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ABSTRACT
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The goal of this thesis is to find the optimal stator winding topology for permanent magnet
traction machines in terms of priamanufacturability and performanc¢ehe main parame-

ters and characteristics of synchronous machines asrerbto make it easier to compare
different winding topologies. The existing winding topologies and their characteristics are
covered based amliterature research. Based on the resedaipin windingis chosen to

be compared to traditional lap coiiding. The main reasons for choosing the hairpin wind-
ing are the easier manufacturing process and the lower achievable manufacturifigecost.

perfamance of the hairpin winding depends the machine dimensions and frequency.

The lap coil winding and thealirpin winding are compared by using analytical and numeri-
cal analyss. Hairpin windings with different number of layers are compared. Efficiency
mays are calculated fdyvothwindingtypes. The hairpin winding is shown to produce worse
efficiency, but bet#tr maximum torqueThe main reason for the difference is foundoe
46% highercopper losseg.hecontinuous torque is estimated to be 25% lower in the hairpin
machine. The winding principeof the hairpin windingare presentedA copper loss map

comparng the coil winding and the hairpminding in a poweifrequency plané shown.
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0 directaxis magnetizing inductangie]
0 quadratureaxis magnetizing inductangd]
0 stator leakage inductanfid]
I length [m]
a effective core length [m]
m number of phasesnass [kg]
0 number of turngn a winding
N set of integers
n integer number of layers
P power,losses [W] specific loss of a material [W/kg]
p number of pole pairs
Q number of slots
q number of slots per pokndphase
R resistance [ Y]
r radius [m]
crosssectional area [fh
skewing measured as an arc length
Y Curietemperature [K]
T torque [Nm]
t number of phasors of a single raditisie [s] temperature [°C]
\Y; volume [n?]
energyloss|[J]
Wip winding pitch factor
% harmonic
y pole pitch expressed mumber ofslots
) number of slot pitchesovering the pole pitch
z integer number of layers
Abbreviations
AC alternatingcurrent
AM asynchronousnachine
CFD computationafluid dynamics
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CPSR constantpower speedrange

DC directcurrent

DSPM doublesalient permanentnagnet
emf electromotiveforce

EOL end-of-line

EV electric vehicle

FEA finite elementanalysis

FEM finite elementmethod
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HEV hybrid electric vehicle

ICE internalcombustionengine

IGBT insulateegatebipolar transistor
IPM interiorpermanentnagnet
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PWM pulsewidth modulation
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SPM surfacemountedpermanenmagnet
SYRM synchronougeluctancemachine
SRPM synchronougeluctancesssistedpermanenmagnetmachine
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| temperature coefficierdf resistivity [1/K]

| angle between phase windings

| relative permanent magnetdth
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1 INTRODUCTION

In the recent years, more and more traction applications have been converted into hybrid or
full electric toreduce the C®emissions and fuel consumption. The speed ofrdresition

has beerurther increased as the development of the electric drivetrains has imphneved
efficiency,the powerdensity andhe payback timef the systemsThe development of the
power electronics, especially insulatgate bipolar transistof§GBTs) in combination with
modern control methods such as vedontrol algorithms have made it possible to develop
efficient and power dense drivetrain systemsse @ctor in the chandgees beerthecar in-

dustry, as several car manufacturers with aiBggnt market share hayeiblicly announced

plans to move completely away from the traditional internal combustion engines.(ICE
Especially electric traction machines used in cars and t#ion applicationsave been

an appealing research topic dmmand for thenmas quickly grownThe specific require-
mentsfor the traction machindsave madd difficult to find an optimal solution in terms of
price, manufacturability and performanaed compromises habeendone. Severadiffer-
entdesigns haveeen proposed, but none of them has been found superior in all three seg-

ments.

Onesubjectwhich has received attention tine recent years idifferent stator winding to-
pologies.The stator approximatelyuilds up44% of the total cost of the electridedction
motorwhen the motor is manufacturadcording FreedomCAR 20 specificatior(Ley and

Lutz, 2006) It alsohas a significant impact dhe manufaturability andthe performance of

the electrical machinend therefordt is a topic which should bstudied carefully. In this
thesis,the stator winding topologies that have already been proposed in the literature are
reviewed and compared to more fitashal ones used already in the industry. For industry
needsthe manufacturability anthe cost arghetwo areas that have to be also studiace-

fully. Some of the newer stator topologies have already been succeissfildlynentedn

mass production,ut production chains and methods still require research and development

to be fully effective.

