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Abstract

Transportation electrification has exmgrced a significant growth in recent
years, and the electrification of tlm@wertrain — namely hybridization — is
considered the most viable soluticges by car manufacturers to achieve the
challenging emission targets. Amonthe hybrid electdgal powertrain
topologies, the mild-hybrid configuratiosith the 48 V battery system offers
the best ratio cost versus €Omprovements. In particular, the 48V
technology does not require electricsthock protection witst allows to
leverage a variety of @&l saving functions suclas electrical boost and
regenerative braking.

The thesis is focused on the electromagnetic and thermal design of a Belt-
driven Starter Generator, BSG, for ¥8nild-hybrid powertrains. In the BSG
layout, the starter-generator replaces tonventional alternator with a low
impact on the engine compartment layout, even if a redesign of the belt
tensioner is required.

It is noteworthy to keejn mind that the electrical machine shall provide
high starting torque and dé constant power speed range, both in motor and
generator mode. Furthermore, the lagghion imposes the adoption of low
cost materials and the electrical machs®cated in a harsh environment. As
a consequence, the design is challegdirom the electromagnetic, thermal
and mechanical point of view.

The novelties of the research lietime 48 V automotive applications, by
describing the practical difficulties falfill the design spefications through
a suitable material selection, the idenation of the cooling system and the
available technological solutions.

The first section of the thesis repontesults from a litature review on
electrical machine for id-hybrid application aimmig to highlight different
criteria for the selection of the etecal machine. In this context the
advantages in terms of fault tolerance and stator current splitting of multiphase
drives are investigated. Furthermorethis section the redued performances
and the constraints imposed by theafic application are analyzed.

Among the different motor technologies, a dual three-phase induction
machine having two stator winding seskifted by 60 eleciral degrees is
selected as a suitable candidate.



The second part of the theseports electromagnetiamd mechanical issues
addressed during the design stage, wjtecial focus on stator winding layout,
pole number and rotor slot. The adopsaxiphase machine uses a four-layer
bar stator winding that has been amstrated as a good solution to improve
the slot fill factor and thermal behavi In addition, tle thesis reports a
comparison supported by experimentidts between open and closed rotor
slots solutions; the focus is to maximize the machine electromagnetic
performance according to the mechanical limits imposed by the rotating speed.

Finally, predicted and measured perfonoa of the prototypes are reported
and discussed for validation purposes.

The third part of the thesis deals with the thermal assessment of the BSG
with particular emphasis on accuratending temperature prediction as well
as the cooling system selection. &nthe stator-winding region is very
sensitive to thermal issues and is Uisuattributed as being the main heat
source within the machine body, its thefmendeling is of major importance.

In these regards, a simplified statanding thermal model was developed for
the temperature prediction during tséant condition. Moreover, considering
that the driving cycle icharacterized by time vatile loss distbution, an
effective cooling system must be matatdy adopted together with high
temperature class insulation materialtirs context, the development of heat
extraction through forced convection is experimentally investigated on the
BSG prototype.

As a main outcome of this research activity, it has been demonstrated the
feasibility of the proposed design solution with respect to electromagnetic and
thermal requirements.



Sommario

Recentemente, [l'elettrificazione idé&rasporti ha mostrato un notevole
progresso, in particolare i costiari di automobili ritengono che
I'elettrificazione del sigma di propulsione, la cakletta ibridizzazione, sia la
soluzione piu praticabilper raggiungere gli ambisi obiettivi di emissioni
allo scarico. Tra tutte le tipologie disggmi di propulsione ibrida elettrica, la
configurazionemild-hybrid con il sistema di accumulo a 48 V offre il miglior
rapporto tra costo e riduzione delle emissioni di,Cd particolare, la
tecnologia a 48 V non richiede costasstemi di protezione dell'impianto
elettrico e permette di sfruttare una etéi di funzioni volte al risparmio di
carburante quali ad esempio I'assistealsdtrica in accel@zione e la frenata
rigenerativa.

La tesi é focalizzata sulla progetazé elettromagnetica e termica di un
moto-generatore azionato tramite cirghBSG, per sistema di propulsione
mild-hybrid a 48 V. Nella configurazione neiderata il moto-generatore é
alloggiato in luogo dell'aernatore convenzionale in modo tale da avere un
impatto minimale nella disposizioneid®mponenti nel vano motore. Tuttavia
e necessaria la riprogettazione del temgjhia per far fronte alla maggiore
potenza installata.

La macchina elettrica deve fornire aleévata coppia di spunto e un’ampia
gamma di velocita a potenza costante, sia in funzionamento da motore sia da
generatore. Tenendo in considerazione Ehpplicazioneimpone I'adozione
di materiali a basso costo e che la mawzlelettrica si trova in ambiente di
lavoro ostile, la sua progettazione € impegnativa dal punto di vista
elettromagnetico, termico e meccanico.

L’innovativita della ricerca consistaell’applicazione automobilistica a
48 V, la descrizione delle difficoltpratiche per il soddisfacimento delle
specifiche di progetto attraverso la sebe® di materiali adatti, la definizione
del sistema di raffreddamento esl@uzioni tecnologiche disponibili.

La prima parte della tesi tratta le motivazioni per la selezione della
macchina elettrica basata sulla ricelshliografica dei moto-generatori per
applicazionimild-hybrid, I'analisi delle prestaziomniichieste e dei vincoli di
progetto. Inoltre sono analizzati i vantaggitermini di tdleranza ai guasti e
suddivisione della corrente stata degli azionamenti multifase.



La macchina a induzione a doppio trifase, le cui terne sono sfasate di 60°
elettrici, & stata ritenat la piu idonea tra tutte le tipologie di macchine
considerate.

La seconda parte della tesi ripot&a problematiche elettromagnetiche e
meccaniche affrontate durante la fafieprogetto focalizando l'attenzione
sulla configurazione delRkavolgimento statorico, il numero di coppie polari e
le cave di rotore. In particolare, laacchina esafase progettata utilizza un
avvolgimento a piattina a quattro stratiptaoluzione permette di aumentare il
riempimento della cava e migliorarecbmportamento termico. Inoltre, la tesi
riporta un confronto, supportato da prosperimentali, fra le soluzioni di
rotore a cava aperta e chiusa; I'obiet € di massimizzare le prestazioni
elettromagnetiche della macchina ancordo con i limiti meccanici imposti
dalla velocita di rotazione.

La terza parte della tesi tratta gli aspetti termici del moto-generatore con
particolare attenzione verda stima della temperatudell’avvolgimento e la
selezione del sistema di raffidamento. La modellistica termica
dellavvolgimento e di particolar importanza poiché la regione
dell'avvolgimento statorico € molto seniébai problemi termici e di solito
considerata come la fonte principalecdiore nella macchina elettrica. A tal
proposito €& stato sviluppato unmodello termico semplificato
dellavvolgimento per la stima delleemperatura durante i sovraccarichi
transitori. Inoltre, coriderando che il ciclo guid& caratterizzato da una
distribuzione delle perdite molto varinel tempo, il motogeneratore deve
essere equipaggiato con un sistemeatfreddamento efficace e con materiali
isolanti adatti alle alte temperatur.questo riguardo, sono state analizzate
sperimentalmente le potenzialita di esiwaz del calore attraverso tipologie di
raffreddamento a convezione forzata.
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1. Introduction

1.1. Scope of the thesis

The scope of my PhD project is to dgsa cost effective electrical machine for
48 V mild hybrid powertrains. In pactlar, a double thephase induction
machine has been designed and developlee focus of the thésis on the design
challenges mainly subordinated to elentechanical and thermal issues imposed
by the considered hybridization solution.

1.2. Thesis Outline

This thesis is the result of the reseaadhivity carried out during my PhD at the
Department of Energy of Politecnico @orino and it is based on a number of
scientific publications mduced during the course sefudy. The manuscript is

organized in seven main chaptassreported in the following:

Chapter 1
The chapter gives an overview of theegls with the resech motivation, the
scope of the thesis, the contriimm and the list of publications.

Chapter 2

This chapter introduces the transportation electrification concepts related to the
electrification of the powerin. The review of hybrid ettric vehicles topologies
Is presented with the foces mild-hybrid configuration.

Chapter 3

The chapter introduces the belt-startnerator project describing the system
functionalities, the requirements arahallenges. A comprehensive literature
review on electrical machine for stargenerator applicain and on multiphase
machines configuration are also reported.

Chapter 4

This chapter focuses on the designtloé starter-generator. A methodology to
design the induction machine is descriled the used equations are reported.



The details of the machine are presentdtth the focus on multilayer bar stator
winding, pole count and on rotor slot design.

Chapter 5

This chapter describes thanalytical model adoptetbr the evaluaon of the
performance and then the comparison eidmted and measured performances of
the prototypes are reported andatlissed for validation purposes.

Chapter 6

The chapter investigates the thermal éssifi electrical machines operating with
duty cycle. The focus of this chapteras the thermal modeling of the stator
winding for short-time transients and dhe analysis of different forced
convection cooling systems.

Chapter 7

The chapter provides a summary of tharmasults of the manuscript including
suggestion and recommendationforther prospective research.

1.3. Scientific Contributions

The scientific contributionsesulting from the research activity are summarized in
the following:

X A comprehensive literature review ofybrid electric vehicles with the
focus on mild-hybrid configurationna electrical machines adopted for
belt starter-generators.

X Main differences among the solutions sihrter generate presented in
this thesis and the benchmark solution available in the literature are mainly
from the machine type, the phasenfiguration and rated voltage.
Therefore, the novelties of thesearch lie in the 48V automotive
applications, by describing the practical difficulties in fulfilling the design
specifications through a suitable maaérselection, the definition of the
cooling system, and the alatble technological solutions.

x A simplified thermal model of the ator-winding region for short-time
thermal transient as well as the experimental procedure to assess its
thermal parameters have been proposed and developed. The short-time
transient thermal model allows determining the maximum over-current
value when the transient duratiorkisown or imposed, or vice versa.

10



x The performed research activities ledhe issuance of a number of papers
published in international journals or presented at international
conferences. Three papers were aedr of internationally recognized
prizes, furthermore, my PhD actiyitvas recognized by means of “Premio
Qualita 2015” prize of doctoral school of Politecnico di Torino.
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1.4. List of Publications

The following IEEE Transaction articles a@dnference papers are the results of
the research activity during the PhD studies. Part of the scientific dissemination
has been conducted in collaboration withversities and research centers, both
national and internati@l. In particular, Univertgd di Padova (ltaly), Royal
Institute of Technology (Sweden), Motor $gn Ltd. (UK), Federal University of
Santa Caterina (Brazil), University Bristol (UK). The publications listed below
obtained the following awards:

[XIX] IEEE IES Electrical Machin€Committee Paper Award, First Prize

[XX] ICEM 2014 Best Poster Presentation Award

[XXI] ICEM 2014 Brian J. Chalmers Best Paper Award

Published Journal papers

[1] A. Krings, M. Cossale A. Tenconi, J. Soald, A. Cavagnino, A.
Boglietti, “Characteristics Comparison and Selection Guide for Selected
Magnetic Materials used in ElectricMachines”, IEEE Trans. on Ind.
Appl. Magazine, t@appear Nov/Dec 2017.

[ R. Bojoi, A. CavagninoM. Cossale A. Tenconi, “Multiphase starter
generator for 48V Mini-hybrid Powtain: Design and Testing”, IEEE
Trans. on Ind. Appl., Vol.52, No. 2, pp1750-1758, 2016.

[l  A. Boglietti, E. CarpanetoM. Cossale,S. Vaschetto , “Stator Thermal
Models for Short-Time Thermal Traents”, IEEE Trans. on Ind. Elect.
Vol. 63. No.5, pp. 2713-2721, 2016.

[IV] A. Boglietti, E. Carpanetdyl. Cossale S. Vaschetto, M. Popescu, D. A.
Staton, “Stator winding Conductivity Evadtion: An Industrial Production
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[V] M. Cossale A. Krings, J. Soulard, A. Bdgtti, A. Cavagnino, “Practical
Investigations on Cobalt-Iron Laminatis for Electrical Machines”, IEEE
Tran. on Ind. Appl., vol. 51, n. 4, pp. 2933-2939, 2015.

Published conference papers:

[VI] A. Boglietti, M. Cossale S. Vaschetto, T. Dutra, “Thermal Parameter
Evaluation for Stator Fractional @&l Concentrated Winding Machine”,
IEEE International Symposium on Indaal Electronics, Santa Clara,
USA pp. 228-233, 2016.
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1.5. Background—Emission requirements and regulation

The United Nations Framework Convemtion Climate Change, requires all
parties to formulate and implement @@l and regional programs containing
measures to mitigate climate change. In this regard, European Parliament and the
Council adopted the goal of a redoctiof greenhouse gas emissions of 30%
(compared to 1990 levels) by industrza&ld countries by 2020. In addition, the
European Union, EU, itself will take thHiem independent commitment to reduce
greenhouse gas emissions by at |28 greenhouse by 2020 (compared to 1990
levels), irrespective of redtions achieved the loér industrializeatountries [1]. It
is noteworthy to keep in mind thathe primary greenhouses gases in earth
atmosphere are water vapor,(®J, carbon dioxide (Cg), nitrous oxide (NO),
methane (Ck) and sulfur hexafluoride (SF

Considering that road transport is the second largest sector source of
greenhouse gas emissions in the EU and its emissions continue to rise, one of the
implications of the required measures for all Member States, to reduce
significantly emissions from passenger cdrs.this regard,the regulation [1]
establishes performance standards for new passenger cargndssions. In
particular, it sets the average £@missions from new passenger cars at 130 g
CO, / km, measured in accordance withvNEuropean Driving Cycle, NEDC, to
be achieved through technological improvemseto vehicle engines [2]. From
2021 onwards, the regulation sets a target of 95 gkiiOas average emissions
for the new car fleet. In additioto EU, the worldwide trend of GCemission
equivalent for NEDC test in g GBm is reported in Fig. 1.3.1.

In this context, carmakers have coricated a huge amount of investments in
order to meet these regulations takingpahto account the penalty to exceed the
CO; emission limit (for which the additionabst in 2021 in EU will be about 95 €
per vehicle for each grams of €@bove the 95 grams’ limit)

Focusing on the internal combustion ergithe ideal combustion process of a
hydrocarbon fuel ¢, (as gasoline or diesel) shduead to non-toxic combustion
products (C@ H.O, N, plus Q for lean mixtures) [3]. On the contrary, the real
combustion reaction produces pollut@amissions (about 1% of all combustion
products), mainly represented by COnburned hydrocarbons (HC), nitrogen
oxides (NQ) and particulate matter (PM). In orde keep the pollutant emission
within the limits prescribed by intemtional regulations, opations before the
combustion process as well as the rafteatment of the exhaust gases are
necessary.
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Fig. 1.3.1. Worldwide C@target emission normalized to NEDC.

For example, three way catalysts aredugn gasoline enge to promote the
CO and HC oxidation and NOx reductiontime exhaust gas stream. For diesel
engines, more complex after-treatmergteyns such as specific NOx catalyst and
PM filters are necessary. Both NOx and Bips need however to be periodically
“regenerated” by eliminating the NOx and PM captured during the system
operation.

For what it concerns the greenhouse gas, €ansidering that it is the result of
an ideal combustion process, the only way to reduce its quantity is to reduce the
amount of burned fuel, hence improving the powertrain efficiency [3].

Neglecting the possible benefits comifigm reduction inrolling resistance
due to “green” tires, aerodynamics irapements and vehicle body lightening, the
research community agree that the challenging &@et emission seems to be
achieved only through the hybridization thie powertrain, hence combining the
internal combustion engine with one more electrical machines.

