As a
result, the orthogonal property of the remaining row vectorsen, -. genables to
independently control currents inet new dqg frames.

Fro the machine torquBnizincluding its average torquRyeizand harmonics
can be expressday:

(241

(2.42)

whereEn: is the amplitude of the*lharmonic of speedormalized baclEMFs en; [M3] is a
constant éby-3 matrix irf(2.42)|obtained from thesito 3¢ columns of €Y. ,-. g -

In it is noted thato eliminate torque ripple&(2 ) andfx(4 ), the 3¢ harmonic space
currentigsz needs to be calculated faflows:

(2.43)
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Therefore, the stand 3! harmonic currentsiaiy, iqi1, id33 ig33) must be determined either to
preserve the healthy torque oréspect constraints on RMS current and peak valtage

To reduce the impact of harmonicsamn on torqueTmiz the other currentsdbs, iqey, ix1) and
(ix3, ido3, ige3) can be defined acoding to two current design options. Thereforethod (11) is
proposed with two options as follows:

1) Robust Control Approach (Method A@RCA) guarantees ripplee torques even
when the existing baeEMF harmonics in the second fictitiooschines, for example,
the 9" harmonic component.

2) Similar Copper Losses (Method ¢BCL) obtain similar copper losses in healthy
phases, avoiding the overheated phase windings.

The details of the two options of method (ll) are described ifottving sulsections.

2.3.3.B.Method (II)-RCA (Robust Control Approach)

In this option of method (Il), 6 currenfiioy, iqe1, ix1) and(ixs, ides, iqe3) are imposed to be zero.
Therefore, besides thé& and 3¢ harmonics, if the bacEMFs contain other harmonics such as
9"in the second fictitious machine, the generated toftjuss still constant and equal b v 1
according t Thus, this option is called Robust Control Approach. As a result,Sthe 1
harmonics of the 6 healthy phase currents in natural francalardated fron{2.33)| as follows:

(244

(2.45)
(2.46)

(2.47)
(2.49)
(2.49)

These currents areubtrated ifFig. 2.40] It is noted thattteir amplitudes are different, probably
causing overrated RMS currents in phBssnd phasé.

Fig. 2.40. The F'harmonic canponents of the 6 remaining healthy phase currents determittechethod (11}
RCA when phas@ is opencircuited.

2.3.3.C.Method (I1)-SCL (Similar Copper Losses)

In this option, the main idea is to distribute similar copper losses to all healthy ;pheses
the local thermal limit of each machine phase can be respected easily. Due to tEdBack
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harmonic property, theharmonic currents account for a small proportion compared td'the 1
harmonic currents. Therefore, RMS currents as well as cépgsars mainly depend on the 1
harmonic currents. Then, th& Aarmonics of the 6 healthy phase currents in natural frame can
be determined according andillustrated in[Fig. 2.41} It is noted that their amplitudes
are designed to be identicBixpressios for these currents apeesented afollows:

(2.50)

(257

(252

(253

(2.54)

(2555

Fig. 2.41. The ®'harmonic components of the 6 remaining healthy phase currents detewitimetethod (11}
SCL when phasA is opencircuited.

From|(2.33)| to obtain the currents as |({2.50)4(2.55)| currents (iq91, ige1, ix1) need to be
calculated afollows:

(2.56)

(257)

(259)

+ R ZHY H Y241 RBWrentSidoi, iqey, ix1) are timevariant, these currents interact with the
15t 39 and 9" harmonics of baclEMFs in ex to generatetorque ripples %\ X \{(2.48)

F X U UibQud Voz), HO L ALLQIDKKH WRUTXH U LB & 3FMNN0HES ofE \
backEMFs can be expressed by:

(2559

(2.60)

(261
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with
(2.62

Then, the total torquémizwith Tave13and its harmonics can be expresbgd

(263

whereens ois a 6dimersional vector of the 9 harmonic of backEMFs derived fromens by
removing # and 3¢ harmonics.

The torque ripples caused W KH LQWHUDFW 'R Q UPPHRWQZ IF {BQ) VBB BIND G
6 variable current$idoy, iqe1, ixt) and (ixs, ide3, iqe3) make method (IFSCL less robust than
method (II}RCA. However, for the optimal calculation in the control schésaegFig. 2.21
only the first andtird harmonics of the bagkMFs are considered. Therefore, in this case,
method (I1}SCL can generate tirmmnstant torques.

2.3.3.D.Summary of current design options in method (II)

The summary of the two options of method (Il) is describgdahle 2.14] As previously
discussed, 4 constant currentsi(iq11, id33, ig33) While the other 6 currents can be zero or time
variant subject to differergtbjectives.

Table2.14. Description of the two options in method (11).

) Current design description o
Option - - - - - - Objective

ldo1 lqo1 Ix1 Ix3 ldo3 1g93

Method (Il)-RCA 0 0 0 0 0 0 Torqu_e is unaffected by_thg_ back-EMl_:

harmonics of the second fictitious machine

time- time- time- time- time- time- | Similar copper losses are distributed in the

Method (Il)-SCL . . . h . . -

variant | variant | variant | variant | variant | variant remaining healthy phases

Fig. 2.42. Calculations of timevariant dq current references by using new reduoeder and classical
transformation matricef®r the prefault control schemahen phasé is opencircuited.
After determining el currents i@y, iq11, idoy, iqo1, ix1, 122) @and {x3, ide3, iqe3 1d33, 133, 123) With
eithermethod (II)RCA or method (IBSCL, the total phase current reference of a remaining
healthy phase is equal to the sum of fsafid 3¢ harmonic currents as show If
the prefault control schemasdescribedn|Fig. 2.6|(or|Fig. 2.21) with six current controllers
is reusedsix currentreferencesif, iq, ido, iq9, 1d3, iq3) Need to be calculateth this doctoral
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thesisthe new total phase current references are transformed from naturaiftachg frames
by classical matrices, resulting in timariant dq current references for control. Tirmariant
d-q current references are also presente@ when reducerder matricesor the 1°
harmoniccurrents are reused’he reason fothe use of these matrices that ageneral
transformation fothe total currents, including thé& and 3¢ harmonicshas not beefound

2.3.3.E.Comparative analyses of calculated resuligh methods (II}RCA and (II)-SCL
2.3.3.E.1Preserving the same torque as in healthy mode:

With the considered drivisegFig. 2.7), the average torque with the rated RMS current of 5.1
Ais 33.3 Nm in healthy mode as discussesleiotio According t to preserve
the prefault torque, current$iqor, iqe1, ix1) and (ixs, ides iqe3), the remaining healthy phase
currents, and-g) current references for conti@ds, iq1, ido, iqo, Id3, ig3) With methods (IBRCA
and (II)>SCL are shown ih:ig. 2.43| and|Fig. 2.44l Notably, constant current$qs{:=0 A,
1q11=15.7 A,ida33=0 A, igz= -5 A) are not plotted i}Fig. 2.43]51 andFig. 2.44b for the sake of
clarity. Six currentgidg1, iqe1, ix1) and(ixz, ides, iqe3) are zerowith method (II}RCA and time
variantwith method (II}SCL The waveforms of the remaining healthy phase curneiits
method (I}RCA are very different to each otr'((se) while these waveformwith
method (II}SCL are alike(se). The highest peak phase current with method (11)
RCA (18.7 A) is higher than that of method {8CL (14.3 A.

(a) (b) (c)
Fig. 2.43. Desired € currents (a), phase currents (b)j durrent references for control (@)ith method (11}
RCA for anOC fault in phaseA to preserve the healthmode torque at 20 rad/s wifhi11:=0 A, iq1:=15.7 A,
id33=0 A, iq33: -5 A).

(a) (b) (€)
Fig. 2.44. Desired € currents (a), phase currents (bjy durrent references faontrol (c) with method (11}
SCLfor anOCfault in phaseA to preserve the healthyode torque at 20 rad/s wiffa1:=0 A, iq1:=15.7 A,
id33=0 A, iq33= -5 A).
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In|Fig. 2.43¢, with method (IBRCA, currents inigo, iqe) are zero while the other currents are
time-variant. This point once again proves the robustness of methd@GBR)when its torque
is unaffectedy the backEMF harmonics in the second machin&, @r example). Meanwhile,
method (I}SCL has six timevariant dq currents(se). Therefore, e torque with
method (II}SCL is sensitive to the badkMF harmonics in the second machine like meghod
(N-2 and (1}3.