1.1 Characteristics of traction motors
The dectric traction motors are used in hybrid electric vehicles (8J&xd electric vehicles
(EVs). Therequirements foelectric drivesn theEVs andn theHEVs have beediscussed

in  several papers. Common characteristiscan be listeds follows
7



1) high torque density and power density

2) very wide speed range, covering lepeed crawling and higépeed criging

3) high efficiency over wide torque and speed ranges

4) wide constanpower operating capability

5) high torque capabilitydr electric launch and hill climbing

6) high intermittent overload capability for overtaking

7) high reliability and robustness for vehicutrvironment

8) low acoustic noise

9) reasonable cost (Chau et al., 2008).
Depending on the case, requiremédatghe electridraction motorcanbe different as there
are several different cases in the field of HEVs and EVs. Therefore, each case has to be

studed independently

1.2 Goals and delimitations

The goal of thishtesis is to find the best available winding topologysfarchronous traction
motor in terms of performance, manufacturability and price. Literature research is used to
compareexisting information of different topologies and analytical and numerical asalys
are only applied to selected topologies. Only aredthermal analysis is applied instead

of computational fluid dynamics (CFD) to reduce the workload.

1.3 Research methods

The performance of different windingppologies is analyzed based on literature research,
analytical analysis and finite element anay$EA). The manufacturability of different to-
pologies is evaluated based on the literature research. Manufacturingreostsmpared

based on the literature research.

1.4 Structure of the thesis

This thesis is divided mto four chapters. In chapter two theathematical model and the
different constructions of synchronous machine are presertiederformancethe manu-
facturaility andtheprice of different stator winding topologies are also analyzed. In chapter
three analytical and finite element analyaes presented and the results are analytieel.
winding principle of the selected winding is also covefaohclusions ath future work are

presented in chapter four.



2 SYNCHRONOUSMACHINE

The twvo most common electric traction mac@types are asynchronousachins (AMs),

and synchronous machm¢SMs). The main difference between the machine type®is
current linkage component created by the rotor. In the synchronous machine, it is created
independently othe stator, and thuke air gap flux changes amnot directly compensated

by therotor. In the asynchronous machine, rotor currents result from the air gap flux and a
slip. In this thesis, permanent magsghchronousnachins (PMSMs) and separately mag-
netized synchronous machines are coverée thid synchronous machine group is syn-
chronous reluctance machines (SyRMs). This machine type producesdalyi@sed on
thereluctance difference between direct and quadrature axis, but permanent magnets may
be used to generate additional permanent magreieto make a permanemagnetas-

sisted SyRMSalientpole PMSMs have alssomereluctance difference between direct and
guadrature axis creating additional reluctance torque, and therefore they are also known as

synchronous reluctance assisted permamagnet machines (SRPMs).

The ynchronous machines can be divided also depending oairtijap direction of the
main flux of the machine. Axiglux machines are not used in large amounts in the industry,
but they have been under research for somesyEae latest results show tha axiakflux
machine may offea very high power density in moderate power rafigagnax 2020;
Emrax 2020. Compared to axidlux machines radiallux machines represent a more ma-
ture technology. In the radifllx machines, the main flupasses the agrap radially andsk,

thereforein perpendicular direction with respect to the axis of the machine.

Non-salient synchronous machine design is achieved when-caretjuadraturaxis syn-
chronous inductances are made egDakectaxis synchronous inducte®0d is composed
of directaxis magnetizing inductande and stator leakage inductange . Similarly,

quadratureaxis synchronous inductanoe is composed of quadratyexis magnetizing in-
ductance) and the stator leakage inductance. Saliency ratio is determined as the ratio of

directaxis and quadratwaxis synchronous inductance. In the separately magnetized sali-
entpole synchronous mactgs the saliency ratio is typically higher than onehasr¢luc-
tance of the direct axis is minimized. In the PMSMs the saliency ratio is often lower than

one, as the higheluctance permanent magnets are placed on the direct axis. The higher the

9



inductane difference is, the higher is the reluctance torque.réluctance torque is used to
increase torque density in the salipote machines. An example of saligrdle permanent
magnet machine is an interior permanent magnet (IPM) machine. Trealempole ma-

chine design is achieved by using surface permtamagnets (SPMs).

The PMSMdhave significant benefitsompared to other machine types when usedras-a

tion machine such as high torque density, excellent efficiency poskibility to achieve

wide speed rangés rareearth materials used in permaheragnets (PMs) introduce addi-
tional risk considering the volatility of their price, other synchronous machine types have
gained more interest in the recent years. In a separately magnetized syusmacting

the rotor magnetization can be controlledhjeh allows a wide constant power speed range
(CPSR). Itis possible to achieve a high torque density with both rotor magnetizing methods.
The downside of the field winding is the additional Jouledgswhich reduce the achievable
efficiency especially talower speeds and at full load. The reliability of the magnetization
system is also an additional concern for the field winding. The permanent magnets do also
introduce an additional loss componehs. the magnets are conductive, eddy currents are
inducedto them during the operation of the machine. The currents create Joule losses, which
should be minimized to reduce the temperature rise of the magnets. As the rotor excitation
done by the permanentagnets is constant, ajap flux density has to be reditwith the

armature reaction to reach fielkkeakening.