16



2. Transportation electrification

The electrification of road transportagied in the early years of the 1900s
where the electrical systems were limitedignition, headtjht and cranking of
the engine. As timeline of the principalilestones of electrification should be
highlighted that in the 1950s the caadio was introduced, in the 1960s the
electronic fuel injection was adopteand in the 1970s the first on board
controllers and computers appeared [4]. Subsequently were introduced Antilock
Braking Systems, ABS, airbags andadwally several mechanical-hydraulic
systems have been replaced by electraas. These progresses highlight the
main reasons behind electrification and in particular the starter motors were
adopted for convenience, radios for entertainment, ABS and airbags for safety,
fuel injectors and controllers for imprawg the engine performance, efficiency
and lower emissions. Regarding the powveantrelectrification,throttle control,
valvetrain actuation and water and oil pumps have been electrified with the aim to
increase reliability and efficiency wé& reducing the costs. The adoption of
electrical drive in supercharger and turbo systems allow both, to improve the
driving performance and t@cover the exhaust energy.

The powertrain electrificatn is also called hybridization when the electrical
drive is integrated with the powertrain égmder to contribute at the propulsion of
the vehicle. The two propulsion systeme a&wuitable to co-exist as they have
complementary characteristics. In partanuylthe electrical machines operate from
the standstill and it can work in tte&an and in generatioallowing obtaining the
following efficiency improvements:

. To restore energy during decelgoa using regenerative braking
instead of dissipating it as heata conventional braking system

. To eliminate or to mitigate thielling losses by turning the engine on
and off, following the so called Start&Stop strategy

. Operating the internal combustiomggne nearer its best efficiency,

trying to avoid its usender highly inefficienbperating conditions such
as low loads, thanks to the additional degree of freedom provided by the
electrical power source and energyrage devices (load point shift);

. Enabling downsizing of the inteah combustion engine while still
maintaining acceptable vehicle performance thanks to the additional
boosting which can be provided Iblye electric power source during
take-off and tip-in maneuvers
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2.1.Hybrid electric vehicles

The hybid electrcal vehices can le categorzed accorthg to tleir
configuratian or to degee of hybrdization p]. Traditionally thereare two baic
categories © hybrid eletric vehicles, HEV: sries hybrd and pardkl hybrd [6].
Recently, inorder to mprove thepower peformance ad fuel ecsmomy, sers-
parallel HEVs have beedevelopé [7]. Corsidering thedegree othybridization,
the possiblesolutionsare microhybrid, mild-hybrid aand full hybrid electrtcal
vehicles.Each of themhas its owm pro andcons, andte choiceof a particliar
configuratian/degree b hybridization depeds on mag aspects,including the
mission asgined to thevehicle. kg. 2.1.1 kows the anplified classificationof
the HEVs inrelation tothe electricstorage syem and dre train paver source.

Fig. 21.1. Simplfied classifcation of he HEV inrelation to he electric
starage systen [8].

21.1. Seaies HEV

In seriesHEV, the ICE drivesan electgal machne, EM, which prodices
power for dharging thebatteries. Tie convergd electriciy feeds theelectric dive
that deliversthe propusion powerto the whels. In thisarchitectue, represeted
in Fig. 2.1.2 the ICE ad the drivhng wheelsare mechaitally decapled withthe
advantage bflexibility for locatirg the ICE gnerator set
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Since thdrivetrainneeds threelevices, tk ICE, thegenerator ad the eletric
motor, the @erall efficiency of ®ries HEV is generalf low. A variant of his
configuration, namelyrange extader, is als used to ncrease theautonomyof
electric vehcle rechargig the batry while diving.

Fig. 21.2. Represntation ofseries H¥ driveline.
2.1.2. Parallel HEV

In paralbEl-HEV configuration, both theICE and he electric machine are
coupled viaclutches tadrive the wheels. In soh a way, he propulsbn powermay
be suppliedto the drivhg wheelsby ICE alae, by eletric machire, or by beh.
The electri@l machire can beused as geerator tocharge thebatteriesby
absorbing pwer fromthe ICE @ by regewrative br&ing. Sincethe electrial
machine ca be useddr both mdoring andgeneratingnode, ths architectrre,
representedn Fig. 2.13, requiresonly two propulsiondevices. his systemis
highly scal®le: from modest eletric drivespower todrives caphble of plugin
hybrid operdéon.

2.1.3. Seaies—Pardlel HEV

The seriegarallel HEV configuration enclees the featres of boh, paralleland
series archiecture as sown in Fig. 2.1.4. he architeture is canposed ofone
ICE and tw electricalmachines,which areused to povide boh parallel and
series pathfor the paver. Despitethe confguration ha the advatages of bth
series and prallel, itis relativey) more caonplicated and costly. Neverthetss,
some HEV adopt thissystem. Itis the mat sophistieted of all the curretly
available hyorid systens and exels in optimizing engne efficiercy during dty
driving. The downsideis the costassociatedvith the equirementfor two large
electric moors and theiassociateghower eletronics.
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Fig. 2.13. Repreentation ofparallel HE/ driveline.

Fig. 2.1.4 Representton of seres-paralleHEV driveline.

2.2. Hybridization level

2.2.1. Micro-hybrid

Micro-hybrid has ahybridization factor of 5-10%, in this corfiguration the
starter andaternator are integréed in onedevice, with a typical power of
approximatey 3 kW. Typically, the system issdopted wih 12 V or24 V lead aid
batteries asgsted by small ultie-capacitos or Li-ion batterie. The nain
functionalities are stdr and stopof the engine with fast respnse and dss
vibration, o board eergy geneation anda limited amount & regenerave
braking. Ths strategyallows obtining efficiency impovement i city driving
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mitigating the idling losses by turning the engine on and off. The cost of the
system is only few percent higher thaattbf conventional vehie while, in city
driving with frequent starts and stopghe fuel consumption may be reduced by
approximately 5-10%. The first produmti micro-hybrid system is Mazda’s i-
ELOOP, which was introduced in 2014 on the Mazda3 and Mazda6 [9].

2.2.2. Mild-hybrid

Mild-hybrid has a hybridization factasf 10-25% and the electrical machine
power is typically around 10-25 kW. $m® mini-hybrid systems already push the
12 V technology to its limits, higher voltagechitectures aradopted in mild-
hybrid (48-200 V). In addition to thdunctionalities of mini-hybrid, this
configuration provides torque assistan improved regenerative braking and
sailing. In urban driving cycle the fuebnsumption can be reduced up to 20%,
but the cost will also increase 20-30%s an example, a current production
vehicle equipped with a mild-hybrid systéfi5 V battery) is the Buick LaCrosse
eAssist [10]. This parallel hybrid sailon represents nowadays an interesting
tradeoff in terms of complexity, cgstperformance enhancement and fuel
consumption reduction.

2.2.3. Full-hybrid

Full-hybrid typically has energy storagessym from 200 to 600 V in order to
manage power about 50-100 kW. The ma®ihmon configuration adopts series-
parallel architecture with an engineganerator and a motofhe propulsion can
be executed by the engine only, by eleairimotor only or by a combination of
both with the aim to achieve optimumiwdr performance at maximum energy
efficiency and minimum emission. The fusgving in city drivng cycle is about
20-30% while the cost candrease about 30-40%. Thdlfhybrid can be further
subdivided into Synergy-hybrid and Pawe/brid. The former compromises the
drive performance, fuel consumption asmission reduction. The latter favor the
driving performance; thus the electricalotor supports the engine that is not
downsized.

2.3.Focus on mild—hybrid configurations

The mild-hybrid configuration, as prewsly mentioned, represents nowadays
an interesting compromise with respéot other hybrid solutions for its easy
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implementaion on comentional \ehicles, Imited cost ad weightand good €el
economy inprovement.

In this confguration, asingle electical machne insteawf two sef@rated dewes
(starter andalternator) is usedto fulfill the enginestart up and on-board
generation 6 electric @ergy. Theelectrical machine thaperforms hese funcons
is called intgrated staer generair (ISG). The prelimirary concep of ISG daes
back to 19®s [11]but its implematation wa complicaéd by the &ck of suitdle
power electonics and ontrol tecmiques. Wih the recat improvenent in paver
devices, ba#try technobgy and notor contrd, this systen becamefeasible tobe
implemente in the drietrain.

The possiblearchitectues that ca be implenented fora ISG mild hybrid dive
train are depnding onthe locatim of the eletric machne in the pwertrainand
its connectim to the cankshaft asshowed inFig. 2.3.1.There are dur packagng
options with three diferent drives belt drive or chaindrive, PO,direct couped
drive, P1 ad gear driveP2 anl P3[11].

Fig. 23.1. Hybrid-electricaldrive configurations

2.3.1. Direct couped drive

In directdrive solutbn, the eletric machire is insertd betweenhe engineand
the gearboxin the Iaation of he flywhed, (position P1 in Fg. 2.3.1). The
available vdume allavs the accoimodationof large diameter nachine; hace
larger torqe and large hybridizaion factorcan be adeved; typcally, theon-
board electrt power en be scald up to hundred kW.This systen can prowle
good torquesmoothingcapabilitiesand includng the mdor on the cankshaftmay
also enablehe replacenent of theflywheel by the machie rotor.
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However the soltion requies an ineased pwertrain axal length to
accommodag the startegenerator which can be a crittal issue invehicles vith
transverse egine arragement. [2], [13]. An exampleof directcoupled drive
available onthe markets shownm Fig. 2.3.2.

Fig. 2.3.2. Porshe Panamra E-Hybrd [34]

Fig. 2.33. Electricda machineand convertr integraté in the garbox [14]
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2.3.2. Gear drive

In gear drive solution thelectrical machine is cougd on the transmission side
requiring a modification ofthe transmission housing. The electrical machine can
be located on the gear input, positiB2 in Fig. 2.3.1, or orthe gear output,
position P3 in Fig. 2.3.1. Depending on theiga this configuration can also be
scaled up in output power level to prdgia good hybridization level. The major
issue related to this coupling is that at high speeds and low loads the gear teeth
risk to be damaged. In Fig. 2.3.3 an exasmpfl a multiphase drive integrated in a
gearbox is presented.

2.3.3. Chain drive

This coupling involves the use of aath to run over the pulleys. The most
suitable position for the electrical machims in the transmission case, in the
location of the conventional starter, pims P1 in Fig. 2.3.1. The major advantage
of using a chain drive is given by a higmeaterial tensile strength of chain with
respect to the belt that leads to smmaleacumbrance of package for the same
fatigue life [15]. The disadvantageme related to the limited space in the
transmission case, for the accommodationhef electrical machine and intrinsic
noise issues.

2.3.4. Belt drive

In belt-driven starter generator sortj also referred to BSG, the electrical
machine replaces the conventional alternatad the connection to the crankshaft
is realized on the accessory side usmgevised belt drive, position PO in
Fig. 2.3.1. The modification of the belt drive necessary in order to fulfill the
increased load capacity introduced by thertet-generator. Ithis configuration
the impact on the engine compartrndayout is low and requires minimal
modification in existing powertrain design. &adition, this configuration has the
advantages of more flexibility in packag, no lubrication rquired and very low
noise. The main drawback is the limitation of the torque transmission through the
belt drive. However, it is possible to maeamechanical power in the order of 10-
15 kW, [16]-[18]. Fig. 2.3.4 shows the BS$®lution adopted for a commercial
powertrain.
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Fig. 2.3.4. GMBelt-Alternator Startemild-hybrid drivetrain [19].
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2.4.48 V system

The progressive replacement of the lkiven load (such as power steering
pump, oil and water pumps, suspension cémrdraking, etc.) into electric high
power devices increases the electricargg consumption in vehicles. All those
high power loads combined with Start&pt pushed the 14 V system to its limits.
Additional comfort functionities such as electricriven air conditioning or
autonomous driving features as well fa®l saving functionalities like energy
recovery for deceleration or boost for decation require a higher voltage supply
system. For these reasons, some Gerpramier carmakerpropose to increase
the system voltage level from 14 V to 48 V.

The concept of a higher voltage for ¢ter and electronic systems in the
vehicles was introduced in the beginning of this millennium with regard to 42 V
systems with the aim to increase thenméart functions [20] [21]. Despite the
potential benefits, the 42 V system did penetrate into the market since the high
cost of components andetlack of a real need.

Nowadays, the technology has sigrahtly improved, the components are
cheaper and the driving force is to paian inexpensive alternative to hybrid
vehicles, which allows significant reduction of C©

The 48 V system is a compromise comigg safety and functionality in fact
electrical shock protéion is not required fodc voltage lower than 60 V and in
addition, 48 V is considered as the mmim voltage level for efficient energy
recuperation in Li-ion battery technology. Wever, a critical effect that requires
additional system protection measuresaiching. In fact, due to the high
temperature of the plasma, the surroundimgterials might beset to fire. The
degree of damage is linked to the arc energy. The voltage levels for 48 V systems,
Fig. 2.4.1 are specified in LV 148 whichtlse only official document issued by
German OEMs [22]. The operating rangebetween 36 V and 52 V while there
are functional restrictionsetween under voltage angbper voltage areas. The
under voltage range is set between 20 V and 24 V while the over voltage range is
between 54 V and 60 V; 60 V must not be reached.

A typical 48 V system configuratiofrig. 2.4.2, consists of 48 V Li-ion battery
which provide on one side energy to the 14 V load uie/dc converter and on
the other side energy to the high poweanction mentioned above. In some
application, the battery can bBapported by super capacitors.
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Fig.2.4.1. Volage level dr 48 V sysem [22]

12V 48V
DC/D(}
Battery E] E]E] = Battery E] E]E] Inverter

12V load Highpower load

Fig. 2.4.2.48V systen configuraion

2.5. Conclusion

The hybrdization d the intenal combusion engire is consigred the nost
viable solutbn to meetthe objeatve of redicing polluant gaseemission. The
trend conceming hybrid-electric \ehicles is g@ing in twodirections:one diredion
is the full-hybrid aiming for hgh-energy efficiency and low emission. Tis
approach mplies nonnegligible additional costs andcomplexity comparedto
conventionalpowertrans. Anothe directionis represeted by mieo-hybrid and
mild-hybrid systems Hat are cheacterizedby simple structure, effective iel
saving and bw cost. Inthis contet, the 48 Vsystems fier best raio cost vesus
CO; improvements andt is consiered as effetive transiory solutian.
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3. Belt starter—generator project

3.1. System functionalities

This section presents a structured description of the main functionalities of a
belt starter-generator system. In parar, the most important functions
performed by a BSG are:

x Engine Start&Stop
x Electric power assist-torque boost
X Regenerative braking

The secondary functions can be summarized in:

x Engine torque smoothing;
x Opportunity battery charging and discharging;

The most important contriltion to fuel saving igepresented by Start&Stop
functionality and regenerative braking.eEfric assist helps to reduce the fuel
consumption but its effect is usuallywer compared to the other functions.

Engine start/stop

One of the fuel saving functions of BSGStart&Stop; this strategy consists in
switching off the ICE when it is not used propel the vehicle and crank the
engine when the driver wants to motee vehicle. For the comfort of the
passengers these operations must béompeed quietly and quickly. However,
there are many conditions that havebt® checked by the management system
before to enable this strategy such as the state-of-charge of the battery or the
temperature of the exhaust after-treatmé&he electrical machine in starter mode
has to crank the ICE to the minimum emgispeed for start the ignition (60-100
rpm for gasoline and 80-200 rpm for dieselyine). Higher speed during start-up
would help to reduce noxious emissiogrsficantly. Typically, the starting time
is in the range of 250-400 ndepending on the application.