Calculated RMS currents in all phases by the two optadrmethod (II) are describe

It is noted that every calculated RMS current is higher than that of healthy mode (5.1 A).
The RMS currentsvith method (II}RCA vary from 5.3 to 10.6 A with the highest value in
phaseB andG. Meanwhile, these valuegith method (II}SCL are similar from 7.6 to 7.9 A

with the highest value in phas€sandF. It is concluded that method (RCA creates higher
RMS currents than method @§CL for the same torque.

Table2.15. Calculated RMS currents in all phases with methodsRO)A and (I1}SCL for anOC fault in phase
A when the healthynode torque is preserved at 20 rad/s.

RMS current (A)
Method A B C D E F G
Method (I1)-RCA 0 10.6 8 5.3 5.3 8 10.6
Method (I1)-SCL 0 7.6 7.9 7.6 7.6 7.9 7.6

When only the first and third harmonics of the b&Fs are considered;omparisons
between the two methods and healthy macdedescribed i It is noted that the
torques by the two methods are constant in this case. In addition, metFRGAlIyenerates a
higher peak voltage (1.28 pu) and a higher total copper loss (2.25 punéthod (11}SCL
does (0.99 pu and 1.95 pu, respectively).

Table2.16. Comparisons between calculated reswlte methods (INRCA and (I1}SCL for anOC fault in
phaseA when the healthynode torque ipreserved at 20 rad/s.

Highest RMS current Highest peak voltage Total copper loss
Method Torque Ten=Tave ° Ir S ’ I:i/peak ’ P‘?pss
(Nm) (pu) (A) (pu) ) (pu) (W) (pu)
Healthy mode 33.3 1 5.1 1 45.9 1 255 1
Method (I)-RCA 33.3 1 10.6 2.08 58.9 1.28 572.5 2.25
Method (I)-SCL 33.3 1 7.9 1.55 45.5 0.99 496.4 1.95

pu: per unit where the base values are parameters of healthy mode.

When the baclEMFs have additional harmonics in the second machine, for instancé” the 9
harmonic with 12.5%, the torquéath method (II}RCA is still constant while method (1§CL
generatestorque ripple of 17.6% as describegHig. 2.45

Fig. 2.45. (Calculated result) Torquesmder arOC fault in phaseA generatedvith method (I1}RCA and method
(I1)-SCL at 20 rad/s when thé',13 and 9" harmonics of the baekMFs are considered
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2.3.3.E.2Optimal calculations under constraints on RMS current and peak voltage:

If the control scheme |Rig. 2.21{with anoptimal strategy iEZ.lGi is considered, the torques
obtained by the two optiora method (1) will be lower than the pifault torque (33.3 Nm).
All currents are redetermined to respect the considered constraintcoming to the
considered drive, the RMS current limit is 5.1 A and the voltage limit forofflee
optimizationis 75 V. Different from method (I), currentgi1 andigss have a constraint as
described ito eliminate ripple torques. Therefore, omy. will be tuned byfmincon
thenigss and the other currents will be derived frogni. As a result, the current waveforms in
of all consideed currentsunder constraints are the same ehEigd 2.43|andFig. 2.44|but with
lower amplitudes generated by tlogver d-q currentgiq11=0 A, iq11=7.6 A,id33=0 A, iqz=-2.4
A).

RMS currents in all phases under the constraints with method (1) at 20 rad/s are described in
Table2.17] In the two options of method (ll), the highest RMS currents are reduced to the RMS
current limit of 5.1 A.

Table2.17. Calculated RMS currents all phases with methods @RCA and (I1}SCL under constraints on
RMS current and peak voltage at 20 rad/s when phésepencircuited.

RMS current (A)
Method A B C D E F G
Method (I)-RCA 0 5.1 3.8 25 25 3.8 51
Method (II)-SCL 0 4.9 5.1 4.9 4.9 5.1 4.9

Finally, comparison®etween th@ostfault operations using the two options of method (1) and
healthy mode at 20 rad&edescribed i When the RMS current limit of 5.1 A is
respected, method (§CL generates the higher torque at 21.6 Nm (0.65 pu), like method (I)
2. Meanwhile, the torqueith method (II}RCA is lower with16 Nm (0.48 pu), less than all
options of method (I). Additionally, the highest peak voltaggsk by the two options of
method (Il) are less than that of healthy mode (0.77 and 0.78making their base speeds
higher than that of healthy madEotal mpper losses in fautblerant operations are lower than
that of healthy mode (0.52 pu for method-@RLA and 0.82 pu for method (8CL) due to

the current constraint.

Table2.18. Comparisons between calatéd resultsvith methods (IDRCA and (I1}SCL under constraints on
RMS current and peak voltage at 20 rad/s when phésepencircuited.

Highest RMS current Highest peak voltage Total copper loss
Method g |R S Torque Tem—Tave g Fi/peak g PF:::S
(A) (pu) (Nm) (pu) () (pu) W) (pw)
Healthy mode 5.1 1 33.3 1 45.9 1 255 1
Method (I)-RCA 5.1 1 16 0.48 35.5 0.77 132.1 0.52
Method (I1)-SCL 5.1 1 21.6 0.65 36 0.78 208.6 0.82

pu: per unit where the base values are parameters of healthy mode.

When the operating speed varies, the optimal tespeed characteristics, all RMS phase
currents and all peak phase voltages by the two options of method (ll) in terms of speed are
described i It is noted that method (H$CL results inahigher faulttolerant torque

speed characteristtban method (IPRRCA does In addition, all options of method (II) respect

the constraints on RM&urrent and peak voltage even in the fiugakening regionNotably,

in the fluxweakening regiomvith method (11), all RMS currents are reduced becauseignly
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is tuned byfmincon and the other currents are derived frigm If ig11 andigzzare variel to be
nonzero, the high torque ripples will appear.

(a) (b) (©)
Fig. 2.46. (Calculated result) Optimal torcuepeed characteristi¢a), all RMS phase currents (b), and all peak
phase voltages (cn terms of speed under constraints on RMS current and peak waitagaethods (IBRCA
and (II>SCL when phasA is opencircuited.

Table2.19|describes the calculated base and maximum speeds of the healthy and faulty modes

with the two proposed options of method (Method (II}RCL hasa base speed of 44 rad/s
(1.16 pu) while methodIj-SCL hasabase speed of 46 rad/s (1.21 pithese base speeds are
higher tha that of healthy mode due to loweoltagesVpeak (se. The postfault
operations with method (ll) have the samaximumspeed that ifower than that of healthy
mode In addition, the maximum speedth method (I1)(0.67 pu) is shorter thamith method
() (0.88 pu) tegTable2.11).

Table2.19. Comparisons between the calculated base anchmaxispeedwith methods (IBRCA and (l1}
SCLfor anOCfault in phaseA under constraints on RMS current and peak voltage.

Base speed  pase Maximum speed  max
Method (radis) ) (radls) oW
Healthy mode 38 1 73 1
Method (I)-RCA 44 1.16 49 0.67
Method (11)-SCL 46 1.21 49 0.67

pu: per unit where the base values are parameters of healthy mode.

2.3.3.F.Verification with experimental results for method (I1)

Methods (II}RCA and (I1}SCL with the control scheme |Rig. 2.21] are validatedn the
experimental test bendlseesectio 2.1.4.A). As methods (iR and (1}3, methods (IPRCA
and (I1}-SCL can be easily implemented in the test bench without any hardware modifications.