2.1 Rotor topologiesfor a synchronousmachine

The permanent magnets can be mounted on the surface of the rotor or they can be embedded
in the rotorconstruction. Typical permanent magnet rotor constvastare presented in Fig.
2.1. In SPM machines magnets are mounted by using epoxy adhesives on the surface of the
rotor creating a nesalient structure. The permeability of typical permanent magatetrim
als is near to vacuum permeability. Thus, effecivgap remains constant in the SPM rotor.
The permanent magnet torque can be maximally utilized when the load angle is 90°, as then
permanent magnet poles are totally unaligned compared to arrpatese Even though ar-
mature field and permanent magnietd are then unaligned, the fields interfere with each
other creating some voltage distortion. If the machine is operated kiwilkening region,
the armature field and the permanent magnet &eddat least partially aligned, and the re-
sultant fieldis therefore weakened.
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As the magnet fixingnechanical structure in SPM machines is weaker compared to IPM
machines, higtstrength retaining sleevesustbe used to improve the mechanical charac-
terisics of the rotor. In this case however, additional lssse induced on the sleevithey

are conductiveThe directaxis synchronous inductance is generally lower in the SPM ma-
chinesbecause of the high magnetic air ghapt this can benproved by using higher num-

ber of turns in stator winding. (Zhao et,&019.) Even though SPM machines lack the
reluctance torque, permanent magnet utilization in constant torque region is higher compared
to the IPM machines creating a higher total terWang et al., 2011). Lower torque ripple

has also been reported otke whole speed range in SPM machines (Zhao and Schofield,
2017.)

d| d|
N N
a\ A\
S S S S
(a) (b)
N N

di q\ 9
a~ \

(e) (f)

Fig. 2.1. The most common permanent magnet rotor constructions. (a) SPM rotor, (b) magnets em-
bedded in the rotor siace, (c) pole shoe rotor, (d) tangentially embedded magnets, (&)yradin-
bedded magnets, (f) magnets embedded-gh&pe (Pyrhdnen et al., 2008).

In the IPM design the permanent magnets can be embedded in several different ways in the
rotor construgbn as can be seen in F@1. The simplest way is to embed the magnet
slots on the rotor surface. This way a better realization of the fundamental component of the
air-gap flux and thus also the highest output torque of all IPM configurations eahibged

(Wang et al., 2011). Permanent magnets can also be embeddeditialy with respect to
11



the rotor surface. The simplest and mechanically the most robust desigrr@sgea single
barrier design by using single layer of tangentially embeddaghets. With this design,
reasonable permanent magnet torqueraadomble reluctance torque can be achieved. The
field-weakening performance is also usually on an acceptable level. If more permanent mag-
net layers are insertednenhanced saliency ratamd thus enhanced reluctance torque can
be achieved. The downside oigtoption is that the mechanical structure becomes more
complex and weaker. If higher permanent magnet torque is desiegddially embedded
permanent magnet structure may be setedienbedding magnets radially reduces the in-
ductance difference betweedirect and quadrature axis. Regardless, good-fieldkening
performance can be achieved. If even betterHfieddkening performance is required, em-
bedding the magnets in-$hape offes high reluctance torque and thus good performance in
the field weakemig region. Even higher inductance difference is achieved, when permanent
magnets are embedded indhape. In this construction, high efficiency is achieved over a
wide speed range (Wamrgal., 2011.) As the IPM construction is mechanically more robust,

it is a good option for higepeed applications. Embedding magnets in the rotor construction

also reduces the demagnetization risk of the magnets.

There are someonstructionsvhere thgpermanent magnehave been mountéadlthe stator.
This type of costruction is usually called double saliepermanent magn€éDSPM) can-
struction asit usually has saliemoles both irthestator andherotor. Tke constructiortan
be mechanically simple and robust, andsitherefore a potential option forgh-speed de-
signs (Chau, K. et a.2008).These constructiorarestill in research statend need further

development.

2.2 Permanent magnets ima synchronousmachine

Permanent maggts are at the same time beneficial and problematic in electrical machines.
The geograpleal location of the rarearth materials is one key question regarding the per-
manent magnets. As China has approximately one third of aleeatie reserve deposits
the world, the price development of the permanent magnets remains uncertain inréhe futu
The price of important rarearth minerals, such as Neodymium and Dysprosium, has been
extremely volatile irthe past ten years. As all uncertainties in the magmanufacturing
process should be avoided as much as possible, some new synchronoug mhesigns

12



without rareearth materials have been introduced. At the moment the permanent magnets

are still widely used in the industry regardless the issue.