Electric power assist — torque boost

The electric power assist is a fuel/isg function that cafe performed with
BSG solution. In this strategy the startengetor provides torque in order to aid
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the ICE to mprove tle throttle esponse dung vehick starts ad accelerabn
request. Theslow dynamic of the engine carbe partialy mitigated by the qick
transient of the eleatcal madine improving the vehicle divability and
accelerationperformarte. In additon, duringsudden péal requesty the drver,
it can happe that in tle availablegear the Bgine is no capable b meetingthe
desired torgie, so a danshift isnecessaryThe electrigpower asst functionof
the BSG an compesate thetransient gtra torqwe request avoiding the
downshift. The amountnd duratia of electrc assist degnds on tke motor paver
rating as vell as onthe battery capability of providng energyto the dive
(maximum dscharge pwer and sdte of charg).

In Fig. 31.1 the desed motomg torque baracteristis is shownThe crankng
torque to @ercome he enginestatic friction definesthe value of the peak
motoring taque. The drque vale and speg range fo performing the eletric
power assist usually determinedfrom the customer equiremens, definesthe
constant paver region.

In this regard, the plley ratio is an imporént designparameter bcause taue
and speed anges depad on it. The reductio ratio is wually chogn in orderto
avoid that he machineuns at speds abovehe maxinum speedimits. Typcal
reduction ratos, for a @soline egine with 800 rpm naximum sgeed, are irthe
range of 1:23-1:3.2 deending onthe maximum allowed speed ofthe electrial
machine. Alower redation ratiomeans lover torque &ailable at he crankskhft,
therefore tle ratio nust be cheen considring maxmum torgie and sped
specificatiors.

Fig. 31.1. Motoing torquerequiremets [23].
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Regeneratie braking

The regeerative br&ing is an mportant finction of BSG systenthat allowsto
decelerate lte vehicle ecoveringportion of he kineticenergy (whch otherwse
would be dssipated & heat inthe friction brakes) mto electrcal energyto
recharge thebattery. he stored mergy is tha used to arry out all the functons
that requireelectric enegy, includng electricpowe assst or to feed the eleaic
loads duringdle stop.

In orderto improwe the kinetc energyrecovery,the regeneative brakng
control actson the engie to redue the lossein the pavertrain a on the bake
system to pevent the frction brale.

For low deceleratio requeststhe brakepower is conpletely realized bythe
BSG until he limit of regenerave brakirg is reachd. This lagic, howerer,
requires thatthe traditonal brakesystens have to bereplaced i a dedicted
electrical aatator withincreasedasts and daty issues.

The eleatical machne operatesn generang modefrom idle peed up tahe
top speed bthe engis. Howeve, three pmcipal ar@s are morecommon,as
illustrated irFig. 3.1.2.

Fig. 3.1.2. Geerating paver requiements.

Fig. 3.1.2highlightsthe speedand powerranges oflie main ograting male.
The areas tavery low and very high sped are usuby not exensively wed
because ofdchnical limits. The naximum pwer in geerating male is requied
during regemrative br&ing in a wde speed mage.
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Secondary functions

Secondary functions can be implemehtie the BSG system in order to
improve fuel consumption comfort and drivability.

The motor-generator can be used to simdbé torque irregularities originated
by the engine compression pulse esaldciduring crankng. This strategy
improves the comfort feeling tie passengers during Start&Stop.

Opportunity battery charging and dischaigrefers to the practice of using the
BSG in particular situations to produegectric energy or consume it in order to
modify the battery SOC and keep it witliire safety limits. As an example, if the
SOC is low, the engine is extra fueleddrive the electric machine and charge the
battery. Similarly, if SOC ifigh, the control system Isets the engine operating
condition so that part of the requesteower is provided by the motor which
discharge the battery.

3.2. Requirement and challenges

In the BSG layout, sketched in Fig.3.2.1, the electrical machine is
mechanically coupled to the enginedaauxiliaries through a poly V-belt whose
transmission ratio is fixed to 1:2.7. Thaenfiguration requires a modification of
the conventional belt drive system inder to cope with the increased load
capacity. It can be remarked that the coriomal alternator uses the force of the
belt to transfer the power only one direction; conveely BSG has bidirectional
forces on the belt to speed up the ICE during cranking and boosting. Therefore, in
order to avoid slip between belt and pyllas well as minimize the belt losses
during operation, is necessary to regulate gtrain of the belt through an active
tensioner.

The engine compartment, where the electrical machine is located, is
characterized by severe ambient condition; in particular, the temperature can
range from -40°C up to 125°C, while thegéne coolant average temperature is in
the range of 90-100°C. In addition, the electrical machine is exposed to dust and
highly corrosive substancesch as oil and grease.

System requirements

The maximum performances for tBSG are reported in Fig. 3.2.2, both for
the motoring and generating modes. In the same figure, the typical speed-torque
operating points during a reatban driving cycle are reped too. This cycle has
been provided by the carmaker inv@dl in this research activity
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Fig. 3.2.1. Systm configuation forBSG solutiom (T-Transnission, 1CE-
Internalcombustionengine, BM-Electricalmachine A/C-Air
conditioning)

As an exmple of the urban dwing cycleas functionof the time, a portionof
the torque and speedprofiles are show in Fig. 32.3 andin Fig. 32.4,
respectively.With respect to the motoring mode (seeFig. 3.2.2), the electrcal
machine isrequired todevelop acold engne crankig torque of44 Nm fa a
duration timeup to 1 s.

During uban drivihg cycle, where theengine iswarmed up,the requied
cranking togue is redced down to 30 Nm(Fig. 3.2.3) A maximum motorng
power of 9kW for launch-assignce is adilable for speed upto 9000 rpn.
During thetypical urtan driving cycle, theelectrical machine $ operatedas
generator fom 2000 rpn up to 9@O rpm, preiding enegy to the éectrical Iads
and performng the enagy recovey during beking.

In the geerating male the pela power is D kW (at he shaft) fom 2000 upo
18000 rpm.On the bais of the ypical urkan driving cycle andthe maxinum
performanceof the stamir-generato, the carraker specifes a refenace duty cyle
of 5 secods ON and ® secols OFF for theelectromgnetic and hermal degyn
of the BSGprototype

Additional applicaton constrents relatel to the overall dimensions and
materials nust be conslered too.The maxinum allowable volumefor the acive
parts, includng the rom for the tousing, is acylinder haring an ouér diameterof
approximatéy 150 mmand an atal lengthof 170 mm In additon, the paver
electronics $ integratel in the maor housimg, and thecooling sysem is sheed
between then.
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TABLE I.
TARGET SPECIFICATION AND CONSTRAINTS

Target weight 8 kg
Target rotor inertia 48  kgcm
Peak torque at low speed (<1800 rpm) 44 Nm
Peak generation torque 30 Nm
Maximum mechanical power (Motor) 9 kw
Maximum mechanical power (Generator) 10 kW
Mechanical over-speed 20000 rpm
Typical ambient temperature 105 °C

dcvoltage ISO 6469 Class A, 48 V

Urban Driving Cycle_
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Fig. 3.2.2. Torque target characteristics.

Moving from the system requirements aachet specifications, summarized in
Table I, it can be deduced the mainl#@ges in the electrical machine design:

* High power and torque density

* 10 kW peak power atVovoltage (high current)

» Constant Power Speed Range (CPSR) equal to 6

» Temperature of the engine compartment around 105 °C
* Thermomechanical integration of the power electronics
* Low cost materials
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3.3.Electrical machine topolayy for starter generator
application

The most commonly addressed machiries belt-driven starter-generator
applications that can be found iliterature are synchronous as well as
asynchronous ac machines. In particuldre investigatedtopologies are the
wound rotor synchronous machines, B/Rthe interior permanent magnet
synchronous machines, IPM, and the inductnachines, IM [11]24]. Hereafters
are presented and discussedetail their main features.

3.3.1. Synchronous machines

Wound rotor synchronous machines

Among the synchronous machines, WRS8&chines in clawsole (or Lundell)
configuration are widely useds alternator in vehiclelsecause of its low cost
production.

The stator configuration is the same as the other ac machines while the rotor
consists of a field coil encapsulated bedn claw pole segments. The rotor coil
terminals are connected to the externedwit by means of slip ring and brushes.

In this way, the rotor magnetic fieldriegulated by the excitation current allowing
simple field weakening operation andaéde constant power speed range. The
main drawback of this machine topologyncerns the difficulty to scale it up due
to the high rotor leakage flux between clpales with increased axial lamination
length [11]. In this regards, in order to improve the torque density necessary for
cranking the engine, the manufacturers hanaposed different solutions, such as
dual-field coils [11], magnets insertedtlween the claws of throtor [12], [25],
Fig. 3.3.1, poly-phase winding configuaii and rectangulaconductor winding
as shown in Fig. 3.3.2 [12]. An additidndrawback of claw-pole machines
concerns the eddy-currentskes in the solid-iron clapole, which results in
lower overall efficiency.

Permanent magnet machines

Based on the rotor structure, PM machines can be categorized as surface
mounted PM type, SMPM, anadterior PM type, IPM.

The former type uses magnets attached to the rotor surface to create the rotor
flux. The SMPM topology has the highesorque density and efficiency.
However, the narrow constant poweesd range make this machine topology not
suitable for starter geerator application.
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Fig. 3.3.1 Clav-pole mahine: magnets insertd betweente pole [1]

Fig. 3.32. Statomwinding soltions:
strarded wire (Eft) and recangular caductor (right).

The rotorconfigurdion of later type albws combning the ekctromagrmtic
torque commg from thke magnetwith the rductance tomue due @ the saliecy
[26]. In partcular, the otor is creded by addig a smallamount ofmagnets insle
the barrierof a synchonous reluchince macime.

On the me hand tis configuetion is widely accefed for hyorid electrcal
vehicle appications sige it ensues a high orque densy, high eficiency anl a
wide flux weakening rage [27] [28] [29]. On the othethand, the on-eliminale
presence offte back BMF inducedby the pemanent mgnets imples problemsn
fault managment; futhermore,the variabé cost ofthe rare arth magets
discourageshe use of M machires for masgroductionapplicatiors. In additon,
multiple flux barriers night arisemechanicaproblem athigh rotatianal speés.
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(b)
Fig. 3.3.3. Bixial excitaton generair for autanotive, BEGA, prototype
[28].
(a) fourpoles rotorof BEGA prototype (ithout field coil)
(b) details of theprototype

An exanple of biaxal excitedgeneratorBEGA, is eported inFig. 3.3.3, his
machine cabines thelPM wide CPSR abity with the claw-pok lower mak
stator curren for the canking toique [28]. BEGA has aconventiaal stator vith
uniform slots and a thee-phase diributed wnding. While the roto cross se@bn
(Fig. 3.3.3a)is charadtrized by he following: (i) salient laminatel rotor poks,
(ii) hetero-plar dc exdiation windng (in thed-axis), (iii) multiple flux barriersin
the rotor poés and (iii)lower costPMs locatel in the flux barriers (in the g-axi$.
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3.3.2. Asynchronous machnes

The indwction machne has a @anventiond ac statorand a wound-winding or
cage rotor.The formerrotor stricture is raely used n automotve applicaion
since it requres additonal axial ength for $ip rings ad brushesfor the thee-
phase excitaon field winding. The latter otor soluton is very promising as
starta-geneator sinceit allows a reliable, robust andinexpensie mecharual
design [30],[31] and [2]. Despitethe lower brque dengy and pever factor vith
respect to PM, this topology hes high owrload capbility as well as god
“intrinsic” flux-weakemng charaadristics. Inaddition, he absencef permaent
magnet ontie one sidallows avoding the cats of rareearth materals and ornhe
other side tlk handlingof fault corditions is elatively simple and efective.

With theaim to improve both érque dendgy and efftiency, esgcially at bw
speed, the stor winding is prodeed with ectangularbar conduabrs insteadf
conventionalstrandedvire [32]. Smilarly, to reduce theotor lossesthe coppeis
used as a ubstitute & aluminum for the guirrel cag manufaatiring [33]. In
Fig. 3.3.4 he cost-eféctive IM proposedby GM for belt stater-alterndor
applicationsis shown.

Fig. 3.3.4GM e-assit belt altenator starte BAS [32]
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The comparison of the characteristits the three machine topologies above
described is summarized by qualitative analysis in Table Il. From this table is
possible to notice that the inductioraahine topology represents a good trade off
in terms performances and costs.

TABLE Il
ELECTRICAL MACHINES TOPOLOGIES FORBELT-STARTER GENERATOR
APPLICATION
WRS IPM IM

Efficiency Low High Medium
Speed range Wide Wide Wide
Overload Low High High

Power density Low Very high High
Robustness High Low High

Cost Low High Low

3.3.3. Multiphase electrical machines

As described in the previous sectj electrical machines for automotive
application have to satisfy several bbaging requirements from which it can be
summarized the following key points:

X Reduced weight and volume
High efficiency
Low vibration and acoustic noise
Robustness
Fault-tolerance
Low production cost

An interesting solution to fulfill all the aforementioned requirements is
represented by multiphase winding confapion. In the literature it has been
already referenced that multiphase dr{wath number of phase higher than 3)
present several advantages compardddi three-phase caterpart [35]-[37].

The electromagnetic structure of multiphase machine is substantially the same
as of conventional three-phase ones tiiedwinding topology can be distributed
type as well as fractionalot concentrated type.

Depending on the electrical displacerhdetween two adjacent phases, the
multiphase winding can be tegorized as symmetrical or asymmetrical. The
former topology is characterized by a displacement equ2ld,, between the

X X X
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magnetic axes of two consequent phases Njthan odd prime number. In the
latter solution the displacementtiveen the two phases is equal @ly, with Npn
an even number or an odd non-prime number [38].

The selection of the most suitable nuanibf phase depends on many aspects,
in particular the system reliability increase as the phase number increases. If one
or more phases are missing the multiphase machine can still operate and the
healthy phase, if thermally admissiblapsld be overloaded to maintain the same
performance.

Moreover, the number of phases has an impact on the time-harmonic
components in the excitation wavafa Such supply components produce
pulsating torque at frequencies thate even multiples of the fundamental
excitation frequency. Thus, increasing thember of phases increases also the
frequency of the lowest torque ripptemponent resulting imeduced vibration
and acoustic noise.

With the increase of number of phase and comparable dimensions, it becomes
difficult to adopt a number of slot per pagber phase higher than one; despite this,
it can be achieved a lower space-harmoo@#ent in the air-gap magneto-motive
force with respect to three-phase counterpart.

Finally, increasing the number of pleaand considering a fixed voltage and
power allows to split the overall currentimore than three-phases, the so-called
power splitting concept. This strate allows to increase the torque pens
ampere for the same machine volume vesl as the size reduction of the
conductor and the reductiaf voltage and current tiag of the power device.
Among the key features of multiphase @rigolution, it can be highlighted the
potential size reduction of the overall drisygstem with the possibility to integrate
the machine and converter in one device.

With reference to the literature, eéhmultiphase drives topologies can be
classified as:

x Conventional multiphase with silggmachine neutral point, Fig. 3.4.1
X Multiple of independent single-phase units, Fig. 3.4.2
x Multiple of independent three-phase units, Fig. 3.4.3

The last two configurations fully satisfy the requirements of fault-tolerant
operation for safety critical applications. In particular, the multiple of independent
single-phase unit configurati allows the best fault tolerant operation since each
converter can be disconnected from darse. In addition, this configuration has
the highest voltage utilization of th#c link since the maximum peak phase
voltage is the dc-link voltage.
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The topobgy with multiple independenthree-phaseainits is ugble whenthe
phase numér is a muliple of thiee and thestator consits of indgoendent thee-
phase windng with isolated neutal points.This confguration isless attracte
with respecto the singe-phase uih configuration fromthe fault-tokerant pointof
view. However, the onverter ca use thewell-estabisheal threephase pwer
electronicsmodules, rducing thedesign timeand costFurthermog, the multple
three-phaseapproachusually leas to simper control schemesdue to laver
number of irdependenturrents with respectd single-plase approal.