2.3.3.F.1.Current control performance:

To experimentallyobtan the optimal torquespeed characteristiqsegFig. 2.46a), six dq
currents(idy, iqy, ido, iqe, id3, ig3) Need to properly track their referenoggh waveforms as
describedn|Fig. 2.43F andFig. 2.44F. At a speedmethod (II}RCL has 4 timevariant current
referencesidy, iq1, id3, iq3) and 2 timeconstant current referenceés(iqe). Meanwhile, 6 current
referencesvith method (I1}SCL aretime-variant. The current control performances at 20 rad/s
are described in Fi Because most current references are-trar@ant, the current
control quality will be reduced at high speed when conventional Pl controllers are applied. This
phenomenon will be clearly observed time torquespeed performanceThe use of PIR
controllers, as i, can be a solution to deal with timariant referenceat high speed
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but everaldrawbacks have been discusseddatior{1.4of{Chapter 1 In this doctoral thesis,
this problem can be solved by using ADALINBgGhapter 3

(a) (b)
Fig. 2.47. (Experimental result) Currents idi{g:) frame at 20 rad/ith method (II}RCA (a), andvith method
(I-SCL (b) when phasd is opencircuited.

(@) (b)
Fig. 2.48. (Experimental result) Currents ids{gs) frame at 20 rad/&ith method (I1}RCA (a), andwith method
(I-SCL (b) when phasd is opencircuited.

(@) (b)
Fig. 2.49. (Experimental results) Currents ith{qo) frame at 20 rad/with method (II}RCA (a), andwith
method (I1}SCL (b), when phasd\ is opencircuited.

2.3.3.F.2.Torque performance:

An operation with three operating states at 20 resdéhiown irﬁFié. 2.50] induding ahealthy
operation, a OC fault without reconfigurations, and a fatdtierant operation with one of two
methods (IHDRCA and (II}SCL. The first two operating statémve beerdeeply investigated
in section{an It is noted that the average torques in the third stakemethods (IH
RCA and (lI}SCL are in good accordance with the optimal (calculated) vaI
To respect the constraints on RMS current, the average t@qeduced from 33.5 Nm in
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healthy mode to 16 Nm (0.48 pu) with method-RICA, and 21.6 Nm (0.64 pu) with method
(IN-SCL in thepostfault operation. However, the experimental torques have sp#ld9%
with method (II}RCA and 24%with method (I1}SCL. The experimental badkMFs with a
significant proportion of the"™®harmonic (12.5%) interact with the tiavariant currentsigs,
ig) in methods (IRSCL. Meanwhile, method (IIYRCA is unaffected by the'™®harmonic,
verifying the robustness of method {RCA.

Fig. 2.50. (Experimental result) Torqlgz)in three operating states at 20 rad/s includinébzlealthy moQGdaah
in phaseA without reconfigurations, and when method-@®TA (a) and method (HBCL (b) are applied.

When the operating speed varies, the experimental t@peed characteristiegith methods
(IN-RCA and (II}SCL in comparison with healthy mod&ef_opt Hv and Tem_exp_ 1Y) are
described i By using these methods, the experimental-fandt torques Tem exp_ ot

are in good accordance with the optimal torques cpt og¢ from. However, the
torque ripples increase in both options of method (Il) when the rotating speed increases. The
reason is thamnost current references are tivariant, the current control qualityreduced at

high speed when conventional Pl controllers are applieel experimental basgd maximum
speeds are the same as calculated restilishile2.19

(@) (b)
Fig. 2.51. (Experimental result) Pe$ault torquespeed characteristics under@@ fault in phaseA with method
(I)-RCA (a), andwith method (11}SCL (b).
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2.3.3.F.3.Constraints on RMS current and peak voltage:

Table 2.20 shows that experimental RMS currents in @ilases at 20 rad/s are good
accordance with optimal values. The experimental highest RMS currents in both options of

method (II) are within their limit 5.1 A. Notably, RMghasecurrentswith method (I1}SCL
are similann phases

Table2.20. Experimental RMS currents in all phaséth methods (IBRCA and (I1}SCL under constraints on
RMS current and peak voltage at 20 rad/s.

RMS current (A)
Method A B C D E F G
opt | exp | opt | exp | opt | exp | opt | exp | opt | exp | opt | exp | opt | exp
('}’I')Efg‘gi 0 | 01| 51| 49 | 38 | 33| 25| 29 | 25 | 24 | 38 | 38 |51 ]| 5
?I’I';*tgg‘i 0 01 | 49 5 51 | 48 | 49 | 48 | 49 | 48 | 51 | 49 | 49 | 51

opt: optimal calculated results; exp: experimental results.

When the operating speed varies, the constraints on RMS current and voltage are still respected
in the experimental results, including the Hweakening regions. Measured phase currents
obtained by the two methods in terms of speed are described The waveforms

of measured phase currents at 20 and 47 rad/s are also plottedhditedesof the remaining

healthy phase currents are changed at siigiedhencethe highest RMS currerg reduced at

speeds over the base speed to respect the constraint on peak voltage.

Fig. 2.52. (Experimental result) Phase currents in terms of speed, and current waveforms at 20 and 47 rad/s with
method (I1}RCA under arOC fault in phaseA.
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Fig. 2.53. (Experimental result) Phase currents in terms of speed, and current waveforms at 20 and 47 rad/s with
method (I1}SCL under ar©OC fault in phaseA.

Similarly, experimental phase voltage references with the two methods in terms of speed are
presented in Fig Their waveforms in terms of time at 20 and 47 rad/s are also
plotted. It is mted that the peak values of phase voltage references after the base speeds are
maximal but relatively under their limi¥»=100 V).

Fig. 2.54 (Experimental result) Phase voltage references in terms af spee current waveforms at 20 and 47
rad/s with method (IFRCA under arOC fault in phaseA.
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Fig. 2.55 (Experimental result) Phase voltage references in terms of speed, and current waveforms at 20 and 47
rad/s with method (IFSCL under arOC fault in phaseA.

2.3.3.F.4.Comparative summary:

A comparative summargf experimental performances @healthy operation,naOC fault
without reconfigurationsandfault-tolerant operatioswith methods (IBRCA and (I)-SCL is
presentedn The highest RMS curresittorques, highest peak voltages, and total
copper losses in the two methods are compadried.performances of current control, torque
generations, and constraints have been analyzed in the previous subskctiameral, the
calculated and experimental resultgTiable 2.18 and|Table 2.21| are in good accordance.
However, the experimental voltage references are higher than the calculated in
due to the additional voltages caused by fogiher harmonics of the experimental back
EMFs.

Table2.21. Comparisons between experimental resuits methods (IHRCL and (II}SCL under constraints on
RMS aurrent and peak voltage at 20 rad/s.

Highest RMS current Torque T Highest peak Total copper
Method Irms em voltage Vpeak 10SS Ploss
(A (pu) Tave (NM) | Tave (PU) T (%) () (pu) W) (pu)
Healthy mode 5.1 1 33.5 1 12 60 1 255.2 1
OC fault without 7.9 1.55 33.6 1 50 1041 | 174 | 3237 | 1.27
reconfigurations ) ) ) ) ) ) )
Method (1)-RCA 5 0.98 16 0.48 19 64.4 1.07 123.4 0.48
Method (I)-SCL 5.1 1 21.6 0.64 24 59.9 1 203.3 0.8

pu: per unit where the base values are parameters of healthy mode.

Method (lIl): new current references determined from natural frame

2.3.4.A.Principle of method (111)

It is noted that new current references of the remaining healthy phases with unidentical
waveforms in methods () and (Il) can theoretically generate constant torques in a non
sinusoidal machindwith the 15 and 3 harmonics of baclEMFs). However,under the
constraints on RMS currerthie highest podiault average torque of the considered drive is
equal to65% of the healthy torqud&his torque is relatively lovin caseonly one of seven
phases is opeaircuited.Accordingly, method (IlJ is proposed with the aim of improving the
average torque by using identical waveforms of the remaining healthy phase currents when one
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phase is openircuited[164||165|168-170. The waveform uniformity of these phase currents
allows to:

1) Distribute perfectly equal copper losses among healthy phases, avodirgeated
machine windings.

2) Maximize currents to produce more average torques when the constraint on current is
considered. Indeed, under the constraint on RMS current, every rembealigy
phase current can reach their current limit, resulting imaemum average torque.

In method (IIl) of this doctoral thesis, analytical torque expressions in natural frame will be
used to determine parameters of new phase currents when one phase-égcajed.
Sinusoidal and nesinusoidal waveforms of currerasad backEMFs are analyzed.