The prgerties of permanent magnets can be described Btthand JH-curves.These
curves are pgented in Fig. 2.2The first quadrant of these curves describes the magnetiza-
tion of a permanent magnet material. As the magnetic field strehgtlanexternal fied is
increased, both magnetic flux dendttyand magnetic polarizatiahwill increase util satu-

ration of polarizationJs is reached. In this point the magnetic polarization has reached its
maximum value. The weakest magnetic field strength where the saturation polarization is
reached is called saturation field strengthAt this point, allmagnetic moments are oriented

paralel to the external magnetic field.

J B .
o
B, J(H)
AR A
Hg H, H

Fig. 2.2. Typical JH- andBH-curves of permanent magmaaterials (Vacuumschmelze, 2015).

The magnetic flux densitwill increaselinearly even further as the field strength is in-

creased:

13



* Is the vacuum permeability. If the external magnetic flux density is reduced to zero after
the magnetization, the magnetic polarization will remain at the same level, ntatheag-
netic flux density will fall Inearly to the same order of magnitude as the magnetic polariza-

tion. The value in this point is known as residual flux density, or as remargence,

If a permanent magnet is placedamopposing magnetic field, @an be demagnetized with

high enough mamgtic field strength. The demagnetization characteristics of a permanent
magnet material are described in demagnetization curve, which forms the second quadrant
of the BH- and JH-curves. As the opposing magnetic diedtrength is increased, the total
magneic field strength of the magnetic material is decreased. The change is reversible as
long as the magnetic flux density of the magnet changes linearly. If the opposing magnetic
field strength is increased furtheneversible partial demagnetization wilappen. When

the opposing magnetic field strength is then reduced back to zero, the flux density will in-
crease linearly to a remanence value lower than before the partial demagnetization. An in-
crease in the temperatuof the permanent magnet material lssa lower coercivity values

and shorter linear regioA permanent magnet material will demagnetize without external

magnetic field, if the material reaches Curie temperéatre

If the opposing magnetic field increased until magnetic flux detysieaches zerdhe co-
ercivity of flux densityO is reached. Similarly, as the magnetic polarization reaches zero,
the coercivity of the polarizatiofO is reached. The energy density of a point inBhe

curve can be obtained as the produdhefrelated values of the flux density and the field
strength. The maximum value of this product between the remanence and coercivity is called
maximum energy deitg (BH)max It should be considered whére suitability of a perma-

nent magnet material getermined. In the optimal caghe operating point of the magnet

material is in the same point as the maximum energy density. (Vacuumschmelze, 2015).

Several chacteristics have been proposed for the permanent magnet materials used in the
electrical mahines in the literature. According to (Pyrhonen et al., 2008), they can be listed
as follows:

1) remanence

2) intrinsic coercivity

3) normal coercivity
14



4) relative permeabiljt

5) resistivity

6) squareness of the polarization hysteresis curve
7) the maximum energy product

8) medanical characteristics

9) chemical characteristics

Next, the main permanent magnet materials will be presented shortly. Thedimbdern
permanent magnet material was Aluminum Nickel Cobalt (AINi@®jelopednearly 90
years ago. It haghigh remanece, high operating temperatures, good thermal stability and
good corrosion resistancBecause ofts low coercive force, maximum energy densgy
limited to 110 kJ/ni. The next permanent magnet materfatrite, wasdevelopedn the
1950s. ferrite magnts offer relatively low remanence, which is the biggest weakness of th
material. The cheap pricg an appealing factor, and as the material itself isaoomiuctive,
there are applications whettee ferrite magnets are usethe ferrite magnts can be fond

for examplein permanent magnet assisted reluctance mashirfe ferrite magnets can
reachamaximum energy density of 40 kd. Thefirst significantrare earth magnet material
was Samarium Cobalt (SmCo). Two most used SmCo magnet 8loydg and $n>Coy7,

were found irthe 1960s andh the1970s respectively. They offer relatively high remanence
in combination withthe highest maximum operating temperature. The materials have also
high corrosion resistance. The high maximum operatingéeature ishe main reason why
these magnet materials are still used in permanent magnet machines, even though the high
price of cobalis a limiting factor.Maximum energy densities of 180 k3/amd 280 kJ/rh

respectively can be reached with these nalteri

The nevest and the most widely used permanent magnet material is Neodymium Iron Boron
(NdFeB) foundn the 1990silt offers the highest remanence, which is appreciated especially
in traction machines. This characteristic has further improved the efficathetorque
density of the PMSMs. NdFeB has lower operating temperature compared tg &naCo
SmpCor7. For this reasonNdFeB cannot be always us@ttFeB has largely linear demag-
netization behavior. The material is vulnerable to corrosion, but it can tee@e by using
protective coating. Another weaknedghe materiais its fragile structure. NdFeB hasry

low relative permeability. The maximum energy densitiNdFeB magnetat the moment
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is somewhere between 430 kJ/ni, even thougha level as hjh as 485 kJ/fcould be
theoretically reached. (Vacuumschmelze, 2015.)