Fig 3.41. Convenbnal multphase topalgy with shgle neutr& point [35]

Fig. 3.4.2. Muliphase toplmgy with multiple sirgle-phase nits [35].
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Fig. 3.4.3. Mdtiple topobgy with multiple three-phase uris [35].

In recentyears theuse of muliphase mehines in tansportation applicatons
has experiened a sigrficant gravth despitethis technéogy has asused integst
since 1920swhen it was used tosatisfy thedemand fo high paver generairs
[38]. In partcular, a tiree-phasenachine wa convertd into a sixphase ondo
overcome ti current limit imposed by the cicuit brealers of thatperiod [23].In
the 1960s,when inveter-fed acdrives wee in the intial devebpment stge,
multi-phasewindings gpeared ashe best sakion to mnimize the bw frequacy
torque rippk due to six-step modulation [39]. The interest e multiphese
technologywas renewe in the 9& when theadvantage of power segmentabn
and fault tokrance atiact significant attentio for electrc ship prgulsion whch
remains novadays onef the mainapplication areas fomultiphasevariable-sped
drives [40].

Currently, the rel@ance of multiphase solutions is widespead both in
academia ad industryin the wtole transpa sector. h the rail vehicles nalti
three-phasesolutions ae sporadially usedto withstad the difierent level of
catenary volage [41]. h aeronautial applicéion, in theframe of he concepof
More Electrc Aircraft, multipha® technolog is very pomising due to its falt
tolerance cpability [42] [43].

The useof multiphase technalgy in aubmotive gplication s still limited
since the pwer level @an be maaged with tree-phasearives so lhe multiptese
solution is perceived a complicae solutionin terms & componet and cornl
scheme. Haveve, in literature sveral exanples of multiphase machinesand
convertes can be fand [14], [12] and f4]. This topology & particulaly
appealing insafety critcal canporents such athe powesteering [%].
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In addition, in this appdiation the torque ripple can be issue since the driver
can feel it. Therefore, multiphase sidms may become a key requirement both
for safety and comfort purpose.

Multiphase drives are very popular eviarlow voltage-high power automotive
applications such as starter-alternator;this case the application exploits the
advantage in terms of power segmeptatior reducing the per-phase current of
both, machine and power converter. Among the multiphase solution of starter-
generator presented in literature, the fpf@se and six-phasgtions are certainly
the most reported solutions [38]. Therefothe seven-phasad the nine-phase
solutions are also selected for this application.

3.4.Conclusion

Since the application requires highgdoe density and wide constant power
speed range, only IPM and IM can be considered as viable candidates. Although
IPM machines have high efficiency atiee highest power density, the rising cost
of rare earth materials discourage tiee of PM machines for mass production
application. Despite the lower torquenddy and power factoithe IM has been
considered the best candidate for tppl&ation under consideration for its low
cost, high overload capabilitiesand good “intrinsic” flux-weakening
characteristics. In addition, a reliabnd robust mechanical design can be
guaranteed. In the absence of a permar@or magnetizationfor this machine
type, the handling of fault conditions is relatively simple and effective.

For what it concerns the winding topgl, the multiphase configuration seems
to be essential to fully satisfy the required performance within the imposed
constrains. Considering that, the multigdan phase configuration has higher fault
tolerance and better expiaiion of the dc link voltage but, for automotive
application, it is considered as too muwadmplicated in terms of component count
and also as control scheme. Thus, nidti-three phase configuration with two
independent three-phase sets represgobd solution in ternof current splitting
and system complexity.
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3.5.Magnetic materials for high performance electrical
machines

A reliable design of an electrical avhine able to satisfy the target
specifications requires an accurate ustiding of the magnetic material
characteristics. Therefore, this seatisummarizes a characteristic comparison
and selection guide for selected magnetiaterial used in high performance
rotating electrical machine pested as described in [XIl].

The most used magnetic material foeatical machines cores are based on
three pure components: iron (Fe), cobalb)@nd nickel (Ni), which are alloyed
with other materials in order to improvkeir physical properties (permeability,
mechanical strength, eleictrconductivity, etc.). Thefore, the typical magnetic
material alloy, which are produced thin lamination sheets (0.1-1 mm) are
Silicon—Iron (SiFe), Cobalt—Iron (CoFe) and Nickel-Iron (NiFe).

3.5.1. Silicon-iron — SiFe

Non-oriented silicon-iron is undoubtedly the most used magnetic material in
rotational electrical machés. It can be ordered from the producers as semi-
processed or fully-processed materiblhe former does not go through a final
annealing process and is delivered withay coating while the letter is provided
fully annealed and with the desired coating.

Its chemical composition varies accorditogthe desired physal properties;
the main component is iron (93% up %9%) while the remaining content is
shared between silicon, Si, (up to 6.5%), aluminum, Al, (up to 1%) and
manganese, Mn, (up to 0.5%). The silicon makes the iron alloy mechanically
harder and increases the electrical ragigt The drawback is a lower saturation
magnetization and smaller permeability [XI§luminum has a similar effect on
the electrical resistivity and on the perability of the material. The content of
manganese leads to larger graemsd thus a higher permeability, though it
increases the losses as well [XIl].

SiFe with a high silicon-content (up 6.5%) are typically used for high-
speed machines due to their large eleatriesistivity and thus low eddy current
losses. However, the silicon content ooty reduces the maximum flux density
and permeability, it also makes the alloyrmbrittle, leading to more complicated
and expensive manufacturing processes.

The most of industrial machines aremagactured with standard non-oriented
SiFe laminations, having silicon conterdk 0.5% to 3%. Sheet thicknesses of
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0.5 mm or thicker keep the manufacturiogsts low and it is, in most cases, a
good tradeoff between efficiency andstofor general industrial machin€xher

SiFe lamination is represented by thecatled thin SiFe alloys (0.1 mm to
0.27 mm thickness). They have around 3#icon content and thus a lower
electrical resistivity. However, the small lamination thickness still keeps the eddy
current losses low at the cost of largere assembly efforts and thus production
costs, compared to thicker non-orientsifFe laminations. Non-oriented SiFe is
usually not finally annealedior industrial electrical machines due to the low
performance increase with respect tbe annealing costs and increased
manufacturing time

3.5.2. Cobalt iron — CoFe

CoFe alloy is generally the most expeeswith respect to SiFe and NiFe. If
alloyed with iron, cobalt reaches theghéest maximum saturation magnetization
of all materials at room temperatu2.43 T for a 35% Co and 65% Fe alloy
[X1]). A typical CoFe alloy for electgal machines has 48- 50% cobalt, around
48% iron, and 2% vanadium. However, it slibbe mentioned that even for this
typical composition there are different grades available, which differ in terms of
other alloy additions ahannealing behavior.

With the increase of maximum satucati magnetization, it is possible to
design electrical machines which are sigaihtly reduced in ge and in weight,
respectively, which can in turn lead étectrical machines with very high power
densities.

CoFe alloys are mainly used in machine for aviation and space applications,
where a reduction in weight pays of thgher price. A similar use is observed for
electric and hybrid systems in motor dpapplications. The mechanical strength
of the material versus lower iron lossexl a larger magnetic permeability can be
controlled by either varying the ratio between the cobalt and iron content in the
material [XII], by additional alloying thenaterial with Niobium, or by changing
the temperature cycle during the annealing process.

3.5.3. Nickel-iron — NiFe

NiFe laminations are a goathoice if iron losses ara key aspect, e.g. for
small high-speed machines. From the coshtpoi view, NiFe Hoys lie generally
in between CoFe and SiFe lamination ske&he main advantage is their very
low magnetic coercivity, which leads to a superior relative permeabifity
compared to CoFe and SiFe materialswigeer, a drawback is the low saturation
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and small maximum flux density. TypicalliFe laminations for electrical
machines have a nickel content of 40-5@%ere a higher nickel content typically
leads to a larger permeability. Howevtre electric conductivity and thus eddy
current losses are also increasing with nickel content [XIl].

3.5.4. Manufacturing influence on the magnetic properties

The treatment of the magnetic maaérduring the manufacturing process
significantly influences the magnetiproperties; cutting and punching the
lamination sheets introduce stress and cedhe material permeability especially
close to the cut edge. In addition, #tacking technology of the lamination sheets
(gluing, welding, interlocking, etc.) anfdirther mechanical treatment introduce
stress and short circuits between lamination layers a well as leading to increased
eddy current losses [V].

A thermal treatment process (annealingip largely restore this deterioration
of the magnetic properties, as reported\iir[XXIl]. Therefore, it is mainly a
guestion of the cost if annealindhaild be applied [XII]. Typically, fully
processed SiFe, amorphous materials,snitimagnetic composite materials may
be used without a post-manufacturing alimg process, irorder to keep the
manufacturing costs low. However, famaterials such as CoFe and NiFe, the
annealing process is indispensable drder to obtain the desired magnetic
properties at all. For these materiadstrade-off has to be made between the
magnetic and mechanical properties the material. Higher annealing
temperatures support the grain size ghgvg@ading to better magnetic properties
and higher saturation magnetization. [V], [XXII].

Despite this, larger grain sizes improve the hysteresis losses and reduce the
mechanical strength of the material atsdhardness. Thus, the annealing process
should be adapted to the needshaf machine design requirements.

3.5.5. Conclusion

Since the application requires costeetive high torque density machines, the
use of CoFe and NiFe for the laminatiendiscouraged because of their cost.
Despite SiFe has low saturation level witspect to CoFat represents a good
tradeoff between magnetization saturatiosses, mechanical strength and cost.
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4. Desgn of induction
starter-generator

4.1. Desgn procedure

The metlod used fo the prelminary sizirg of a doble-three jmase indugbn
machine isbased on ekssical eletromagnett equatios included n an iteratve
process forconvectimal three-pmase mackme. It is worth to rotice that the
selected stadr-winding configurdaion consiss of two independat three-plase
systans havng 60 eletrical degee of shit betweenthe sets, & depictedin
Fig. 4.1a. hus, in eab slot thereare two diferent phaes in whid it flows the
same curreh having @posite sig (see Fig4.1b). Hece, the nagneto-moive
force distrilution wavdorm of a cdouble threephase confuration isthe sameike
a conventimal three-phase systemUnder ths assumptin it is posible to aapt
the conventnal analyical represetation of hree-phaselectricalmachine bang
aware that lhe only diference amng the stor unit isgiven by he numberof
turns. Theréore, the rad voltageadopted dung the deign procedire, V;, hasto
be set twie with regpect to thedesired ated voltag@ in doubk three-plase
configuration, Vi double3p-

The adoped algoritn for the geliminarysizing, pregnted in [$], is basedn
a progressie increaseof the robr diameteruntil the specified ated torqueis
obtained. for sake ofcompleterss the proedure andhe usedequationsare
summarizel hereafter.

Fig. 41(a) MMF diagram ofthe adoptediouble thee-phase cofiguration
(b) Pogtion in thestator slotsf a doubé three-phae winding(p=2, g=1).
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TABLE IlI.

LIST OF THEREQUESTEDDESIGN SPECIFICATIONS

Induction machine rated data

Parameter Unit Name
V, \ Phase rated voltage
f Hz Rated frequency
Ph - Number of phases
Npole - Number of poles
T, Nm Torque
Permissible active material stresses
Bag T Maximum air-gap flux density
Bts, Bys T Maximum flux density (star teeth and stator yoke)
B, Byr T Maximum flux densityrotor teeth and yoke)
X, J Almm? rms current density (stator and rotor)
Geometric specifications
=L cord Dr - Rotor aspect ratio
Dsh mm Shaft diameter
h11s M12s Wos mm Stator sloenclosure dimensions
h11r, Mi2n Wor mm Rotor slot enclosure dimensions
han mm Thickness of the airgap
Pack and filling coefficient
Kir - Lamination pack coefficient
Kes Ker - Filling coefficient of the stator and rotor slots
Stator winding specifications
q - Number of slot per pole per phase
N, - Winding pitch reduction (in slot number)
Rotor winding specifications
[\ - Rotor slot number
R=223 - Rotor skewing ratio
First approximation quantities
cos 3 - Rated power factor
v \% Stator voltageadrop at rated load
Kior - Corrective coefficient for the torque computation
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The requested input data to define thsigie process are listed in the Table Il
and they can be categorized gsdesign target with the machine rated data and
(i) design constrain according to theachine aspect ratio and the acceptable
material stresses. Many of theselues are well known from the designer,
however guidelines for the first choicd the values (g. flux densities and
current densities) can be found in sevéandbooks [47]. Higlvalues of current
density can lead to excessive Joule losses and to consequent motor overheating
while high flux density valuesan lead to high no-loaclrrent, low power factor
and high iron losses. The shape of thaanés defined by the ratio between the
rotor axial length and the rotor diameté/hen the machine has to be sized in a
defined volume (e.g. when the outer diaenatr axial core length are imposed)
the parameter can be changed in arraiige way until the constraint is
respected. The shaft diameter and the aithmfiness can be defined “a priori” or
on the basis of the mechanical requirement.

4.1.1. Rotor lamination design

The rotor diameter can be defined, aBrst attempt, slightly higher than the
shaft diamete(D, > Ds) while the rotor lamination length is defined according to
the rotor aspect ratiocke= D,.

The preliminary problem to be solved is the computation of the rotor slot
dimensions according to the definedgnatic and geometrical constraints.

The rotor geometry can have slotsthwparallel edges (rectangular slots)
Fig. 4.2a or tooth witlparallel edges (trapeirtal slots) Fig. 4.2b.

The former topology is usually choserhen the rotor cage is produced by
using copper bars, while, the latter sajatiallows a betteexploitation of the
rotor tooth and it is mostly used in cadelie cast rotor cagélowever, these two
cases are the simplified shape of the retots typically used in induction motors.
As known the rotor slot sipe is a decisive factaduring starting operation
therefore they are designed with navimg or enlarging shape along the radial
height for obtaining th desired skin effect.

As a first attempt, the rotor design witbmplex slot shape can be carried out
using the simplified slot shape (rectangudartrapezoidal) and lower the natural
filling coefficient K. In this way is possible toka into account the incomplete
use of the slot area as depicted in Fig. 4.3 wheres e area of the shaped slot
and A in the area of the simplified one.
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Fig. 42. Rectanglar slot (a)and traperidal slot(b)

Fig. 4.3Complex rdor slot shae

Trapezodal slot
In case btrapezoidl slot, thegeometricalcomputaton can be smmarizedas

follows. The fundametal harmoic of the fux for eat pole canbe evaluted
using the egation (4.1)
A 61 ‘T
Orey L S t® (4.1)
The maxmum flux in the rotoryoke andin the rotorteeth carbe deternmed

using the folowing reldions (4.2),(4.3).
AL 00xp Ykove
Oéagaa |abb 6 L § Couxp (4-2)
(alaloh | (4.3)

i zaa caadodo oy
By the rdor yoke ad rotor todh flux values and orthe basis bthe impaed

yoke and toth flux dersity (B, and By), the hickness dthe rotor yoke and toth

can be obtaied by
Diaaa iébbmzoa (4.4)
(4.5)

Siinz s |y~ 1UBUY 8OUBO
axaa 1aP® o hove
At this dage, therotor lamnation draving can be definedas shownin

Fig. 4.4a. Déning thefollowing equation
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el té P rotor slot angular pitch
&rescaidk &oE tsRcas 1apgrotor yoke external diameter

According to Fig. 4.4a the following geetnical dimensions of the rotor slot
can be obtained.