2.3.4.B.Sinusoidal phase currents for sinusoidal ba@dMFs

In caseof anOCfault in phasé, the speedhormalized sinusoidal badkMFs of the remaining
healthy phases can be describsdollows:

(2.64)

whereEn: is the amplitudef the speedhormalized sinusoidal badkMFs is the electrical
position.According to, the fundamental magnetomotive force in faulty modes needs to

be preserved to generate the same constant torque as in healthy mode. In this doctoral thesis,
current refeences in natural frame are generally determined to have the same amplitude with
different initial phase angless follows:

(2.65)

wherelm1is the amplitude of all healthy phase currerfis; 3, and 3 are initial phase angles
of currents in phasB, C andD, respectivelyThen, analytical torque expressions in natural
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frame can be used to determine parameters of the current referéheedectromagnetic
torque is analyticallgxpressedby:

(2.66)

with

whereTavels the average torquéd> is theripple torqueat a frequency a2 . To eliminate the

ripple torqueT in[(2.66)| the initial phase angles of the phase currerf(@.65)|are simply
determined based on trigonometric calculatiag$ollows:

(2.67)

As aresult, the electromagnetic torque of the machine is perfectly constant. Accq(@ifdto
the initial phase angles and their correspondinguEsaare calculated withe two following
possibilities

(2.69)

(2.69)

In|(2.68)|and(2.69)| the torque values are proporta to the amplitudes of the fundamental
components of currents and bdekIFs. In addition, the torgeélem also depend on the sine
function of .

It is noted that the torque is much higher thd(2.69)] Thus, the maximal torque and
the corresponding initial phasagles argjiven by:
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(2.70)

These obtained results are similar to the studqy 3] for sevenphase induction machines.

2.3.4.C.Sinusoidal phase currents for nesinusoidal backEMFs

The backEMFs with the first and third harmonic components in the remaining healthy phases
aregiven by:

271

whereke is the amplitude ratio of the third harmonic to the first harmohtbe backEMFs, 3
is the phase shift angle betwete thirdandfirst harmonic componesbf the backEMFs. If
the sinusoidal currents|{2.65)|are imposed, the electromagnetic torcpiexpressed by:

(272

with

whereTavels the average torqu&, andTs aretheripple torquesat frequenesof 2 and4

respectively Compared t{(2.66)| the torquein has additional components associated
with ke including an extra term df. and theripple torquerTs .
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2.3.4.C.1An attempt to eliminate all ripple torques:

To eliminateTs in|(2.72)] the initial phase angles of the currents need to respect

273

After eliminatingTs , the remaining torques includifigve and T2 with corresponding initial

phase angles of the curreotn becalculated afollows:

or

Remarks:

(2.74)

(2.75)

1) With arbitrary values oke and %, the ripple torqued in cannot be

nullified. It means that the attempt to eliminate all ripple torques is unfeasible due to

the waveform uniformity of the remaining phase curre

(266)

2) In only two special values &¢, ripple torques in|(2.74)

(2.75)

can be nullified to

obtain constant torques. Specificaklgmust be 3.74 if2.74)|and 0.33 if(2.75)| At
the same time3 must be 0.8. However, if the first and third harmonic baéMFs
are in phase &=0), the average torqueEave in both cases become zero due to

(3=0.53=0).

3) In|(2.74)|and|(2.75)| the average torques are propmral to the amplitudes of the
fundamental components of currefits) and backEMFs(Eny). In addition, the torque
values also depend on the sine functiorBofThe maximum average torqu

is higher tha[{2.74)|but less than

4) From the above analyses, current parametef@.i)}(2.75)| will not be used in

method (l11).

84



Chapter 2. Modeling andControl of MultiphaseDrives

2.3.4.C.2 An attempt to increase the average torque:

Accordingly, if the initial current angles|{i2.70)|are applied i{{2.72)| the average torquBe
is significantly increased 10% compared|§tb7§)| In this case, only one part df is
eliminated, ad the remaining torqudsecome:

(2.76)

It is noted thathie amplitudes of the torque ripples depend on the amplittidie)(and the
phase shift angle3) of the third harmonic in thieackEMFs.
2.3.4.D.Non-sinusoidal phase currents for nesinusoidal backEMFs

The injection of the third harmonic component aims at improving the average torque with
reasonable existing ripplehe phase currents considering the additional third harmonic
componentareexpressedy:

2.77)

wherek; is the amplitude ratio of the third harmonic to the first harmonic of the currgmgs;

the phase shift angle between the trardi first harmonic componentd the currentsAs a
result, the electromagnetiortjue consists of a constant torque, ripple torques with frequencies
of2 ,4 ,and 6 as follows:

(279

with

85



Chapter 2. Modeling andControl of MultiphaseDrives

Compared t§2.72)| Tave, T2 andTs in|(2.78)|have extra tens associated witk. In addition,
the torque also contains a ripple with freque@cyssociated withothk; andke.

2.3.4.D.1.An attempt to eliminate all ripple torques:

To eliminateTs in|(2.78)] the initial phase angles of the currents need to respect

(279

After eliminating Ts , the remaining torques includinBwe T2 and T4 with corresponding
initial phase angles of the curreat®expressed by:

(2.80)

or
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(2.81)

After nullifying Ts , to continue eliminatin@s in[(2.80) the initial phase angles of the currents
need to respect

(282

Meanwhile,to eliminateTs in{(2.81)| the initial phase angles of the currents need to respect

(2.83)

Remarks:

1) From(2.82)|and(2.83)| it is concluded that all rippl®rques cannot be eliminated.
2) Compared tbz.70)|and(2.76)| the average torque§glﬂ.82)|ang|g2.83)|are lower.
3) From the above remarks, the current paramet@i2.82)|and(2.83)|will not be used

in method (ll1).

2.3.4.D.2.An attempt to increase the average torque:

From the above remarks, if the initial current angl@Rin0)|are applied i{2.78)| the average
torqueTaveis significantly increased compared(®82)|and(2.83)| In this case, only one part
of T2 is eliminated, and the remaining torques are descabddllows:

87



Chapter 2. Modeling andControl of MultiphaseDrives

(2.84)

Remarks:

1) It is noted that the average torqug(®B4)|can be higher thd(2.70)] and[(2.76)]
especially when3 is equal to3. Accordingly, norsinusoidal currents |(f2.77)|with
parameters ican meet the general requirement of method (lll) to genarate
high average torque.

2) The amplitudes of the torque harmonics dependaironlythe amplitudeEnike) and
the phase shift angle3) of the third harmonic in the badMFs but alsothe
amplitude (mik) and the phase shift angl&)(of the third harmonic of the phase
currents.

3) All torques includingTave and torque harmonics are proportional to the current
amplitudelmi. Therefore the total torque rippl€ T calculated iis unaffected
by Im1.

4) Phase angle3 equal to 3 enables to not only maximize the average tortuebut
also reduce torque ripplds andTs . Indeed, in this caséwo terms have the same
cosine functions with frequen& in T> (and4 in T4 ) but oppositesigns

To simply illustrate the impact of current parametgf i84) [on torque generations, parameters
of the machine drive igection2.1.4.Awith ke=0.32 and3=0.9 are considered.

Fig. 2.56a shows the impact o8 on the torque generations whieris supposed to bi. It is
noted that when3 is equal 3, the average torquBuwe is highest and the torque rippld is
lowest. In addition, wher8 varies, the torque ripple rapidly increases.

Meanwhile, the impactfok on the torque generation is describe when 3 is
supposed to b&. The value ok equal toke gives the best values of the torque ripple and
average torque, and the torqipgple rapidly increases whek exceede.
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(a) (b)
Fig. 2.56. Impacts of3 (a) andk; (b) on the average torque and the ripple torque when new phase current
references are determineg(th77)[and(2.84)|for anOC fault in phaseA.

In conclusion, the remaining healthy phase currents with waveforms like theENHEK
waveform, such asfiRig. 2.57| can generate the highest average torque and lowest torque ripple
in the case of the uniformity of current waveforms.

Fig. 2.57. The current rierence of a remaining phase determing(RiA7)[and(2.84)| and the considered
experimental speedormalized baclEMF at 20 rad/s for a@C fault in phaseA.