The output torque of the machirgesignificantly affected by the dimensions of the perma-
nent magnets. The relative width of the maga#ects greatlghecogging torque generated

by the machine. Methods for selecting the permanent magnet width for integer slot winding
have beenntroduced in (Ishikawa and Slemon, 1993). Some methods for optimizing the
magnet width irPMSMswith fractional slothave beemproposedn (Salminen, 204). Ac-
cording to Salminenagging torquecan besignificantly reduced with small changestive
relative maget width.The relativemagnet widthproducing the lowest cogging torque de-
pends on the slot openinghe methods introduced in (Ishikawa and Slenmi@93)canalso

be used for fractional slot windings.

Torque ripple created by current harmonics and spaomonics interacting with the mag-

nets should be minimize&ome methods for reducing the torque ripple were proposed
(Hendershot and Miller, 199 and (Li and Slemon, 1988). The methods include using
creased aigap length, thick tooth tips, minimized slot openings, magnetic slot wedges,
skewed stator or permanent magnets, fractional slot windings or high number of slots per
pole, to name a fewf the number of slots per pole is close to one,gametry adjustment

can be used to reduce the torque rippler fractional slot windings with high number of

slots per poleskewinghas beerfiound to beespeciallyeffective. (Salminen Z®t.)
2.3 Stator winding topologiesfor a synchronousmachine

Standad stator geometries will be first explained in order to make characterizing different

stator constructions easi®olepitch T in electrical machine is defined as

t —8 c8

In the equatiof® is the diameter of the air gap gmi$ the pole pair number of the machine.
The pole pitch can be divided into phase zones, each coveriagctbeone phase. Phase

zone distributiont can be obtained from the equation
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wherem is thenumber of phases. One key parameter in different stator topologies is the

numberof slots per pole and phage
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In the equatiom is the number of slotgthe numerator andthe denominatorz andn are
selected such that they are the smallest possible integgisintreased, the current linkage

of the stator winding will be more sinusoidal. Depending aqnisfan integer or a fraction,

stator windingis calledintegral slotwinding or fractioml slot winding respectively. The
fractional slot windings can be further divided into figsade and secorgtade windings.

If nis an odd number, the winding is called a fgsade winding, and ithecase of an even
number, a secongrade winding. Thdractional slot windings have several benefits; the
number of slots can be chosen freely, different magnetic flux densities are easier to reach
with the same dimensions of the machine and short pitching has more possible options, to
nane a few. Another pameter describing the slot properties is the number of conductors in

one slota . It describes the number of conductdrplaced in one slofPyrhénen et al.,

2008)

The amplitude oftatorcurrent linkage for harmonicis determined as

a’Q o .
— —Vyh (€]

AR O
where'Q s thewinding factorandy is the peak current of stator windirthere are three
winding factors thashouldbe considered: distribution factor, pitch factor and skewing fac-
tor. The dstribution factor can be derived from shifted voltage phasafseinase of a dis-
tributed wnding 't i s denoted with t wdstrileutiobfactor i pt

canbe written as
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In the short pitching, phase coils are narrowed by a multiple of the slot pitch. As the coils
are shortened, the length of end windirgyseducedThis results imareduced copper con-
sumptior anda reducedharmonics content of thear gap flux densitylf the short pitching

is done correctly, the winding produces a more sinusoidal current linkage distribution com-
pared taa full-pitch winding.As thearea of the coils smaller, flux linkages reducedand

the number of coil turndias tobe increasedccordingly If the short pitching is applied in

the winding the pitch factorQ has to be alsoonsideredThepitch factor forvth harmonic

may be writteras
Q OED o h ¥

wherew is the number of slot pitches covering the pole pitch gl pitch expressely

the number of slot3.he $ortpitching can be achieved by winding step shortening, coil side
shift in a slot, coil side transfer to another zonéy double short pitchingPyrhénen et al.,
2008)

The skewing facto) is applied if the stator or the rotor is skewed. The skewactor for

thevth harmonic is determined as
—— & h 8

wheresis skewing measured as an arc lengtie winding factorfor the vth harmoniccan
be calculated frorthese three factors as follows:

Q M 8 &N
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The winding factoraffects alsanduced voltages ithe electrical machineAngular fre-
quencyl andthemagnetic fluxof the phase winding%. have also an impact on the in-
duced voltageElectromotive forcdemf) for a pole pair and fahevth harmonicas a func-

tion of timet can be written as

- e . P%o O . C e
Qo Qv 5 V] Q % AllQGB P 1

The effective value afhefundamental component of tieduced voltagdor onepole pair

can be written as

; p P . G L
O —] —] Q v —0 T ah C
e e ®p
where is the maximum value of the agap flux linkage ofonepole pair 6 is peak

magnetic flux density in theragap andx is the effectivecorelength of themachine The
effective length ok machine can be obtained by adding times theair gap length to the
corelength of the machingPyrhdnen et al., 2008

In electrical machines, it is essential ltbdymmetry conditionslf the conditions are filled,
awinding fed from a symmetrical supply creates a rotating magnetic field. The first condi-

tion of symmetry can be written for singkeyer windings as follow:

0

<G nrmv.s P ¢

For n-layer windings,thenumber of slots is then divided alsotyThe second condition of

symmetry is written for normal system as

6N8
g ) ¢do
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In the equation is the angle between the phase windihgsis the angle betweemo

adjacent phasors in electrical degreestasdhe number ofthe phasors of a single radius.