D Lwéﬁ D slot useful height  (4.6)

Soal @k K 2Y0RUY BUQRP i’YJ slot bottom width (4.7)

qgl py6;
Sca Ll SaE teR- f—‘GEY slot top width (4.8)

It has to be remarked that these dmsiens must be verified in terms of
geometrical compatibility, in partitar in the following two cases:

Case 1h,<0. In this case, the design attempt is aborted and the computation
procedure start again with a new increased rotor diamBie; g+ Dr)
Case 2: The bottom width of the trapeabiglot must be greater than zero

Soa P I L Rye&p - oot suueo (4.9)
agl py6;

If this condition is not verified the rotor slot shape will be triangular, but the
design it can be considered acceptable, as shown in Fig. 4.4b.

This condition occurs if theotor tooth width is veryarge or ifthe rotor yoke
width is very narrow. In this case it isecessary to redesign the slot and to
determine the rotor yoke starting from the condition of degenerated slot
(triangular). As a consequence, the yokdthi the slot height and the slot width
on the top have to be computetiowing the procedure hereafter

Soa I L Ppepiusureouso (4.10)
Diacaa iéLQ)lwo (4.11)
QL Re A 2v60 (4.12)
Sea L telR— f—-BBY (4.13)
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In this cae, the rotoroke fluxdensity is bwer than he imposedne.

Fig. 4.4arotor lamiration desig for trapenidal rotor sot

Fig. 4.4 Rotor lamnation degyn for triargular rotor ot
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Fig. 4.4cRectangudr slot desjn

Fig. 4.4dRotor lamiretion desig for rectamgular rotorslot
Rectangularslot
Rectanglar slot inplies varialbe tooth wdth as shan in Fig. 44c. Sincethe
flux densityBy has bee defined & the maximum valuereached irthe tooth, lis
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value will be verified in the botton of the tath. Consegently, in tie other toth
sections themagnetic stess will belower than the imposd one. Eva in this cae,
the yoke haght and tle tooth widh will be computed fom the flw in the yoke
and in the to@th accordng to (4.2)and (4.3).

The extenal diameér of the robr yoke Deq yr and theslot usefulheighth,, are
defined by @.14) and 4.15)

&esia L &F tDacaams (4.14)

Dl 1/2'(?1/23513 a]’: D (4.15)
These pdiminary geometrical computaions mustbe verified taking nto
account thepossibility to obtain the rectagular slot.In paticular, the ustul
height of the slot, hy, must bepositive, T this condtion is nda verified the
procedure fotrapezoidl slot design can be pplied.

Fig. 4.5 Roto slot geonatrical paraneters

The prevous relatims allow déining an aea wherehte rectanglar slot carbe
included, se Fig. 4.4d.Neverthelss, in thisarea severgbossible retangular bt
shapes can & obtainedThe mostsuitable séution is na definable“a priori” but
it is conditicned by thenecessity b deep slo(deep barP1 in Fig. 44d) or bythe
necessity ofa maxinum area st (minimum resistape: P2 in Fig. 4.4d).In
particular, tre maximum rectangudr slot areacan be obtaned wherthe slot haght
is equal to lalf of the sgment PBsee Fig 4.4.
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I:%é _2 2 Gﬁ‘é/ F pFeYUBUY BlAJBO (416)

6 gg bv6;

Consequently, the external rotgrke diameter results equal to

Soec 14 dag L EH F (4.17)

This condition is possible only if thetay yoke external diameter computed by
(4.14) is lower than the one computed by (4.17).
Finally, the rectangular s geometry can be computed by (4.18) and (4.19)

v%?6U0?Ypag av

Ral——F (4.18)

Soal SiL @e& ik equUIB:YYGBUAeBP JgYJ (4.19)

4.1.2. Torque Computation

Once the first attempt of rotor lamination dimensions have been computed, it is
possible to compute the deliverablequae. The rotor dimensions (length and
diameter) will have to increase step by stegpl the obtained torque will be equal
or greater than the requested one. Treegulure for the electromagnetic torque
computation is hereafter reported.

Rotor useful area

From the rotor slot dimensions is possilib obtain the useful slot area that
represents the available spmirtion for the winding conductors.

Generally, the usefubtor slot are#\,,; can be defined (both for trapezoidal and
rectangular slot) byhe following relation

#zsl ¢ E #L:SosE S5 E ¢ (4.20)

WhereA; represent the slot-clogj region as shown in Fig. 4.5. It is important
to highlight that the dimensions ofetttlosing region can be defined “a priori”
during the initial design stage. Finglthe extended equation can be obtained
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. Oy . O
#aol 1SoaE S5~ E:SisE Si . (4.21)

In case of skewing of &hrotor, the available area is reduced according to
(4.22)

#hal g#es (4.22)

WhereKg; is the geometrical skewing coefficient

ool Auve (4.23)
8&uvs o

The skew pitchis a fraction oR; of motor pole pitch

oL ds L g2 (4.24)

Couxp

Finally, it is possible to define the tn@rea of the conductive material and, as a
consequence, from the imposed curaemsity it can be computed timas current
in the rotor bar (4.25)

hasad ar0sudea (4.25)
Flux density distribubn along the air-gap
Considering a progressive indkxor the number of the rotor sldt from 1 to

Ncr), the active air-gap flux density icorrespondence to the rotor slgtin a
generic time instant, can be written as follow

$p L §or B YA (4.26)
Where U, L év

In case of skewed rotor, the fludensity to take ito account for the
electromechanical interaction issthverage one along the bars (23)

$aapL 900 <@ UA (4.27)

where
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Tyl EZ ° < —@ Ais the electric skewing coefficient andie is the electric

skewing angle
Current distribution in the rotor slots

The fundamental distribution of the cuntenduced in theotor conductors by
the fundamental flux density can be defined as follows

Bah A hasans @Y F 3 A (4.28)

Where 0 is the angle between current avaltage induced irthe bar. This
angle is a function of the slip frequenand it can be determined by means (4.29)

—fe+d L OHEEHA (4.29)

1Y

WhereLp,r andRy,r are the leakage inductance aadistance of the conductive
cage, respectively. Assuming that the slipesy small at rated load condition, the
angle o can be considered equal to zero.

Torque determination
The motor torque can be evaluated by ithteraction betweethe air-gap flux

density distribution (sinusoidallB,g, and the rotor bar currents, The torque can
be computed as the sum of the contributions of each bar.

6 IAZY ot sn Y (4.30)

The addition of the contribuths can be written as follow.

_ Go?5
Uy ’ Ozan Ozag
6 L-iSothanapandn |+ b5 Chprcd—"0 F P
b@ 4
Y6 .. ‘
L TP=Boutaaadaals...'* 0 (4.31)

Highlighting the stress indexes and geamat coefficients, the torque can be
expressed

57



Y6 ..
6peuda casg | Pebova-oaudteacasds (4.32)

The coefficienK is lower than 1 (typicall.9-0.95) and it accounts for:
x The phase delay between rotor current and flux density

X The mechanical losses of the machine

X The additional torque due togher spatial harmonics

4.1.3. Final design step

Once the rotor dimensiori3;, andL core are defined for deliver the required
torque, it is possible to dign the others part diie electrical machine.

Cage ring cross-section

The cross section of the@ ring can be evaluateckiag into acount the ring
and bar currents
Aoue 5
A 6 q9llguGEp P

(4.33)

Assuming to have the same current dgnisoth in the bars and in the end-
rings, the ring cross section can be computed by
AivAs 8 v
6agligussre

#aoab (4.34)

Stator Phase winding

Considering the specification imposed for the stator winding suéh, &g n
and cos3 it is possible to compute the numlzé turn of the winding. The rated
E.M.F., E,, induced in the stator phasending by the air-gap flux density
distribution of amplitudd,,, can be approximated ag L §8F .8or a typical
three-phase winding structuvath shortened pitch, thgtator winding coefficient
Kw is defined by

i .. ama@y :4&a,
-a L é.M%,\]Lm (4.35)

Then, the number of conducsan series per pha&g, for obtaining the air-gap
flux density distribution able tproduce the requested EMF are:

YBY4CO U x D
6 WAy eiowhAuve

<ol (4.36)
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As a consequence, the number afiductors in series per slot results

Qo

a@uxp

<l (4.37)

The number of conducto& must be approximated to an integer number or to
a simple fraction of the pole number if the winding will be produced connecting in
series or in pallel the poles.

Stator phase current

Once the conductor is series per phZseand the rotor bar currert are
known, it is possible to obtain in firspproximation the stator phase rated current.
In fact, from the magneto motive forgeoduction point ofview, the rotor bar
currentl, is equivalent to a €titious stator currentt’ flowing in stator winding.
This equivalent currerf’ can be calculated by

i Cby
¥ L—7/3anoJ5 (4.38)

The stator phase current includes both magnetizing current and rotor current
referred to the stator. Since the magnegzis still not know, it is possible to
obtain the rated power factops3in order to estimate the approximated stator
current.

g B (4.39)

amq %

In terms of vector diagrams, the adagptsimplification is shown in Fig. 4.6
however the committed error is negligible at this design step. Since the power
factor at rated condition depends on salvguantities and parameters (leakage
reactance, number of poles, air-gajgkhess etc.) only when the design will be
completed a reliable estimation of the actual power factor is possible. At this
design step a prudential power faictalue of 0.7-0-85 can be used.
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Fig. 46 Electromagnetic quatities: (a)Flux densiy and rotorbar current
distributions aroundhe airgap. 1) Vector degram in réed conditon (left sick)
andthe adoptd approxination (rightside)
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Fig. 4.7Definition of the statorslot shapéa) Generblayout of he stator sit
(b) TrapezoidaHot: usefulheight detemination

Sator slot dmensions

The stadr slot nunmber is O4 L u Mgz@and tleir section have to be
dimensionedor suppoting the regested stair current acording to(4.40)
Qb

WhereK is the steor slot fill coefficientand Js is the desiredstator curent
density. Thedifferencebetween te stato inner diamet¢r and theexternal rt¢or
diameter is qual to twice the ai-gap thicknes hyq

&k & E 1D (4.41)

The minmum widthof the statotooth carbe evaluadd taking irto accounthe
maximum sétor tooth fux density

o 20p
- 4.42
SaegL A6 R Kb b ( )

61



The stator slot width at the top of thets{close to the air-gap) can be obtained
as difference

Y F s, (4.43)

Wherehjis the stator slot closing regidreight, as shown in Fig.4.7a. As for
the rotor lamination, rectanguland trapezoidal st shape can also be considered
for the stator lamination. However, in this case the problem to be solved is
different, in fact the slot area is known and the slot height has to be determined.
With reference to the trapezoidal geometingpwn in Fig. 4.7a is possible to define
the useful area of the slot Ag=AssA1

WhereA, is the closing zone area of the stator slot that can be calculated by
(4.44)

5
#s L—6 ScxE 8206 (4.44)

Independently of the slot shapeg tiollowing equation must be verified

ool —LEP D o (4.45)

Trapezoidal slot

Defining the angular pitcbf the stator slot ass&=2 @\ the slot bottom width
Whps can be computed by the following equations

Soml $.@sEA (4.46)
Yop6 U €p
32 L8 Fo—2ie (4.47)

In this case, the slot useful heighis has to computed by solving (4.48)
rejecting the inconsistent solution

5o G
Hoe L S0 2E Sgaaé—g
Dol 825 E 362F 32
Bp
Rectangular slot

In case of rectangular slots, the bottendth is equal to the top width; as a
consequence, the following relations can be defined
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Sowel Se (4.49)

D L —2P (4.50)

érp
Stator yoke

The height of the stator yoke musipport the stator yoke flux respecting the
imposed maximum flux densigs

ko
Ococan 1db et sr® (4.51)
Decocas PR o poer (4.52)

The stator yoke inner diameter is defined by (4.53)

&yas 1 &E B E 4 (4.53)
Finally, the external ator yoke diameter & yscan be computed as
Epec 1d &aa & tdocas iapg (4.54)
Remarks

The described approach allows the preliminary electromagnetic sizing of
induction machines defining the geomedti dimensions of stator and rotor
lamination and the three-phase stator wagdstructure. Considering that for the
starter-generator under study wasleseed a double three-phase winding
configuration (60 electricatlegree shift), it is nessary to refer the obtained
three-phase results into the wanted wiigdiopology. In particular, the number of
conductor in series per phase tbk double three-phase systefgupie-3pn are
equal tOZdoubIe-3ph: th/2

In addition, the obtained salts have to be consider as input data for the
design refinement step. In particular,revision of the initial stator and rotor
lamination geometries is necessary to taite account more realistic slot shapes
(fillets, chamfers, special shape etc.). Rarinore, the design has to be evaluated
electrically, thermally andmechanically in order to verify the full specific
compliance.
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4.2.Design description

Among the six-phase induction machines, it has been selected a double three-
phase solution (with insuladeneutral points), wheréhe magnetic axes of the
stator phases are shifted by 60 electribgrees. As previously mentioned, this
winding configuration allows obtainingraagneto-motive force distribution equal
to the one produced by a conventionak#iphase windingppology. Therefore,
the initial electromagnetic sizing of theopotype has been done in accordance to
the methodology previously described #othree-phase machine considering the
input data listed in Table IMt should be remarkeddhthe rated voltage adopted
during the design procedure is two tintee voltage required in double-three-
phase configuration.

Considering that the maximum phase voltage obtainable from ad¢g¥wer
supply is 19.5/ms (4.2.1), the rated phase voltage in double-three phase
configuration has been defined equal to M5, at 350 Hz (33/ims considering
an equivalent three-phase winding cgafiation). The maximm available phase
voltage value of 19.%.,s is therefore used to reach the top speed; in this
condition, the corresponding supplgduency is equal to 1300 Hz.

Bonosbama Lo L S{aw 8 (4.2.)

Since the machine is required to agerduring short-term load condition, it
has to be remarked that reference toragigvell as the design stress indexes of the
materials listed in Table IV (stator anator current density and flux density) are
referred to a load peak.

The design procedure leadsdbtain a solution with the stator outer diameter
and the active axial length equal to 150 mm and 50 mm, respectively. These
overall dimensions are compatibleitiiv the volume constraints previously
discussed and they bring to a challexgpower and torque density of 11 kW/im
(11 MW/n?) and 50 Nm/drh (50 kNm/ni, peak value/active volume)
respectively. The design is then refinby means of analgil computations
([48], [49]) and 2DFinite Element Method (FEM) simulations, mainly for the
shape of stator teeth amdtor slots. The preliminary assessment of the thermal
capability under such high dynamic &pation is analyzed by means of a
simplified thermal model.

Regarding the machine magnetic stanef the conventional silicon iron
laminations M270-35A have been adegtfor mass-production market reasons,
whose magnetic property can be found in [50].
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Starting from the same specifications tdifferent prototypediave been design
and produced; the only difference betwee twachines is the rotor, which is
designed with closed slots in the fisbtotype and open slots in the second one.

The aim is to investigate the trade-b#tween electromagtie performance and
mechanical issues duettze high rotating speed.