Fig. 2.58. Impacts ok on the average torque and the ripple torque when new phase current references are
determined if{2.77)|land(2.84)|for anOC fault in phaseA.
Notably, this approach cannot guarantee a smooth torque with a machine having a high
proportion of the third harmonic in its ba&8MFs. Indeedshows that the torque
ripple and average torque are proportionalkio However, with an increasm ke, the
improvement of the average torque is sighificant while the torque ripple dramatically rises.
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2.3.4.E.Summary of current design options in method (lll)

The possible average torquis highest among the above considerations, followed by
the torque if(2.76)| It is noted thdf2.76)|is a special case [¢2.84)|when sinusoidacurrents
are consideredk0). Therefore, method (lll) can be divided into two design options denoted

by method (IlI}1 and method (lIF2. These options are describedTiable 2.22/with phase
currentexpressiosn in(2.77)

Table2.22. Description of the two options in method (l11).

) Current design description o
Option Objective

3 z &) ki 3

Enhance the average torque by using only sinusoidal
Method (I11)-1 0 0 currents

Enhance the average torque by using non-sinusoidal
Method (I11)-2 ke 3 currents with the waveform of back-EMFs

2.3.4.F.Comparative analyses of calculated resulgh methods (I11) -1 and (111)-2
2.3.4.F.1.Preserving the same torque as in healthy mode:

In the considered drivéhe average torqueith the rated RMS current of 5.1, & 33.3 Nm in
healthy mode as discussedsgrction2.1.4

The remaining healthy phase currents argl currentreferencesdeterminedwith methods
(1N -1 and (llI}2, are shown in Fig2.59andFig. 2.60] In each option of method (llIl), the
waveforms of the remaining healthy phase currents are the same as s and
. Method (111}1 has two constant currerftss, iq1) andfour time-variant currentsigs,
iqe, 13, ig3) for control Meanwhile, all current®r controlwith method (l11}2 are timevariant.
However, it is noted that the maingdcurrents(ias, iq1), generating most of the torquare
constanin method (ll1}1 and slightly fluctuate in method (HD.

(@) (b)
Fig. 2.59. Desired phase currents (ajpdd-qg currents (b)with method (Il1}1 for anOC fault in phaseA to
preserve the healthiyode torque at 20 rad/k,{=9.3 A).
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() (b)
Fig. 2.60. Desired phase currents (ahdd-q currents (h)with method (111)}2 for anOC fault in phaseA to
preserve the healthiyode torque at 20 rad/k.(=8.7 A).
Calculated RMS currents in all phases by the two options of mé@iiaare described i|ﬁ'ab|e
It is noted that all calculated RMS currents in each option of method (lll) are the same
and slightly higher thahealthy mode (5.1 A).

Table2.23. Calculated RMS currents in all phases with methodsXIdpd (Il1}-2 for anOC fault in phaseA
when the healthynode torque is preserved at 20 rad/s.

RMS current (A)
Method A B C D E F G
Method (Ill)-1 0 6.6 6.6 6.6 6.6 6.6 6.6
Method (Ill)-2 0 6.5 6.5 6.5 6.5 6.5 6.5

When only the first and third harmonics of the b&Fs are considered;omparisons
between the two options of method (Ill) and healthy maalescribed ifiTable 2.24] The
torques generatedith method (lll) arenot constant as imethods (1) and (lI) Specifically
method (Ill}1 generates a higher torque ripple (24%) than method2(ltdpes (19%).
Compared to methods (I) and ((§e¢Table2.8|andTable2.16), method (Il) has lower RMS
currentslirmsand total copper loss&ssfor the same torque.

Table2.24. Comparisons between calculated reswith methods (111}1 and (I11}2 for anOC fault in phaseA
when the healthynode torque is preserved at 20 rad/s.

Highest RMS Highest peak Total copper loss
Method Torque Ten cSrrent lrms vcﬁtage |[i/peak P?FZS
Tave (NM) (pu) T (%) (A) (pu) ) (pu) (W) (pu)
Healthy mode 33.3 1 0 5.1 1 45.9 1 255 1
Method (l11)-1 33.3 1 24 6.6 1.29 40 0.87 363.1 1.42
Method (l11)-2 33.3 1 19 6.5 1.27 37.6 0.82 352.3 1.38

pu: per unit where the base values are parameters of healthy mode.

2.3.4.F.2.0ptimal calculations under constraints on RMS current and peak voltage:

Similar to methods (I) and (ll), if the control schemg=ig. 2.21|with an optimal strategy in
is considered, the torques obtained by the two options of method (ll1I) become lower than
the prefault torque (33.3 Nm)AIl currentsare redetermined to respect constraints on RMS
current and peak vialge. According to the considered drive, the RMS current limitis 5.1 A and
the voltage limit for theoffline optimizationis 75 V. Different from method (I), onlym1 in
method (Ill) will be tuned byfminconto respect the current constraint, including flux
weakening region. The reason is that the torque ripple is unaffectedlny it is sensitive to

the other parameters of phase currekitar{d 3) as described After considering

the RMS current constraint, the RMS currents of all phases with method (lll) at 20 rad/s are
equal to the RMS current limit of 5.1 A.

91



Chapter 2. Modeling andControl of MultiphaseDrives

Comparisonshetween thepostfault operations using the two options of method (lll) and
healthy moderedescribed i When the RMS current limit of 5.1 A is respected,
method (ll1}2 generates the higher torque at 26.2 Nm (0.79 pu) while the tertiumethod
(1) -1 is slightly lower with 25.9 Nm (0.78 pult is noted that method (Ill) generates higher
average torques than both methods (1) and(éhm)y 0.65 py. Additionally, the highest peak
voltagesVpeakby the two options of method (11(p.84 and 0.97 pwgre less than that of healthy
mode making heir base speeds higher than that of healthy micatal copper losses in fault
tolerant operationwith both options of method (Illare0.86 pu,higher tharthose ofmethod

(1) (0.55 to 0.64 puandmethod(ll) (0.52 to 0.82 pufseg¢Table2.10jandTable2.18).

Table2.25. Comparisonsdtween calculated resultsth methods (111}1 and (l11}2 under constraints on RMS
current and peak voltage at 20 rad/s.

Highest RMS Highest peak Total copper loss
Method cSrrent IrMs Torque Tem vcﬁtage lE:/,,eak PFTES
(A) (pu) Tave (NM) (pu) T (%) V) (pu) W) (pu)
Healthy mode 5.1 1 33.3 1 0 45.9 1 255 1
Method (I11)-1 5.1 1 25.9 0.78 24 38.6 0.84 218.1 0.86
Method (I11)-2 5.1 1 26.2 0.79 19 44.3 0.97 218.3 0.86

pu: per unit where the base values are parameters of healthy mode.

When the operating speed varies, the optimal tespeed characteristics, all RMS phase
currents and all peak phase voltages by the two options of method (lll) in terms of speed are
described i It is noted that method (IH} hasa higher faulttolerant torquespeed
characteristic as shown|Fig. 2.61f. InFig. 2.61b, the two options of method (Il) respect the
constraints on RMS currenth@n RMS currents of all remaining healthy phases are equal to
5.1 A at low speed\otably, in the fluxweakening regiomvith method (lll), all RMS currents

are reduced because omdy is tuned byfmincon and the other parameters of phase currents
are fixed to avoid any increaséesthe torque ripplesThe maximum peak voltages are within

their limit along the speed range as describgelgn2.61¢.

(@) (b) (€)
Fig. 2.61. (Calculated result) Optimal torguspeed characteristic (a), all RMS phase currents (b), all peak phase
voltages (c)in terms of speednder constraints on RMS current and peak voltwige methods (111}1 and (111}
2 when phasa@ is opencircuited.

Table2.26|describes the calculated base and maximum speeds of the healthy and faulty modes

with the two proposed options of method (lIl). Like methods (1) and (11), thefpaktoperation
with method(lll) has shorter speed ranges than the healthy operation. The two proposed options
of method (111) have similar posault maximum speeds (0.&5d0.67 pu) These maximum
speedsre likethose ofmethod (Il) (0.67 pubut lower than those of method (0.81 to 0.88
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pu). The base speeadith method (lI}2 is 38 rad/s (1 pu) while that of method @l)is 45
rad/s (1.18 pu).