For reduced systemthie number of slots iglivided by two.(Pyrhénen et al., 2008

The magnetomotive forcémmf) of the magnetic circuit of an electricabehine is affected

heavily by the aigaplength of the madhe There aralsooften slots on the surfaces of

stator and rotor, whichffectthe air gapflux density To makeanalyticalanalysiseasier,

F.W. Carterintroduced Carteflactor for the aigaplength The ghysical length of the air gap

is shorter than what the lengthsee t o be, accor di Fogstatorghe Car t

correction of the physical aigap length can be applied by the following equation:

1 Q1 8 P T

"Q is the Carter factor when the rotor surface is assumed to be samatitie statorsurface
slotted Similarly, factor'Q for smooth stator surface and slotted ratorfacecan be ob-

tained.The total Carter factas obtained from thesevb, as fdlows:

0 Q Jo —8 P v

TheCarter factois thus determined also @ ratio of the maximurmrmagnetic fux density
0 and the averagmagnetic fux densityd . With Carterfactor, the equivalent aigap

length is obtained as follows:

| Qr1 Q1 8 C® o

Even thoughhe results obtained by usintye equivalent airgap lengthare usuallyquite
accuratemore accurate results can be obtained by wsfirgte element metho(FEM) to

solve the field diagram of the air ggpyrhonen et al., 2008

Onepossibility to obtain dand gaxis synchronousmductancess to first calculateequiva-

lentairgaps ,] ,1 and .| isused todenotheequivalenair gap in the middle
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of apole shoe, when Carter factor is appli€deoretical valudor equivalent ebxis airgap

lengthcan be writteras

| —38 P X

The corresponding value foraxis equivalent air gap is obtained by usingdeihg rela-

tions betweethe magnetic fux densities andthe equivalent air gaps:

5 & gy B y

For nonsalientpole machines all three agap lengths are approximately the same. Next,
the curent linkage required by irois determined This can be done by increasing the air

gaplengthas follows:

| 7 ~—1 8 P w

The same formula can be applied tloe g-axisair gap lengthwith]  and . Direct and

guadrature ragnetizingnductancesre finally determine@ly using these air gaps as

. ¢a* t 0
V] T V] C&
and
ca' T 50 6 &
AT v Cq P

respectivelyln general, inductance describes the abilita obil to generate flux linkage

according to following relation:
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The flux linkage is a key parametertiretorque production chnelectrical maching/Pyr-
honen et al., 2008.)

The leakage inductance af machine is the sum of different leakage inductances. These
leakage inductances are-gap leakage inductanée, slot leakage inductande, tooth tip
leakage inductance , end winding lakage inductanceé and skew leakage inductance

0 . The determination of these inductances has been explaifegrivonen et al., 2008)

and will be nofurtherexplained here.

The main parameters armtharacteristics of threghase rotating fielgtatorwindings are
explained nextA statorwinding canbe concentrated or distributed.deoncentrated wind-

ing the coil is not divided into parallel slots. Toatbil winding is a concentrated winding,
where a phase winding is wound around one statoth. A toothcoil wound stator can be
constructed by combining multiple readyund stator teeth to form a complete stator struc-
ture. In generala tooth-coil wound stator is easy to manufactudecombinationof high
torque densityand small torque ripfe is another benefit of the winding type. Especially
fractionalslot concentrated winding (FSCW) has been found to provide good performance.
This construction increases the speed range of constant poweraperé&PM machines.

As the mmf formed by a K3V is far from sinusoidal, the design and the analysis of the
construction is challenging. ({Refaie, 2009.) A tootlcoil winding is illustrated in Fig. 2.

In distributed windings a phase of one pole igd#d into more than one slot. Distributing
windings to parallel slots is widely used as high saliency ratios can be achieved through the
low ratio of leakage and magnetizing inductance. As mentioned before, a more sinusoidal
mmf is also achieved? distributedwinding can be overlapping or nonovemapy. These
windings may also be called diamond winding and lap winding respectively. In the nonover-
lapping winding the coils do not overlap each other and thus the lengths of the coils are not
equal. In the dimond winding the lengths of the coils are &qirhis difference is illustrated
in Fig. 25. Conventional threphase rotating field machines have one of these windings.
The use of these winding types leads to longer end windings, which is illustratgd2d F
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Fig. 2.4 A comparison of tb end windings o& toothcoil winding (left) and aliamond winding
(right). Modified from (Ixy Motor, 2019).