TABLE IV
THREEPHASEEQUIVALENT DESIGNINPUT DATA
Induction machine rated data

Parameter Unit Name
V, \% 33
f Hz 350
Ph - 3
I\lpole - 8
T, Nm 30
Permissible active material stresses
Bag T 0.85
Bis, Bys T 16,16
Btr, Byr T 15,15

J, J Almn? 25, 24
Geometric specifications

=L cord Dy - 0.5
Dsh mm 30
han mm 0.3

Pack and filling coefficient
Kir - 0.95

Kes Ker - 0.7, 0.95
Stator winding specifications
q - 15
N, - 1
Rotor winding specifications
Ner - 58
First approximation quantities

cos 3 - 0.8
v Vv 5%
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4.2.1. Magnetic core

Stator lamination

In the first approximation, thpole count does not hadeect consequence in
the torque production [51], [52]. Howevérshould be borne in mind that several
other machine features are depending @npible number selgon, in particular
when fixed dimension are considered.

One of the most significant differe@ concerns the smaller flux per pole
resulting from increasing the number mdles [51]. Considering the same peak
flux density and spatial flux variation,gHlux per pole is proportional to the pole
area that decreases as the pole numbegases. As an example to keep the same
flux density in the stator and rotor yokdle yoke thickness of the eight pole
machine it should be half that a fogowle machine. So for the same stator
diameter, the eight-pole machine has higitor diameter anchus it will deliver
more torque.

In addition, the number of pole influencé® magnetic ciratiof the machine
with effects on the magnetig reactance. In partical, the magnetizing reactance
decreases with the pole pair increase, resulting in a lower power factor for
machines having high number of poles. ied rotating speed, the pole pair
impacts on the fundamental supply quency and thus on core losses and
additional losses in ehstator winding.

Hence, during design step a fair evéima of the pole count has to be done
considering the total losses, efficienppwer factor, and theverall torque-speed
requirements.

For the case under study, the trade-othie pole number selection, leads to the
8-pole configuration. Even if the statdrameters are relatively small, 72 stator
slots have been used to accommodatesithstator phases with a number of slots
per pole per phase higher than one. Tlaostslots have been designed with a
rectangular shape to facilitate the aoooodation of the stator bar winding; the
obtained preliminary dimensions have belean refined considering the tradeoff
between electromagnetic performance ananufacturing issues of the winding
process. The details of theair slot are shown in Fig. 4.2.1.1
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Fig. 4.2.11 Stator sit dimensios

Rotor lamination

Concerning the 8 ple/72 stato slots demgn, the lierature sggests touse
58 rotor sbts, this solution being a well-consoldated steor/rotor dot
combination

With regect to therotor slot shape, pen and ased desig is posdile,
depending @ the compomise betveen electmagnetic ad mechamial aspects

On onehand, openslots allav a substatial reducton of the rotor lealege
inductancewith the mssibility to increasethe consint power range sped
regulation die to an irease ofmaximum brque caphility [53]. At the degn
stage, the rduction in he rotor lekage reactace has ben evaluate by 2D FBM,
to be in therange of20%. In Hg. 4.2.1.2and in Fig.4.2.1.3 ae respectiely
shown the @en rotor st and clogd rotor sbt flux densty distributions obtaned
by the FEManalyses asvell as therotor slotdesign detas.

On the ober hand, osed slotgnean higler rotor lekage inducince allowng
of better curent filtering in presene of inverer supply;furthermore this soluion
mitigates tle mechanid stability problems die to veryhigh perigneral speeabf
the rotor ad it allows improving the diecasting pocess forsquirrel @ge
production n industrialelectricalmachines.

From themechanichrobustnes point of view, the ptor erd-rings have ben
sized with the aim atpreventirg the squirel cage centrifugaton: the ial
dimensionf the ringsare thinnerthan thosef conventonal industial machires,
so the sectia is develged radiallyuntil the $aft diameér is reachd, as show in
Fig. 4.2.1.4.
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Fig. 42.1.2: Opa rotor slot (a) FEMno-load flux density dstribution;
(b) Rotor slot degyn detail.

Fig. 42.1.3: Clo=d rotor sld: (a) FEMno-load flux density dstribution;
(b) Rotor slot deggn detail.

FEM spn stress aalysis comirmed thatthe centfugation d the cageis
avoided andat the maxnum rotatonal speedthe radialdeformatians of the reor
structure arecompatiblewith the \ery thin airgap length.

The rotorslot shapenas beerdesigned ér copper lr squirrel cage in oder
reduce the $p and incease the osrall efficiency. Due b the smallrotor diaméer
the rotor slés are degined thin ad deep wih triangula shape, lading to sone
manufactunng problens concering the otor lamirations and copper lrs
(mechanicatolerances)

With the aim to investigate the maxmization of the ekctromagretic
performanceaccordingto the Imits impose by the mechanicalstress ofthe
rotating pats, two pototypes haing openand closd rotor slds have ben
designed ad produced.

In Fig. 42.1.5 are sbwn the dmensions bthe desiged open ad closed rtor
slots, respetively while the two otors dumg the assebly stageare shownn
Fig. 4.2.1.6.
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Fig.4.2.1.4. Shrt circuit rings and rair bar.

0,6

NS

R1 A3

-l

1
1

16,87

0,43 0,43

Fig. 4.2.1.5 @en and cleed rotor sit shape

(a) (b)
Fig. 4.21.6. Rotorgduring theassembly tage: a) cleed slots; b open sla
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4.2.2. Stator winding

The design of the stator winding i®residered one of the most important
aspects to achieve greater level offpenance while maintaining acceptable
reliability. This general statement becarmmore important when dealing with
electrical machine for traction. In factetimeed to save weighhd space and ever
improving performance leads to drive thaehine with high peak current density:
it not uncommon for electrical machine toaction to be have peak stator winding
current densities of 30 A/nfmor greater. Therefer the proper winding
configuration as well the conductor eefion is essentiato ensure a fully
achievement of performance and reliability.

The use of stranded wires or rectangalanductors for stat winding leads to
different electromagnetiona thermal behavior; in thisection, théwo topologies
are initially discussed. Generally speaki winding with rectangular wire section
(also called bar wound, form-wound, hainpetc.) has some advantages with
respect to stranded winding type. The aagular conductor cafill much better
the volume of the slot with respect to slad solution, in particular in the stator
tooth opening. This leads to reduce twpper losses and then improving the
efficiency at low speed. In addition,ity a same sized maicle is possible to
increase the current density and deliver more peak power. Another advantage
related bar winding is the largerordact surface between copper and the
surrounding iron and air that allows alsting lower winding thermal resistance.
Furthermore, thanks to an increased thermal capacitance of the winding, due to
high fill factor, bar windings offer benefits also from the thermal transient point of
view. Exploiting the thermal capacitancetlbé winding it is possible to cope with
the short overload operating pointchu as engine cranking, boosting or
regenerative breaking.

Nevertheless, due to the large cregstion of the conductors, bar winding
topology are very sensitive &kin and proximity effect involved by the armature
reaction at high supply frequency. Therefore, the additional Joule losses in the
winding must be carefully taken intaccount during the design stage and, if
needed, solutions aimed to mitigate the phenomena such as multi-layer winding
must be adopted.

A. Preliminary Winding Thermal Assessment

In order to preliminarily evaluate thledectrical machine thermal capability, the
impact of the fill factor on the phase ohmic resistance, on the winding thermal
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capacitance and on the thermal resistance between winding and iron lamination
has been evaluated in accordanctéomethodology presented in [XVII].

It is worth to notice that the initial wding temperature rise is linear since heat
transfer is by conduction gnand heat is sted in the conductor thermal mass as
adiabatic process [79]. Therefore, i& possible to evaluate the winding
temperature rise during overload by knigvthe thermal energy dissipated and
the thermal capacitance in which it is stored.

If the characteristics of the windingcluding the end-winding length are
known, the phase ohmic resistance as aglthe winding thermal capacitance can
be computed with certain accuracy.

In addition, since the reference loadfde (see Fig. 3.2.3) and the stator phase
current necessary for deliver the requitedjue (equation 4.39) are also known, it
is possible to estimate theexgy stored in the winding.

The phase ohmic resistance has beeruated with reference to the procedure
described in section 5.1.1 of the nekiapter. Concerning the winding thermal
capacitance, its vaduincludes the therrhaapacitance of theonductor as well as
the thermal capacitance thie insulation system [XIX] as expressed by (4.2.1)

%uaxl GRE Ha= (4.2.1)

Ccu can be computed by using (4.2.2)

%el GOEXeL |3 (4.2.2)

WhereV is the volumeswis the specific weightn is the weight and is the
specific heat, all referred to the copper.

The insulation system thermal capacitar@@g, can only be roughly estimated
due to a complex multi-material system. Using an average specific quantity can
mitigate the lack of information concerning the material characteristic and
manufacturing process Thus, referring tlee values presented in [XI], the
insulation system equivalent specifigeight has been considered equal to
1300 kg/ni while the equivalent specifiteat equal to 1000 J/(kg K).

Wad BiRSaaed | Faae (4.2.3)

Finally, the thermal resistance has been evaluated according the procedure
proposed in [61] by eans the equation (4.2.4)
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Where, ff is the fill factor,Agot is the useful area of the sldy, is the slot
perimeter].ore IS the axial length ankl,.iris the equivalent thermal conductivity.

In Table V are reported the computed values for both, bar and stranded
conductor winding. The fill dctor with bar conductor igqual to 0.6, this is
obtained considering a 4yler winding having one otangular bar (1.6x3.55 mm)
per layer, as sketched Fig. 4.2.2.2. In the 2-layexinding stranded conductor
case, the fill factor is equal to 0.8dhit is obtained accommodating 9 parallel
wires/layer of 0.5 mm diameter. It mulsé noticed that the end-windings are
included in the computations; inghcase under study the end-winding thermal
capacitance amounts to 60-70% of thialtavinding thermal capacitance.

Short-time thermal simulations of ghstator winding have been performed
considering adiabatic prosg so the winding tempeuaé can be expressed as
GuaxP: L idedl d0ax

Fig. 4.2.2.1 shows the over-temperatacenparison betweethe two winding
topology while powered with a heat sounfet.5 kW (Joule losses in the winding
during overload condition). It can be ru#d that after only 5 seconds the over-
temperature of the stranded windingl® °C higher than awvinding one. This
difference can be relevant to remain within the class of insulation thermal limit
during overload condition.

TABLE V
WINDING FEATURES

Fill Phase Thermal  Thermal
factor Resistance capacitance resistance
(mY) (J/°C) (°CIw)
Bar 0.6 6.5 1370 0.068
Stranded 0.3 11 825 0.077
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Winding over-temperature, °C
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time, s

Fig. 4.2.2.1 Predicted over-temperaturesolid bar and stranded stator
winding during short time transient.

B. Additional Joule losses

Since the maximum supply frequenof the prototype is 1300 Hz, the
additional Joule losses in the statonding have been carefully accounted during
the design stage. The adoptedcaidtion method makes use of aaresistance
factor, kr, to evaluate thac losses [47]. This factor defined as the ratio between
theac anddc resistance values, given by (4.2.5):

Eii ;4 ?5;

C‘é L Bl L e E 0: %7 (425)
where,
@ 15aB—] (4.2.6)
- 116 ;>qgl:6 ;
I el 4.2.7)
|f6 ;7 1:6 ;
8 L e (4.2.8)

and ! is the resistity of the winding material (quper in the case under study). As
depicted in Fig. 4.2.2.2nis the number of conductor layehsis the height of the
elementary conductob,is the width of the conductor amds the slot width.
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The proxmity and &in effectshave beertomputedfor the coper embeded
in the statoslots only,neglecting beir contrbution in the erd-windings.

For comprison, theanalytical @lculationof ac lossesn the stato winding has
been perfomed fa both, the conentional daible layerwinding sdution andfor
four layer wnding soluion (two kar conducto per slot-lger).

In terms of ac phase resistace, Fig. 42.2.3 shavs the supriority of 4-
conductor lgers with respect tothe 2-layersolution n terms ofac resistace
factor for tre entire fregency rang.

The ratiobetweenac anddc redstance wit respect tewurrent aal frequeng at
200 °C obtaned by D FEM analyses ofthe fou-layer layoutis shownin
Fig 4.2.2.4. The resuk show tlat the rato is decresing when the curent
increases; tils phenoranon is dueto the prgressive ira saturation of the stéor
and rotor te¢h that redces the lelkage flux n the slotsTo avoid he complexy
for an accuste 3D FBM modelirg of the ed-winding (see Fig. £.2.5), ithas
been prefered to diretly validate the conputed k; coefficient by meansof
measuremets, as preseed in thenext sectio.

Fig. 4.22.2. Conduators arragement in lhe stator sla
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Fig. 4.22.3. Ratiobetweenac to dc resisance respddo frequency at 25 €.
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Fig.4.2.2.4. R&o betweerR,: andRy. of one lagr as functon of the
frequencyand currehat 200 °C.

Fig. 4.22.5. Detailof the statr erd-turn connections
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Fig. 4.2.2.6. Goerges polygon of the two three-phase set.

On the basis of these considerationgam be stated that quadruple layer bar
winding topology represents a better tauff between electromagnetic and
thermal behavior with respect to hostranded and double layer massive bar
solutions. The prototype adopts a qugule-layer double three-phase stator
winding, having 72 slots, 8 poles and onet gitch shortening; the scheme is
reported in Fig. 4.2.2.7. To further mitigdtee phenomenon, the semi-open stator
slot shown in Fig. 4.2.1.2 has been used and the winding bars have been inserted
from the hand side instead the slot opening.

Fig. 4.2.2.6 shows the Goerges diagram for unitary current value of the adopted
winding configuration (see Fig 4.2.2.7). ¢an be noticed the correspondence
between the two three-phase set; figing confirms that the proposed double
three-phase configuration cée analytically represésd as a conventional three-
phase system.
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Fig. 4.2.2.7 Double tiee-phasetator winding layout, 4ayers, 72dots 8 pols.
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5. Simulations and Experimental
Results

5.1.Single-phase Equivalent Circuit

Once the electromagnetic design has been successfully completed, the machine
performance in terms of torque and cuatreharacteristics must be evaluated.

The fastest and viable approach gerform this validation of poly-phase
machine is to use equivalent circuis8]. In particular, the IEEE standard is
referred to conventional three-phase niaehbut the applicain of equivalent
circuit can be extended to multi-phaseaghine as well. In this regards, in
literature can be find several examplestefapplication for different multi-phase
winding topology, symmetrical as well aasymmetrical [85]-[87]. The
performance of the investigated doublesthphase machine is computed by using
the single-phase equivalent circuipoeted in Fig. 5.1.1. The power computation
has been done considering thenber of phases equal to six.

It is important to highlight that themagnetizing inductance, the rotor leakage
inductance and the rotor regince are non-linear c@anent. In particular, the
magnetizing inductance has to be deteaditaking into account the lamination
magnetic saturation while the rotor resistance account for the skin effect of the
rotor bars. The solution of the non-lineaquivalent circuit allows predicting the
machine performance such as torque, power, currents, losses, etc. The additional
losses are not considered in the cirduitwever it is possible to include an
equivalent resistance thatccounts for additional losses in the machine power
balance. The parameters of the equivatemuit of the degned starter-generator
are determined from geometrical data of the machine using magnetic circuit
analysis. In [55][56] is msented the complete collection of the used equations
and algorithms for the computation of tbquivalent circuit parameters starting
from the lamination and winding desighlereafter are summarized the main
formulation used for the parametersaksation while the required geometrical
data for the parameters computation are:

x Stator and rotor diameters (inner and outer)

X Axial core length

x  Stator and rotor slot number

X  Stator and rotor slot geometrical shapes
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Fig. 5.1.1Inductionmotor singk-phase egjvalent cirauit.