Table2.26. Comparisons between the calculated base and maximum spdedwethodlll) -1 and (1l1)}2 for
anOCfault in phaseA under constraints on RMS current and peak voltage.

Base speed  pase Maximum speed  max
Method (radls) (ow) (radls) ou)
Healthy mode 38 1 73 1
Method (111)-1 45 1.18 49 0.67
Method (l11)-2 38 1 48 0.66

pu: per unit where the base values are parameters of healthy mode.

2.3.4.G.Verification with experimental results for method (I11)

Methods (IlI}1 and (IlI}2 with the control scheme i are validatedin the
experimental test ben¢beesectio . As methods (I, (1)-3, and (1), method (Ill) can
be easily implemented in the test bench without any hardware modifications.

2.3.4.G.1Current control performance:

To experimentallyobtain theoptimal torquespeed characteristiqsegFig. 2.61), six dq
currents(iay, iqu, ias, iqe, i3, iq3) Need to properly track their refereneaspresenteith Fig|2.5%
an. At a speedmethod (Ill}1 has2 time-constant current referencegi(iqy) and4
time-variant current referencéas, igs, ido, ige). Meanwhile, 6 current referencesiethod (111}
2 are timevariantwith smallfluctuationsin maincurrents(iq, iq1).

The current control performances at 20 rad/s are described i Because most
current references are tipvariant, the control quality may be reduced at high speed when
conventional Pl controllers are applied. This phenomenon will be clearly obsertke in
torquespeed performance

(a) (b)
Fig. 2.62. (Experimental result) Currents idi{q;) frame at 20 rad/&ith method (llI}1 (a), andvith method
(1) -2 (b), when phasé is opencircuited.
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(a) (b)
Fig. 2.63. (Experimental result) Currents ids{qs) frame at 20 rad/aith method (llI}1 (a), andvith method
(1) -2 (b), when phasé\ is opencircuited.

(@) (b)
Fig. 2.64. (Experimental results) Currents ith<{0o) frame at 20 rad/&ith method (l11}1 (a), andwvith method
(1) -2 (b), when phasé\ is opencircuited.

2.3.4.G.2Torque performance:

(a) (b)
Fig. 2.65. (Experimental result) Torque in three operating states including healthy ma@d€,fanlt in phaseA
without reconfigurationsand when method (IH] (a) and method (1142 (b) are applied.

To see the effectiveness of methods {llldnd (111}-2, an operation with three operating states

at 20 rad/s as shownis investigated, including &ealthy operation, a pe&ult
operation without reconfigurations, and a faolerant operation with one of two methods €lII)
1 and (Ill}2. The first two operating states have bekeeply investigated i$ectionand
It is noted that the average torques in the third statemethods (11131 and (llI}2 are in
good accordance with the optimal (calculated) valu To respect the constraints
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on RMS current, the average torque is reduced from 33.5 Nm in healthy mode to 25.6 Nm (0.76
pu) with method (1)1 and 26.1 Nm (0.78 pu) with methodlf42 in thepostfault operation.
However, the experimental torques have ript 33% with method (Il1}1, and 31%with

method (l11}2. Especially the differences between the maximum and minimum torques are
about 8 Nm, relatively high compared to the previous methods.

When the operating speed varies, the experimental tappeed characteristiegith methods
(1) -1 and (ll1)}2 in comparison with Fathy mode Tem opt HMandTem_exp_Hy are described in
By using these methods, the experimental-fasdt torques Tem_exp_o¢ are in good
accordance with the optimal torquéSm_opt_og from However, the torque ripple
increases in method (I} when therotating speed increaseBhe reason is thatll current
references iimethod (l11)}2, especiallyigs, iq1), are timevariant hence the current control
quality will be reduced at high speetith conventional P1 controllerdleanwhile, method (lI¥)

1 does not hee this phenomenon becausecurrent referencesqf, iq1) are timeconstant. The
high fluctuations of torques in method (I1l) will be solvelﬁhapter 3|by using ADALINEs.
The experimental basend maximunspeeds ilfig. 2.66|are the same as calculated results in
Table2.26

(a) (b)
Fig. 2.66. (Experimental result) Po$ault torquespeed characteristics under@@ fault in phaseA with method
(1) -1 (a), andwith method (111)}2 (b).

2.3.4.G.3Constraints on RMS current and peak voltage:

Table2.27|shows that experimental RMS currentghe remaining healthy phases at 20 rad/s
are similar and around the RMS currémtit (5.1 A). The experimental highest RMS currents
in both options ofmethod (l1l) are 5.3 A due to the imperfection of current control.

Table2.27. Experimental RMS currents in all phaségth methods (11131 and (ll}2 under constraints on RMS
current and peak voltage at 20 rad/s when pAdsepened.

RMS current (A)
Method A B [ D E F G
Method (I1)-1 01 53 2.8 2.9 5 2.9 53
Method (Ill)-2 0.1 53 2.8 4.9 5 48 5.1

When the operating speed varies, the constraints on RMS current and voltage are still respected
in the experimental resultguaranteeindlux-weakeningoperatios. Measured phase currents

by the two methods in terms of speed are described in|E®j§2.68 The waveforms of
measured phase cants at 20 and 47 rad/s are also plotted. The waveforms of the remaining
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healthy phase currents are changed at high speed and the highest RMS currents reduce at speeds
over the base speeds to respect the constraint on peak voltage.

Fig. 2.67. (Experimental result) Phase currents in terms of speed, and current waveforms at 20 and 47 rad/s with
method (1111 under arOC fault in phaseA.

Fig. 2.68. (Experimentatesult) Phase currents in terms of speed, and current waveforms at 20 and 47 rad/s with
method (111}2 under arDC fault in phaseA.

Similarly, phase voltage references with the two options of method (1) in terms of speed are

presented i}Fig. 2.69|andFig. 2.70| Their waveforms in terms of time at 28d 47 rad/s are

also plotted. It is noted that the peak values of phase voltage references after the base speeds

are maximal but relatively under their limi;(;=100 V).
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Fig. 2.69. (Experimental result) Phase voltage references in terms of speed, and current waveforms at 20 and 47
rad/s with method (IIFL under arOC fault in phaseA.

Fig. 2.70. (Experimental result) Phase voltagérences in terms of speed, and current waveforms at 20 and 47
rad/s with method (IIF2 under arOC fault in phaseA.

2.3.4.G.4Comparative summary:

A comparative summary of experimental performances in a healthy operation, an OC fault
without reconfigurations, anéault-tolerant operations with methods (HL) and (lll}2 is
presented i Especially, the highest RMS currents, torques, highest peak voltages,
and total copper losses are compared. In general, the calculated and experimental results in
|Table 2.25| and|Table 2.28 are in good accordance. However, the experimentiihge®
references are higher than the calculated values due to the additional voltages caused by high
order harmonics of the experimental b&ddFs.
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Table2.28. Comparisons between experimental reswite methods (l11}1 and (111}2 under constraints on
RMS current and peak voltage at 20 rad/s.

Highest RMS current Highest peak Total copper
Method IrMs Torque Tem voltage Vpeax 10SS Ploss
(A (pu) Tave (NM) | Tave (pu) T (%) V) (pu) (W) (pu)
Healthy mode 5.1 1 33.5 1 12 60 1 255.2 1
OC fault without
- : 7.9 1.55 33.6 1 50 104.1 1.74 323.7 1.27
reconfigurations
Method (l11)-1 5.3 1.04 25.6 0.76 33 56.5 0.94 2125 0.83
Method (I11)-2 5.3 1.04 26.1 0.78 31 62.4 1.04 208.6 0.82

pu: per unit where the base values are parameters of healthy mode.

Comparative analyses of fauktolerant control methods (1), (I1) and (llI)

In this chapter, the seven fatitierant methodbave been presented acldssified into three
main control methods (1), (II), and (Ill). Each method has its own advantages and disadvantages.
2.3.5.A.Comparisons in terms of control facilitation

Regarding the current control, FHOC technique andassicalPI controllers are applietime-
constant current references can guarantee the control gquadityting in smooth torques.

Table2.29. Current references ing framegor controlgenerated in healthy mode and ipastfault operation
with methods (1), (1), and (llI).