Rectangular wire windings have been implemented in some cases in the industry in the re-
cent years. The main benefits of using rectangular wingliwjs are short eadindings,

low cost, high slot space factor, high torglensity, good heat dissipation Wwetn the con-

ductor and slot, strong rigidity, good steadiness, low torque ripple and low acousti@noise.
rectangular wire winding can be a wawending or a lap winding. The end winding of a

wave type hairpin winding is illustrated in Fig. 2.6.
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(a)

(b)

coil span L
-« P » end winding

Fig. 2.5. The winding diagrams of (a) a nonoverlapping and (b) a diamond wigyrinonen et
al., 2008)

Rotor core | Stator core

Fig. 2.6. A wave winding formed from haimps withq=2,m= 3, p = 6. The winding has eight
layers. Different phases are illustrateith different colors.
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A rectangular wire winding can be a hairpin winding or-@mlwinding. Inanl-pin wind-
ing, a hairpin is formed from two identical halyagich are joint together to form the hair-
pin shape. (Zhao et al., 2019.) Thesegimcturesare illustrated in Fig. 2. Different as-

pects of the rectangular wire windings will be studiethanfollowing sections.

(a) (b)

Fig. 2.7. Different pin structuresised for manufacturing rectangular wire windings. {ainl (b)

hairpin.

Slot copper space factor is a good parameter for comparing different stator windings. It
can be calculated asrelation between the total cressctional area of conductoin a slot

and the total crossectional area of the stator slot:

0 —38 & O

Lap and diamondoil windings usually have space factors in the range-&535.The space
factor of a concentrated winding can be as high as 65&h W& hairpin winding even
higher spacefactor is achievableExamples of hie slot filling of a distributed windinga
hairpin winding anda concentrated windingregivenin Fig. 28. The space factor has a
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significant impact on the torque density of torg as with higher slot space factor higher
current density and thus higher torque can be achiévbijher space factor also improves

the thermal conductivity of the slot, as the amount of air and regdused, and the amount

of conducting materiak increased. If the direct contact area of the conductors to the slot
insulation is also increased, the thermal conductivity between the conductors and stator core
is improved. This consequently leads to bratteling and higher achievable current densit

in the slot.The coppespacdactor of a coil winding can be improved if tr@mindconductor
bundlessr e rol l ed i nto hexagon shape, forming
in Fig. 2.9.

(a) (b) (c)
Fig. 2.8. Slot filling with three different windindayouts. (a) distributed windingsing round enam-
eled strandqb) hairpin windingusing rectangular conductofs) concentrated needle windiaging

Litz conductorg(Fyhr et al., 2017). The thickness of timsulationsis chosen basedn the stator
voltage and the winding temperatur&he pace factoof the slot caralso be limited by manufac-

turing reasons.
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Fig. 2.9.The impact of shaping the conductamidies on the coppspacefactor. (a) rouncbundles,
(b) hexagorshape bundke

A stator core structurecanbe segmented or laminateth a laminated structuréhe stator

core is divided in axial direction to thin laminat@&e iron losses created by eddy currents

in the core depend ahe thickness and the resistivity of the laminaldse lossesan be

thus reduced by selecting thinner laminations with higher conductihi .crystal size of

the silicon steel affects the resulting iron losses, and therefore manufacturers offer materials
of different quality.

To increase the slabpperspacdactor, somestator coresegmented structuresuch ashe
tooth-coil winding arrangementhave been introduceth a segmented structure, the cross
section of the stator is divided into several segm#titth segmented soft magnetic compo-
site (SMC) structwg, a spacefactor of 78%has been achieveslith prepressed cad (El-
Refaie, 09.) In this structure the stator is formed from solid pieces of SMC. The structure
is not mechanically as rigid asonventionalaminatedstructuresBYy usinga plug-in tocth
structure,a slot copperspacefactor of 6065% can be achieve(dEl-Refaie, 209.). This
configuration uses laminated stator structure with rigid stator back ihenhifd presented
option is jointlapped core, with whicl spacefactor of 75%can beadieved(El-Refaie,
2009.) The structure othe joint-lapped core islsolaminated anda segmented back iron

is used.

A stator winding can be formed from multiple layers to rediheelength othe end wind-
ings.While doing this significant phas¢o-phase coupling will happen through mutual slot
leakage As alower fundamental stataurrent linkagespace harmonicontentis achieved,

lessrotor lossesre createdTheemf in a multilayer winding is generally more
27



sinusoidal, but the drawback is tlatreasinghe number of layergeads tca more dfficult
manufacturingprocess(El-Refaie, 2009.)