While theneeded elgrical dataare:

Polenumbe

Number of condictor in seres per phse
Winding pitch

Conductor sectbon areas

Skewng pitch d the rotor fots

X X X X X

5.1.1. Stator and rotor resistance

Sator winding resistace

The stato winding resistancecan be esluated by the following equaion
(5.1.1):

4L ék(@osoiﬁémsavu (5.1.1)
aoy

Where ! is the condctor mateial resistivty, Auire IS the cross ection areeof
the equivalat wire and Lave wm IS the aveage turn éngth. The latter isthe
addition of two contrilutions: theturn acconmodate ito the slotsand the ad-
winding comection (5.12)

0egaaal t.caagE ge (5.1.2)

gel ~pe@BEULR gy E I (5.1.3)

Cop  CuoUxb
Kew is theend windng shape cefficient and its typial value is n the rangeof
16-2.2.
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Rotor winding resistane

The phas resistanceof the cge is refered to one bBr and twoadjacent ing
sectors assmning that the phaserotor nunber equalto the barnumber, see
Fig. 5.1.

The resisgnce of a sigle bar ca be compted by (5.14)

4oL - e (5.1.4)
Iy
While the resistancecontributon of erd-ring canbe computedaccordingto
(5.1.5)

4oL 62 (5.1.5)

°]
In the egationsk; is the coeffcient that acount forthe skin eféct; in caseof
computationof thedc value the cefficient is set to one.
According to the cge rotor dule lossesand fromthe equatios previowly

described igpossible tacompute tle equivalait rotor phae resistane (5.1.6)

6 F
4: | 44 E——mF— .
a © 8G yee U @A (5.1.6)

The obtaned resistace is the atual rotorcage resishce, in orér to referthe
value to thestator it shald be mowed by usimg (5.1.7)

7
aal —— Tteas (5.1.7)

Ciive

Fig. 5.1 Roto cage andelated baend ring curent
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Fig. 5.2Magnetic fiéd distributbn in the sbt
5.1.2. Leakage inductances

The slotleakage iductance an be evalated on le basis ofthe magetic
energy store in the slotdefined by(5.1.8)

‘e L‘&géeersagrﬁ?egég (5.1.8)
Where &g is the sbt leakagecoefficient, Lsot the length of thewinding part
inside the gt andlg is the total crrent in tre slot.
Assumirg infinite iron permedaility and magnetic feld lines paallel into the
slot the magetic energ stored in he slot carbe calculagd by
‘e L8y 0pdg * TG T;@T (5.1.9)
With reference toFig. 5.2, the magnett field at the x-coodinate canbe

computed ly

* T L iy @8

(5.1.10)

e.e;
While theslot curremis definedby
fopde 1, TET@T (5.1.11)
Consequatly, the sbt leakage oefficient iesults
~ ,iOA:é;-®é:é;®xé
e 3 ale — Ao
Sator slot leekage indatance: fullpitch

The phas slot leakge inductace for a fll pitch winding can le obtainedoy
(5.1.13)

(5.1.12)
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-aersag4r3®d-p'g05%abaeesa@rsag (5.1.13)

Stator slot leakage indtence: shortened pitch

In case of double layer shortened pitainding, conductors of different phases
are present in some slots. The magnetiergy stored in aa can be computed
according to the following equation
e o8 opdg *s T E £ TP@®@S:T;@T (5.1.14)
WhereH;(x) andHi(x) are the magnetic field produced by the current of layer
1 and layer 2, respectively. The magnetic energy in the slots can be written as the

three contributions

s
] X 6,\
ééSL_t QeRacaR IO DaA5

] X 6,\
éé6|-_t QeRaca® IO D846

S .
ééSL_t depracedBROiomGIoaaE

If the two layers have the same numloé conductors per slot, the leakage
inductance can be evaluated according to
DXUr?éDXUr?é.G:-%(? bxUBA-.

Q
-aersag4rs®d-p&0uuogab 5 -®Rac (5.1.15)

Rotor slot leakage inductance
The rotor leakage inductance can be gasihluated by (5.1.16) since the rotor
phase corresponds to a single bithe squirrel cage,

.@Rac4RgObCBmARRAC (5.1.16)

End-winding leakage inductance

The computation of end-winding leakage inductance component is not a simple
task due to their complex geometigowever, the linked flux with the end-
winding of a single turn can be cpoted using the following approximated
equation (5.1.17)
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64 42HKE®g (5.1.17)
ao
Wherely, is the end winding currenty, is the end winding length ang is the

half perimeter of the end winding cross section.
Defining the following quantities

AL

number of layer conductor in series
Uxb

<g L Mpumber of end-windingonductor in series

The total end-winding plsg leakage inductance shdo be computed by
summing the contributions of all the phase taking into account the coupling with
other phases. As a consequence, feratnsidered winding type the end-winding
leakage inductance is

<
aUan®4®a><ed-a_%_lbLB®H Klip— 0
aa

Airgap leakage inductance

The airgap leakage inductance for Motstator and rotor component is
presented in this section.

Stator leakage inductance

The harmonic decomposition of M.M.Blong the airgap generates by three-
phase sinusoidal current is given by (5.1.18)

s X Q . Ve D
#7.UaE%5©éAU@:pﬁ <o :DLUFAP; (5.1.18)

Neglecting the iron influence, the wieoM.M.F. distribution drop along the

airgap and the M.M.F. amplitude for th#h-order harmonics results in
7 Q”JOAaaO

#o L—6U %Ux§5oé (5.1.19)
Consequently, the flux density amplitude for kitle-order harmonics
QJOA\aaO .
$o: Ua P GU QJUX@ATDa@aIaD%OYOIClsoe (5.1.20)

Wherehairgap IS the airgap thickneskssis the harmonic Carter coefficient for
the statohth field harmonicK:. averiS the average Carter coefficient for the rotor.
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The main flux liked to the stator winding cha computed from the sum of all the
harmonic contributions.

6 0 Gux8" Apasbiaiapovoici©®
As a consequence, the managnetizing inductance results:

gL Qhaao O . Eiovolexus, ) (5.1.21)

6 .
cU_ <50 ea0,. UCDUavaErac
aoual 1= F53 G
o ! Debard -o=avaoddbvavoa
Since only the fundamental flux wave rotatd the correct ged and only this
component act on the electromechaniealergy conversion, the higher flux
component of high order is cadsred as leakage component.

Therefore, the airgap-leakag®luctance is defined as (5.1.22)

rpopPOUoaobandeo R aaveax (5.1.22)
Approximating the harmonic Carter dbeient through the average Carter
coefficient - 3 25106 Mt 5206« dhe following equations can be obtained for
the main and fundamental magnetizing inductance.

Qo P64k>6ak6276>4 425;

Eloy ol
aoval acud =P Y 222U (5,1.23)

Alaiap ARO Y OI0

Rotor airgap Leakage Inductance

The rotor leakage inductance of the ragdefined as the difference between
the main and fundamental magnetizing inductances.
The former is defined as the ratio betm the E.M.F induced in a bar and the
time derivative of the bar current
asa0 b TA S, (5.1.24)
While the main magnetizing cage inductance is

. aCitiEiOYOi%JXUAA| 5
agao Uk &g NS R (6.1.29)
The fundamental magnetmgqy cage inductance is
Ciive Eiovoilexy
saook s (5:1.26
The rotor cage airgap leakaigeluctance can be evaluated by

rp0p0Uga0banoo UK aaveax (5.1.27)
Even in this case if the harmonic Canteefficient is approximated through the
average Carter coefficienty xaga o ¢ D 3 4 0 ¢ g equation results
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5.1.3. Skin effect

The current density in slot-bound condust@s not uniformin presence olc
supply. This effect depends on the actuatjfrency of rotor bar currents, and it
leads to an increase of the equivaldwatr resistance and reduction of the
equivalent leakage bar reactance. Typycahese effects are taken into account
introducing the corrective coefficient to be appliedlatvalue of the resistance,
Kgr, and inductance, .

For the computation of the corrective fia@ent it has been used the algorithm
proposed in [56] however, a brief degtion of the method is reported in the
following.

The procedure is based on the following hypothesis:

x Ideal iron (infinite perraability and no losses)

x Field lines paraél in the slot

x  Slot subdivided into N thin layers

When sinusoidal voltage is applied teetbar, it is equally distributed to all
conductors. For a genetkth layer, the electromagnetic phasor equations are:

$L 4 HE & (5.1.29)
8 L AG oy ¥ (5.1.30)

In order to compute the bar layer currenfit is necessary to determine a
general formulation for th# coefficient. The mutual inductance betwdéehn
andjth layer has the following peculiarities:

X My is eual taV for the physics of the problem.

x If j<k thejth-layer linked flux due to thkth-layer current is invariant with
the position of thgth-layer. This means thdj=M if j<k

Consequently, is possible todi the following phasor relation:

L §5E PUYE BE ® E$S% (5.1.31)
O7-
where
P L @ A—S’_@A (5.1.32)

while fiz L t dsBhe electrical pulsation of the current ahid the conductor
resistivity referred to the actual temperature.
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From equation (5.1.31) is possible to nitat the current i layer depends on
the total current under the layer itself. Thi®ans that, if theurrent in the first
layer is known, as amplitude and phase, all the other layer currents can be
calculated with a recursive procedure. As a consequence, with the aim to evaluate
the current distribution in the bar, it isgsible to consider an arbitrary current in
the first layer (i.e. +8L s E ) Ondé the layer currents are known, the

correction coefficienKg anK are evaluated by means:
Bi:U;

eB LEL (5.1.33)
B
-AB L A,;.iu; (5.1.34)
|
Nt S
WhE Ag g2
4068 L=~ 'L £ - (5.1.35)
M L=> A2 o ¢ +8magnetic field in théth layer
(e]
.., 6By:U; JOAL o A
08B LB g toe 0% (5.1.36)

5.1.4. Fundamental airgap flux density determination

The determination of the fundamental ajpgflux density as function of the
fundamental MMF taking into accountethmagnetic material non-linearity is
presented in the follow.

It can be highlighted thahe fundamental airgapuft density in required in

order to compute the rms winding-induced EMF.
' 6 UAaQuBBovoibuy
daw oo Baoeaveax (5.1.37)

Where K, 1is the fundamental statainding coefficient, and & is the number
of stator conductorns series per phase.

In case of magnetic saturation, the apdlux density waveform produced by
the fundamental MMF is distorted. In thgsndition, the flux density peak value
in the teeth and in the yokes does not depend on the amplitude of the fundamental
airgap flux densityBmaxfuna but it depends in thactual airgap flux density
Bmax,airgap

Therefore, starting from thBpmaxairgap it IS possible to correctly calculate the
MMF drop along the different machine madccording to the magnetic circuital
rule.
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Once theBmax airgapVersus the MMF drop charagdsgic is known, it is possible
to determine the distorted airgap fluxnddéy waveform in the airgap using a
procedure similar to the one used fog #wvaluation of the magnetizing current in
a single—phase transformer.

Finally the fundamental airgap flux densiBmaxund Can be easily computed
by a Fourier analysis. The completegedure is deeply presented in [56].

5.2.acresistance factor

To experimentally evaluate tree resistance factor of the stator winding, the
rotor has been removed to avoid the losses in the cage (the rotor absence has a
minor impact on the stator winding los3eThe test has been performed with
sinusoidal current from 50 to 1400 Hz; tdtigate the temperature variation effect
during the measurements, the current amplitude has been limited to 10 A. Since
the rotor is taken out of ghmagnetic circuit and thegply voltages used for these
tests are much lower than the rated voltages, it is assumed that the stator iron
losses are negligible in the measuremenie electrical quarties of each phase,
acquired by a high-precision power meter, have been used to compuwe the
resistance factor using

i oA
L—— 52.1
6
5 2
’I
. // _ O
& |-
Pid |
3 27
x 3 A N
K o7 O
[0 'a’ |
2 (|
'D"D
g-1r === Simulation
1 B=O==LF —
O Measurements
0 | |
0 200 400 600 800 1000 1200 1400

Frequency, Hz

Fig. 5.2. Predicted and measugedresistance factors.
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The predicted and measuradresistance factors arepated in Fig. 5.2. It can
be noticed that good accuracy is achéefa a supply frequency of up to 600 Hz;
for higher frequencies, the analyticemputation overestimates the phenomenon.

This finding confirms what has beeaready presented in [57], where an
improved analytical method for the estimatiorkoin the case of high frequency
is described.

5.3. Prototype parameters

The single-phase nonlinear equivalent witqarameters have been initially
computed starting from the geometricahd electrical data, following the
methodologies described in the pms section for tlee-phase winding
configuration. The nonlinedoehavior of the magnetimaterial has been taken
into account during the computation oktimagnetizing reactance and the iron
losses. As for the skin effect on the rgparameters (rotor leakage inductance and
rotor resistance), the recursive least squares algorithm presented in the previous
section has been used. Subsequently, the computed three-phase parameters have
been referred to a double-three-phasmfiguration by ugg the following
relation: I:’s)-6ph: Rs-3p|'(2, R“-Gph: Rr-3pr/2, F*?fe-(iph: Rfe-Sp}JZ, I—m-6ph: Lm-SpI*/Z, Ls-6ph
= Ls3pH2, Li-eph= Lr.3pn/2. It is worth to note thalso the power computation has
to be scaled in order to take irdocount the contriltion of six phases.

In addition, for each three-phase s#te electrical parameters have been
measured by the well-known no-load andkied-rotor tests according to the IEEE
standard procedure [58]. These testsehheen performed for several supply
frequencies, starting from 50 Hz up 300 Hz. From the no-load test, the iron
losses are decoupled from frictioand windage losses by means power
measurements at different voltage lev€lentemporary, it was also evaluated the
magnetizing inductance variationasunction of the phase current.

The measured locked-rotor test resistances have been split in the stator and
rotor contributions, assumg the measured statac resistance factor shown in
Fig. 5.2. The computedc stator resistance value has been corrected with the
same measuredt resistance factor.

The comparison between computed and nnesgkequivalent circuit parameters
referred to a single statemit at the supply frequenayf 200 Hz is reported in
Table VI. Looking at this table, it igossible to observe the satisfactory
agreements between the estimations and the measurements. In addition, from the
table it is possible to notice that the \af the rotor reactance of the closed rotor
slot machine is higher with resgt to the open tor slot one;
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TABLE VI
SINGLE PHASE EQUIVALENT CIRCUIT PARAMETERS
OF THEDOUBLE THREE-PHASE PROTOTYPES@200H

. Open slot Closed slot
unit
computed measured Computed Measured
Stator resistance M 6.5 6.5 6.5 6.2
Rotor resistance 1] 55 55 5.5 54
Stator reactance M 15.9 16.5 15.9 14.8
Rotor reactance 0l 12.4 16.5 28 23.6
Magnetizing reactance M 23 23.5 23 25.9
Iron resistance Y 11 13 11 16.4

this leads to a lower pullout torquadalower flux weakening capability of the
closed rotor slot prototype.