Method ld1_ref lq1_ref ldo_ref lgo_ref ld3_ref 1g3_ref I7_ref
Healthy mode constant constant constant constant constant constant 0
Method (I)-1 constant constant constant constant constant constant variant
Method (1)-2 constant constant variant variant constant constant 0
Method (I)-3 constant constant variant variant constant constant 0
Method (I)-RCA variant variant 0 0 variant variant 0
Method (I)-SCL variant variant variant variant variant variant 0
Method (I11)-1 constant constant variant variant variant variant 0
Method (I11)-2 variant variant variant variant variant variant 0

constant: time-constant; variant: time-variant.

FromTable2.29 all d-q currents irhealthy mode are constant and the z¥quence current

is zero.In fault-tolerant methods, ethod (1}1 has the highest number of constaigt clrrents

(6 currenty while methods (B2 and (I}3 have only4 constant ey currentsfor control
However, method (1 is the only option that requires hardware modifications with a high zero
sequence current. Ehcurrent not only results in higinequency components in torquesda
phase currents but albigh torque ripples related tmackEMF harmonicsassociated witthe
zerosequence machin@{ andits multipleg. Methods ()2 and (1}3 deal with timevariant
currents in the second fictitious machisensitive tahe 9" harmonic of backEMFs). Method

(1) -1 has2 constant ey currents in the firgimain)fictitious machingmaking its torque ripple
less dependent on the rotating spéédthod (I1}RCA alsohas 2 constant-d currents in the
second fictitious machindeading to its robustness (unaffected by b&&KF harmonics
associated with the second fictitious machifié)e other methods including @§CL and (I11}

2 have 6 timevariant dq currentdor control Thereforejn thdr torquespeed characteristics
significant increases of torque ripples can be witnessed when the rotating speed increases.
However, this problem can be solvegldhapter 3|by using ADALINESs.

2.3.5.B.Comparisons in terms of torque, copper loss, and speed range

The optimal torquespeed characteristics in healthy and undgd@rfault in phaseA with the
seven proposed control optioamseplottedin|Fig. 2.71] These characteristics also represent the
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comparison between average torqgeserated withthe proposed methedit is noted that a
combinaton of these proposed methods can improve the operating perfoswditice drive
under the fault condition. In this casehe highest postfault averagetorque for the starting
period and a longer speed range are obtained while RMS phase currents gidhpeakltages
are within their limits.

Fig. 2.71 (Calculated result) Torgespeed characteristics in healthy mode and und@Gfault in phaseA
applying the seven proposed control methods.

Table 2.30| compares healthy moden &C fault without reconfigurations, and pestult

operations using the seven proposed faldrant methods in this chapter. Torque
performancs, total copper losss, base speeds, and maximum spaegl€onsidered in &e
comparisors. Due to a high torque rippld§% or50%) and a high total copper lods4 pu or
1.27 pu) under the OC fault without reconfigurations, the use oftfaleltant control strategies
for the electric drive is necessalty.is noted that calculated results fan OC fault without
reconfigurations are obtained from MATLAB Simulink whilesults withproposed methods
areobtainedfrom the offline optimization.

Table2.30. Conparisons between healthy mode @@ fault in phase without reconfigurations, and pest
fault operations with methods (1), (1), and (Ill) under constraints on RMS current and peak voltage at 20 rad/s.

T Ve T P'\')SS * *

Method opt exp opt | exp opt exp base max
(Nm) | (pu) | (Nm) | (pu) | (%) | (%) | (W) | (pu) | (W) | (pu) |(rad/s)| (pu) |(rad/s)| (pu)

Healthy mode 33.3 1 33.5 1 0 12 | 255 1 [255.2 1 38 1 73 1

OC fault without reconfigurations | 33 | 0.99 | 33.6 1 46 | 50 |366.5] 1.4 [323.7(127| 36 | 095 36 |0.49
Method (1)-1 17.7 | 0.53 - - 0 - [144.4] 0.57 - - 41 [ 1.08| 59 |0.81
Method (1)-2 2171065 | 216|064 | O 31 |162.6] 0.64 [149.1/ 058 | 41 |1.08 | 64 |0.88
Method (1)-3 19.1 | 0.57 19 | 057 0 32 | 140 | 055 124 {049 | 46 |121| 61 |[0.84
Method (11)-RCA 16 | 048 | 16 [048 | O 19 [132.1| 0.52 |123.4| 048 | 44 |1.16 | 49 | 0.67
Method (I1)-SCL 216 | 065 216|064 | O 24 |208.6| 0.82 [203.3| 0.8 46 [ 121 | 49 |0.67
Method (111)-1 259 [ 0.78 | 25.6 | 0.76 | 24 | 33 |218.1]| 0.86 |212.5| 083 | 45 |1.18 | 49 | 0.67
Method (111)-2 26.2 10.79 | 26.1 | 0.78 | 19 | 31 |218.3] 0.86 |208.6| 0.82 | 38 1 48 | 0.66

opt: optimal calculated results; exp: experimental results.
pu: per unit where the base values are parameters of healthy mode.
pase aNd  max in Offline optimizations and experiments are the same.

In general, the optimgtalculatedl and experimental results, as summariz¢tahle2.30| are

in good accordance. However, the experimental machine contains unwanted harmonics of the
backEMFs, resulting in higher torque ripples than optimal resultall operating modes
includinghealthy mode. In healthy mode as well as in a-faadt operation with each proposed
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method, the base speed and the maximum speed obtained offlithes optimization and
experimens are the same.

For the torque performance, the highest average torque is geneitatetethod (111}2 at 0.79

pu inthe offline optimizatior{opt=0.79 pu), and at 0.78 pu in experiments (exp=0.78pnks

to the uniformity of remaining phase current wavefaridowever, its torque fluctuation is
relatively high compared to the other methods (opt=19% and exp=31%). Meth&CAl)
shows its robustness when its torque is unaffected by the harmonics of thersacbink in

the experimental machine. Therefore, its experimental torque ripple is lowest with 19%.
However, under the constraint on RMS current, its average torque is lowest (opt=exp=0.48 pu).
Method (1)}2 hasthe highest average torqaenong the three apns of method (I{opt=0.65

pu and exp=0.64 pu).

The total copper loss dramatically increases to 1.27 pu in the OC fault without reconfigurations.
This value reduces to the lowest value in methodROA (opt=0.52 pu and exp=0.48 pu).
Meanwhile, the higést total copper loss is generated in method (IIl) (opt=0.86 pu and exp=0.83
pu). Among the three options of method (1), metho@ (@enerates the highest total copper loss
(opt=0.64 pu and exp=0.58 pu).

Regarding the basend maximum speeg] it is notedthat postfault speed ranges are always
shorter than that of healthy mode. Among the proposed methods, method (l) results in largest
speed rangewhile method (II) and(lll) have shorter speed rangbtethod (I}2 enables the

drive to reach the highegteed (0.88 pu) while the shortest speed range is crnedtethethod

(1) -2 (0.66 pu). Basically, tlsespeed range=ductions are caused by putting more constraints

on currentsn either dq or natural frame respect limits of currents and voltagesmobtain

smooth torquesFor example, in method (lll), at high speed, the amplitude of phase currents
needs to be immediately reduced instead of alternating current phase angles to guarantee
smooth torques. Therefore, in this case, torques declineyayheh the rotating speeds exceed

the base speeds.

2.3.5.C.Comparisons of three remarkable methods using radar charts

(@) (b)
Fig. 2.72. (Experimental result) Comparisonsingradar charts: optimal calculated results (a), experimental
results (b)with Tave T, andPiessat 20 rad/s
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To compare methods (1), (11), and (IH)ore clearlythree remarkable options are selected from
the seven proposed options to plot radar ch In addition, healthy mode and the
OC fault without reconfiguratiorsre considered.orque performance34e 'T), total copper
lossesPioss), base speeds fasd, maximum speeds (ay, and difficultyare considered in these
comparisonsThe difficulty is a heuristic assessment according to hardship in calculations and
implementations of the considered methddisthod (I11)-RCA is the most difficult one because

of its calculation burden for all cases of faults.