Fig. 5.3.1 and Fig. 5.3.2 show the measuaed computed no-load current
versus supply voltage for closed rotor aens rotor slot protype, respectively;
in these cases, the agreement is very good, leading to the conclusion that the
saturation effects are accurately accouritgdhe design procedure. Still for the
200 Hz frequency values, the computed aneasured locked-rotor voltage versus
the phase current trends are reported in Fig. 5T03take into account the
saturation phenomenon of the closingdges of the rotor slots, the approach
presented in [59] has been adopted. Thauration effect isignificant in the
voltage-versus-current graph of the ledkrotor test, reported in Fig. 5.3.3, where
the interpolation line doesot pass through the origin. Meover, in this case, the
prediction of the locked rotor test cha considered more than satisfactory.
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Fig. 5.3.2 Predicted and measured no-loatifte open rotor slot geometry at
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5.4. Steady-state motor pototype performance

Using the single-phase nonlinear equinéleircuit opportunely scaled up for
accounting the winding comfuration, the predted steady-state performance has
been computed and experimentally vakathtDuring the load #ts, all performed
with water-cooling, the theral protection of the powesource limited the phase
current to about 200 A. In addition, considering the frequency limitation of the
power supply, it was not possible to expentally map all the required operation
points shown in Fig. 3.2.2. For these reasons, the open-loop load tests were
performed in the 50-300 Hz frequencgnge only, respecting the voltage-to
frequency ratio. Fig. 5.4.1 and Fig. 5.4.2 shihve steady-state performances of
the closed slot prototype at 200 aBdO Hz, respectively; once again, a good
agreement between predicted and measured performance can be observed. These
steady-state thermal tests allowed for fyang the water-cooling capability also
in continuous service. In fact, the thetrbahavior of the machine was monitored
through 20 thermocouples embedded in the magnetic circuit, end winding,
housing, and water duct. Focusing the atbenon the 200 Hz thermal test with a
load torque equal to 21 Nm and 5 I/nthwater volume flow, it was possible to
obtain 5.8 kW of mechanical power and 1 kifMtotal losses. In this condition, the
stable temperature difference betm winding and water was of 80 °C.
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Fig. 5.4.1. Predicted and measured penfomnce: torque and current versus
speed at 200 Hz, measursdtor temperature 80 °C.
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Fig. 5.4.2. Predicted and measured penfomnce: torque and current versus
speed at 300 Hz, measurgdtor temperature 8 °C.
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5.5.Overall performance prediction

The overall performance predictions thie two prototypes have been finally
computed through the single-phase edleint circuit opportunely scaled up to
account for the double three-phase windoogfiguration, both in motoring and
generator modes. In particular, the meaduparameters have been used for the
prediction of the performance for frequoy up to 300 Hz, whereas for higher
frequency, the computed parameters have been adopted. It is important to remark
that the parameters have been recoeguat the wanted frequency and winding
temperature (for the statoesistance, the measuradresistance factor has been
still applied). This approach represeatdast solution to obtain accurate motor
performance avoiding intensive FEM analysis.

Fig. 5.5.1 and Fig. 5.5.2 repgothe simulated performances of the two
prototypes in motor mode at 150 nding temperature (assumed as typical
working temperature); it can be noticeailhe requirements are fully satisfied in
the overall operating speed range. As exguidhe prototype with open rotor slots
has higher pullout torque dueltwer rotor leakage reactance.
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Fig. 5.5.1. Open slot prototype: predicted motor performance
(stator temperaturequal to 150 °C).
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Fig. 5.5.4. Closed slot prototype:eglicted generator performance
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Fig. 5.5.3 and Fig. 5.5.4 show similar riégsun the generation mode up to
9000 r/min; above this speed, due to the severe voltage limitation, a small
discrepancy with respect to the expected performance has been observed for
closed rotor prototype. Heever, considering the rigue-versus-speed profile
required during the urban dimg cycle (see Fig. 3.3.2),dke discrepancies can be
acceptable in the real use of the vehicle

5.6.Conclusion

In this section, the design and testingaofelectrical machine for mild-hybrid
powertrain applications BBabeen presented. Complete design aspects of a
multiphase IM prototype respecting thes®m requirements have been presented
and discussed. In particular, it wasihd that a multilayer bar conductor topology
for the stator winding production is artenesting candidate for high-current and
high frequency applications, even in ttese of small-size machines. In addition,
the open rotor slot configuration was proven to be the candidate for the fully
achievement of the required perfomsa in the whole speed range without
compromising the mechanical robustnebest results are presented, and it is
shown a good agreement beem predicted and measurddta. The achievable
performance, computed using the measured machine parameters, demonstrated
the feasibility of the proposed design solution.
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6. Thermal management

6.1.Stator winding thermal models for short-time
thermal transient

The continuous request for more efficient and ever more compact electrical
machines have lead towards the necessisupport electronggetic designs with
detailed thermal assessments. As vkelbwn, the performancef an electrical
machine, both in steady state and in trartSigerations, are directly related to its
thermal behavior and cbieg capabilities. The thermal overload of the machine
can cause severe damages to thosmpooents that are sensitive to the
temperature, in particular the winding insulation system. Whenever the winding
temperature exceeds the maximum valakswed by the insulation class, the
insulation lifetime is heavily reduced byetthermal aging degdation effect. For
this reason, the thermal analysis assuaregven more important role for those
electrical machines thateaused in applications withort-time load and overload
operations, such as automotive and aerospace.

To cope with the thermal analysis eliectrical machines, in the last decade
different methods and software haveeh proposed by the scientific community
as well as by industry [60]-[63]. Lookinthrough the technitditerature, the
methods to face up the electric motor thdramalysis can be divided in two main
categories: numerical dranalytical methods.

The numerical methods, such asnitd Element Analysis (FEA) and
Computational Fluid Dynamics (CFD)Jleav a detailed modeof any device
geometry and the prediction of thermidw in complex regions [64]-[66].
However, both FEA and CFD simulationots are very demanding in terms of
model setup and computational time.rFiis reason, these tools can be
considered a valuable support for offlicomputations onlytypically during the
machine design stage. To match a faditemm with results accuracy, analytical
methods are mostly used [67]. Thegmwraaches are mainlgased on lumped
parameters thermal networks composed of thermal resistances, capacitances and
heat sources representing the machine losses.

Both the numerical methods and the gtiehl ones are based on many thermal
and mechanical parameters, which dgpen the manufacturing process and that
are not analytically computable. As ansequence, using thermal models, several
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issues arise into the designers’ mind. Fooaect selection of these parameters, a
valuable benefit may come from ampirical design experience on similar
machines having a comparable manufeng process. However, there are
unquestionable difficulties for the users fagior the first time electrical machine
thermal analysis. As a first attempty particular working on conventional
industrial machines, it is possible to nete the data reported in the technical
literature, but in this case, particular atien has to be paid to focus on papers
dealing with machines having similar feasr In this perspective, in the last
decade many efforts have been made by the researchers to find out the most
critical thermal parameters. For instance[@8] and in [69] some values for the
thermal resistivity of the winding insulationr the heat transfer coefficients for
natural and forced convection of compgpometries (finned frames, end-caps air
volume, etc.), have been discussed and tegoit is important to highlight that

the aforementioned difficulties on the thermal parameters selection affect
whatever thermal analysis approach. Heere from the practical point of view,

the main advantage of analytical imeds relies on the reduced computational
efforts necessary to predict the temperature in different machine parts.

Electrical machine #rmal analysis can be reqtexs$ for defining its behavior
both in steady state or traest conditions. Several thermal models able to predict
the temperatures in presence of loaariations have been proposed in the
technical literature, as well as implentesh in commercial software. The typical
use of these models is the machine terapure prediction in applications where
the load variations follow a defined dutycty or the load is imposed by a specific
Service Factor (SF) [63], [70]. Duringeéhelectrical machine design stage, the
implementation of analytical models in&iate-of-the-art simulation tools like
Matlab® is straightforward and it is not expected to result in numerical or
computational issues. Their simplicity can be beneficial for multi-physics
analyses, for instance interfacing tlamalytical thermal model with more
complicated systems like electromagnetic transient simulations.

Another field where the transient thernmabdels find applications is the real
time temperature prediction in machinesdisn variable speed drives. Depending
on the thermal network complexity, analgienodels can be used for the online
and real time temperature evaluation in several parts of the machine during its
working operations. Thisllaws undertaking real-tie actions on the control
strategies to prevent the machine oeating [71], [72]. Tk online monitoring
techniques present higher accuracy anclodity with respect to the temperature
measurement through thermal sensors eldd@ in the machine. In fact, these
latter are an additional cost and suftérdetachment risk during the machine
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lifetime (uncertainties due to the cant resistance andn the exact sensor
position) [73], [74].

Nevertheless, despite thedteed computational eff@trequested by analytical
models, complex thermal networks might betsuitable for online applications in
a drive. In fact, high order models leadattarger number of differential equations
to be solved, thus requig higher computational resaas. In this perspective,
previous research activities on confprasive thermal model reduction can be
found in literature [7Q][73], [75]-[78].

In [79], an interesting atysis of the electrical machine thermal behavior in
short-time transient is reged. In particular, the sufpansient, transition and
transient thermal regimes (after which the machine is considered close to its
thermal steady state conditions) are désedl separately texplain the involved
physical phenomena in each of the three regimes. The comparison between
predicted and experimentasults confirms the validitgf the proposed approach.
As well known, and analytically discussed[79], when an electrical machine
operates in overload conditis, the fastest as well #& maximum temperature
rise occurs in the stator windings. Asconsequence, an accurate and reliable
stator winding thermal model is mandatasyppen a real time prediction of the
machine winding temperature is requested.

In this section are proposed, analyzedl validated diffemgt stator winding
thermal models for short-time thermaditsients. The proposed thermal networks
are based on a physical representatipproach for all the thermal network
components. In this way, the lumped parameters physical meaning can be
matched with the geometrical dimensionsl anaterial characteristics of the stator
winding and lamination. In pacular, starting from adurth order thermal system,
composed of four RC cells in caseadthe model complexity has been
progressively reduced down to a thirdea@nd and then to ast order model. In
particular, as demonstrated in the daling, the proposed models are a reasonable
compromise between network colexity and results accuracy.

The stator winding short-time temperauevolutions predicted by the four
proposed models are compared with theasured temperatures on an industrial
Total Enclosed Fan Cooled (TEFO)duction motor. For this experimental
activity the industrial madhe has been used in the place of the designed BSG
since the prototype was urdeonstruction. Once the thermal models have been
evaluated on TEFC machines, the statordmg region of the BSG prototype has
been modeled according to the propoBest order thermal network. Then, it is
used to predict the statainding temperature duringperative load conditions.
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6.1.1. Short-time thermal transientmodeling

The first lumped parameter hermal nodel consiered in his sectionis
depicted inFig. 6.1.1;

Fig. 6.1.1. Fouth-order steting thernal model

As well evident, thethermal naetvork is a burth ordersystem conposed of éur
RC cells incascade. Fothe modé order deinition, thehypothesisof isothemal
rotor and feme is cosidered duimg the themal transent. On the base of his
simplifying assumptionthe rotorsurface andhe macke frame ae individually
assumed tdoe isotherral. Therefae, the roto temperatte, the frane temperaftre
and the amkent one & all beirg considerd equal toTo. On thecontrary,the
winding (cqper and isulation) can be conglered an adbatic sysem. It has &o
to be pointé out that, sice the themal resistince betwen the macime frameand
the ambientis a conplex quantty to be omputed,the isothemal conditon
between frane and arhient allows neglectig this termimprovingthe simpliaty
of the model The themal resistanesRam ard Rair.gap Can be compited by (6.11)
and (6.1.2),respectivey.

Ry, —t ] 6.1.1)
2 ‘9<ir Ls @iy ES
§, aonn -
R gop g N o2 6.1.2)
2 S(air L @ airgap 1

In particdar, since lte rotor sped is zerothe ar-gapthermal resstance cabe
computed onsideringan air cylinder havinga constanthicknessdeterminedby
the inner ad outer radiiof the ar-gap.

The themal resistace of the interface gap, Rint.gp, Cannot be evaluted
analytically [68] and itcan be oldined by he calibraton of themodel afterthe
steady statettermal tesf61].
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TABLE VII.
THERMAL RESISTANCEVALUES

I:\:'cu-ir FQinsl Rinsz Rlam Rint-gap Rair-gap Rcomp
(°CC/W)  (°CIW) (°C/W) (°C/W) (°CIW) (°C/W)  (°C/W)

0.0445 0.0045 0.0400 0.0031 0.0300 0.2000 -0.537

TABLE VIII.

THERMAL CAPACITANCE VALUES

Cwind Cins Cteeth Cyoke
(J°PC)  (°C)  (JI°C)  (JI°C)
1910 680 2194 5623

The conduction thermal resistance of freame is neglected because always
lowers tharRin.qap [61]. Even the thermal resistance copper-iRRg., is obtained
by tuning the model after the steady state test; from its value it is possible to get
the two thermal resistancBss: andRi,s2 according to (6.1.3) and (6.1.4).

F"’insl 80.1 F%u-ir (613)

RinsZ §09 |%u-ir (6.1.4)

It is important to rem& that equations (6.1.3and (6.1.4) have been
empirically determined through astecampaign conducted on several TEFC
industrial induction machines of differemanufacturers. Equations (6.1.3) and
(6.1.4) reflect the physical reality ¢fie winding system. In fact,if takes into
account the wire insulatioenamel etc.), while R takes into account the slot
insulations materials (slot liners, imgretion etc.). The thermal capacitances of
the winding, includingslot and end-windingQwing), the yoke Cyokd and the teeth
(Cieety can be computed using (6.1.5), (6.1.6) and (6.1.7).

CWind Vwind <cu Ccu (615)
Cyoke Vyoke (Iam CIam (616)
Cteeth Vteeth (Iam Clam (617)
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Fig. 6.1.3: Comparison between predicéedi measured over-temperatures for
the fourth order thermal model.

The thermal capacitance of the insulation mateCigl can be evaluated by
(6.1.8).

Cins Vslot (1 kf‘f ) (ins Cin's (618)

The values of the thermal resistanced those of the thermal capacitances for
the DUT are reported in Tables VII aMll, respectively. The thermal network
shown in Fig. 6.1.2 has been solvedngsihe multi-domain solver of the multi-
physic softward?ortunus[84]. The comparison beten predicted and measured
over-temperatures is shown in Fig. 6.1@bviously, both the simulation and the
measurement have been referred to the same ambient temp&satuneh is the
initial temperature of the test. In ¢=i6.1.3 it is well evident the excellent
agreement between the measured and the predicted winding over-temperatures.
The maximum discrepancy on the over-pamatures after 60 s and 120 s are equal
to -1.2% and -1.7 %, respectivelyodking at Fig. 6.1.3, the hypothesis of an
isothermal frame can be considered valm to 60 seconds; after that time, the
frame temperature increases reachinghatend of the test, an over-temperature
of 1 °C with respect to thieitial temperature. For th&ze of the DUT, 60 seconds
can be considered a short-time thermaldiemt. Under this ypothesis, the stator
winding temperature predicted by the thermal model follows very well the
measured one. Nevertheless, neglecting the small increase of the frame
temperature, the goodness of the nhede be extended up to 120 seconds.
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Fig. 6.1.4: Propsed thirdorder thernal model.
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Fig. 6.1.5 Comparisn betwea predictedand measted ove-temperaturegor
the thirdorder themal model.

6.1.2. Thermal model order reduction

As prevously diswssed, thefourth omer thernal network proposedin
Fig. 6.1.2 reresents wh a goodaccuracy he physicalphenomea in the stéor
system. Lo&ing at the values ofthermal esistancesisted in &ble VII, it is
evident thatRi,s; andRam have diferent ordeof magnitide compaed to the dter
thermal resstances. Br this re@on, theproposed lermal madel has leen
modified intoducing & order reluction, noving toward a third order systm
composed 6 three RCcells in @ascade. fie order rduction of the modelis
practicable sce the termal resistnce Riam is one ordeof magnitude lower ban
Rint-gap; @S aconsequece, it can ke moved n series wih Rin.gapand the themal
capacitanceswill results connectd in paralkl. The obtined third order themal
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