It is noted that experimental results in all operating modes are in good accordance with
calculated results. Only experimental torque ripples are significantly higherc#heulated
results.Healthy mode is considered as the ideal operating mode with the best perf@mance
Meanwhile the OC fault without reconfigurations generates the worst parameters such as the
highest torque rippleopt=46% anaxp=50%) and the highesital copper lospt=1.4 pu and
exp=1.27 pu). Therefore, fatttblerant control methodsre required for podtult operations

In these radar charts, methodZl)s chosen because it has the highest maximum speed (0.88
pu). Meanwhile method (II}RCA is selected because of its robustness with the lowest
experimental torque ripple (exp=19%). Method (RIl)s added to theadarcharts because it
generates the highest average torque (opt=0.79 pu).

2.3.5.D.Comparisonswith recent studies

Compare to existing studies, for example studielﬂﬂ|12d|126129"133135"137" 1451, the
proposed methods in this doctoral thesis can be apmietbnsinusoidal machines with
different choices in terms of torque performance (average targiterque ripple). Especially,

the proposed methods in this doctoral thesis take into account the thermal limit (RMS current)
and fluxweakening operatianby imposing constraints on RMS current and peak voltage.
Besides the methods witleverakonstant e currents, two proposed methods in this doctoral
thesis using 6 timgariant current referencéar control(methods (IBSCL and (111}2) can be
compared wit the vectorial approach i. Indeed, the existing approach can
generate rippldree torques regardless of one or two opiouited phases or the type of back
EMFs. However, dj current references usually fluctuate with very high amplgut@kerefore,
hysteresis controllers are applie to directly control currents in natural frame, resulting

in variableswitching frequencies, increasi® switching losses, higfrequency currents and
electromagnetic compatibility (EMC) problenis. addition if a current limit is considered
unidentical waveforms of healtlphase currestin will generate low average torques.
Meanwhile, methods (IBSCL and (llI}2 in this doctoral thesis have low fluctuations of
currents in framedi-q1) which generates most of the torque. Thereforepthdault control
scheme with conventional Pl controllers can be used in faulty nvbateover, the uniformity

of phase current these methods results in higher average torques if a current constraint is
considered.

2.4.Conclusions

This chaptelhas presentethe modeling and control the multiphase PMSM drive with -non
sinusoidal baclEMFs under heathy and faulty modes. ConstraintRits current and peak
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voltage have beesdwaysconsidered. A case study with a seydrase nossinusoidal machine
and a singlghaseOCfault has beewhosen to illustrate theoriestims chapterin case of twe
phaseOC faults fault-tolerant control strategies and experimental resaiés presented in

Appendix B|of this doctoral thesis.

Specifically, he modeling and contr@f the drive in healthy modeave beernntroduced in
sectio In sectior@l an investigationnto themultiphase drive performancesa post

fault operatiorhasshown seriousdeterioraibonswith a highrippletorque asignificantincrease

in RMS currentss well asn the total copper los$he reason is th#tte coupling issue prevents
thepostfault drive from continuing to use the current references of healthy mode. Therefore, a
reconfiguration with fauttolerant control strategies is required to guarantee atbntorque
andasafe posfault operation for the drive as well as for EVs.

In sectio three main proposed fadtilerant control strategies with seven optitrase
beenintroduced by exploiting the mathematical model of the multipliaise. Specifically,
new current referensehave beerdetermined in decoupled frames (methodsl{®-3), in
natural frame (methods (1)-2), or by using new transformation matrices (methodsRGA-
SCL). Methods (1) and (llhavetheoretically obtaiadconstant torques when the first and third
harmonics of baclkEMFs are considered. However, their average torhaes beemelatively
low if the RMS phase curresirelimited. Therefore, method (llhas beemproposed to obtain
higher average torques by usimgntical phase currents. Under tharment constraint, these
currents with an identical waveforhave beerffectively exploited to produce more torques.
However, torque rippleBave beerinevitable in method (lll)Therefore, lhere is theoretically
a compromise betweerhigh average torquaith a highripple andasmooth torque witlalow
average valuelherefore acombination of more than one strategy according to the payload of
EVs can take advantage of each method.

The quality of the drive contreVill be improved by applying ADALINEinof this
doctoral thesis. Indeed, negative effects of unwanted -BMk harmonicsand other
uncertaintes in the driveon currents andorqueswill be eliminated.
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Chapter 3. Enhancements oM ultiphase Drive
Performanceswith Adaptive Linear Neurons

This chapter is tpresenimprovementsof the quality of current control and torqdiscussed
in including healthy and faulty operations. Specificaﬂigctiowill present
basic knowledge abo&DALINE (ADAptive Linear NEuroi. This choice has been justified

in section|1.4| of|Chapter 1| Then, section will describe how unwanted ba&iF
harmonics and the nonlinearity of the inverter deteriorate the quality of current camdrol
torquesin healhy mode. Tleseproblens will be tackled by using six ADALINE®r current
harmonics and one ADALINE for torque ripplegith appropriate harmonic injections.
Determinatios of harmonic components existingdnrrens andtorques allow afastresponse

of control (fast convergencendreduce the calculation burden. The improvements of current
control and torque performances under a+bmgit operatiorwill be described insectio
Indeed, method (lII) i producing the highest average torque with high rippléls,

be mproved by a single ADALINE like the one for torque ripple eliminations in healthy mode.
When harmonic components of the pfatlt torque are identified, the ADALINE can directly
eliminate torque ripples without the calculation burden. Another applicati&ALINES is

to improve current control quality in faulty modes, indirectly enhancing the torque quality.
Specifically, timevariant dq current referencesvith method (II) in have
deterioragédthe current trackingerformancet high speed, resulting in more torque ripples. A
new control scheme with one ADALIN&ill replace timevariant current references by time
constant references for control. This chaptérbe concluded irsectior3.4

3.1.Introduction to adaptive linear neurons
Artificial neural networks and adaptive linear neurons

Artificial Neural Network (ANN) as a part of Artificial IntelligencéAl), wasintroduced in

1940s when the modeling of biological neurons was cond it®fl The main idea of ANNs

is to implant humanoid neurons in a machine, enabling the machine to learn from the past data
and intelligently react to unprecedented problems during its operafidranks to the
technological evolution in the domain of numerical calculations, applications NsAldcame

more popular in 19904ADALINE is an early singldayer artificial neuron that was developed

in 1960. Its outputs are a linear combination of its inpAtgieneralstructure of an
ADALINE is described i An ADALINE includes m inputs represented by ra-
dimensional vectoxin, andm corresponding weightsitih a m-dimensional vectow while its

outputy is equal to the weighted sum of the inputs. Therefore, the output can be expressed as a
dot product of the input vector and the weight vector as follows:

(3.1)

where and
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Fig. 3.1. A generaktructure of an ADALINE.

The Least Mean Square (LMS) or Widrd¥off learning rule can besed to update the weights.
This learning rule aims at minimizing the squared epeiween the reference outped and
the output of the ADALINEy asgivenby:

(3.2)

In fact, this rule is the stochastic gradient descent for linear regressexpressed by
(3.3)

wherej is the order of iteration. Therefortae updang rule with learning rate at the [+1)"
iterationbecomes

(3.4)

According to, the LMS algorithm can be applied with unknown inputs. The initial values
of the weights can be chosen or set to zero. After several iterations, the weights will converge
to their optimal values when the outputaches its reference valye:.

To guarantee the stability of an applied system, the learning rate with LMS algorithm should
be a value between 0 an. The learning rate depends on parameters of the applied system
such as values of the inputs, the output error, and the sampling thmealculations.
Specifically, if the values of the inputs are relatively big compared to thermaxvalue of

the learning rate, the learning rate should be divided by the norm of the inputs to guarantee the
stability. When the output error is relatively big compared to the output reference value, the
learning rate must be high to quickly reducedbtput error. If the output error becomes small,

the learning rate must be decreased or even equal to zero to guarantee the stability. In addition,
the learning rate is proportional to the sampling timealculationsWith a small value of the
sampling ime, the learning rate is required to be small. The selection of the learning rate has
not been specified for all applications. Therefore, the learning rate must be chosen according to
analyses of the above parameters of the applied S)[Eiéns.zlillustrates how the learning

rate affects the learning process of the weights. If the learning rate is set too I,
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