Thenumber of pole pairbas a significant effect on iron core dimensions, the length of end
windings and pulbut torque characteristics. Small pole paiminer results in larger flux
components and consequently thicker iron passages and lower torque production. Increasing
thenumber of pole pairs jhrowevernot always possible. As more pole pairs are used higher
supply frequency has to be used to achibeesame rotational spe€the magnetizing in-
ductance isnverselyproportional tahe square of the pole pair numbéus,machines with

high pole pair numbers witleedhighermagnetizing current$ the rotormagnetiationis
achieved withstatormagnetzing current This isnot case withithe synchronous machings

as thé& magnetization is achieved with permanent magoetgth afield winding.

End windings areakey part ofastator winding. The length of end windingshssignificant
effect on the legth ofa machine Some ways to reduce the length have tseradypre-
sented Reducing the length of end windingeduceghe Joulelossesof a stator, aghe re-
sistance othephase windings is reducedsually the end windings are the hottest pag of
statorwinding. Therefore some cooling designs have been develdpetbol down espe-
cially the end winding are®ne of these designsanoil spray cooling, whexoil is sprayed
onthe end windingsThis cooling method can be combined with other coateghods to

improve an existing cooling system.

2.4 Torque production in a synchronousmachine

Linear current dentsi A on a metallic surfacereatesa tangential field strengtf® and a
tangential flux densitp on the surface. These components are needed in the torque pro-
duction ofelectrical machines. If numerical methods are applied, the magnetistfiethdjth

createsaccording taMla x w estrdsstensdheory, astress, in vacuum:
,, g‘ 08 C& T

The angential componemif the stresproduces the torque in electrical machinesatt be
obtainedasfollows:
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As the tangential stress m®t constant, but varies depending on the local value of current

density and the local flux density, theeaage valudor thetangential stressay be approx-

imated as

” —8 C& (p

[ is phase shift angleetween theA andB distribution Depending on the required torglie

the volume otherotor w is obtainedrom

Y ¢, w8 c& X

The brquemay bealsowritten according tacrossfield principleas follows

Y -nv 8 gy

Thepower ofa threephasesynchronous maching determined with the load angle equation.
If a machine has saliency, the torque is increased by the amount of reluctanceTtbeque.
first partof the sum igproduced by thepermanent magneand the second by theuctance

difference:

OET Y —OE“ 8 & w

"Y is thestator phase voltag® is theemfproduced by theermanent magneand

is the load angleln the case of nossalientpole madiine, the maximunpoweris achieved
attheload angle of 909n thecase of salieapole machingtheangle is smaller. If the sali-
ency is inversedsuch as in a permanent magnet machimeangle idargerthan 90°(Pyr-
honen et al., 2008



Centrifugal force inarotor causes mechanical stress

, 0"i Wws C® T

In the equatiorconstantd is — for a smooth homogeneous cylinder for a cylinder

with a small bore andnefor a thin cylindervi s P o i s s”dstlegensityadf the |,
material,l is the rotor radius anidis the mechanical angular spe@yrhoneret al., 2009
The mechanical stress is a limiting factor for thechanical speeof a machine and it is
therefore important factor also for tractiomtors The mechanicapower ofa machine is

determinedasa product of electromagnetic torgi¥ andmechanical angularelocity /-

0 Y W8 C® p

With highermechanical angular velocitpwer torqueis requiredto produce the samue-
chanicalpower. A smaller rotor diameter can ltleenselectedaccording to equation 7).
Torque can bencreased with a gearbox as the mechanical velocity is lowEned, a om-
bination of ahigh-speed machine and a gearlw@n be used to reduce the diametea of

machine.

2.5 Losses ina synchronousmachine

One of the main concerns in usirggrh wound stator winding theamount ofJoulelosses
UsuallytheJoule losses are the most significant lmasponentn low- and mediurrspeed

permanent magnet machindsule losses im-phase windingre determinedsa
O, GOY8 o C
Y isthestator phase resistance &@& thestatorRMS current.Joule losses are also known

as copper losse$he DC resistancef a coilwith atotal lengtha, parallel paths, across

sectional areafa conductor'Y and conductivity, isdetermined as

D
T BY @0
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Theresistance is also temperature dependbenthis can be taken into account when choos-
ing a suitable value for the conductivitiyor AC resistane calculation the same equation
can be used, when the equation is multipliedkig effect factofQ . The «in effect factor,

also known asasistance factocan bedetermined as
Q —8 C® 1

The skin effect factormicreasess a function of frequeng. In the skin effect the current
concentrates on the proximity of the conductor surface, decreasing effective conductor area.
The higher the frequendg the smaller the effective ardmcomesAccording to(Vogt,

1983, skindepthm Is determined as

where’ is the relative permeability of the conductor material ‘ant thevacuum perme-
ability. Current densitglistributionin arectangular wiravinding has beemnalyzedor ex-
ample in(Du-Bar and Wallmark, 2018).

Reduced conductor heighis determined as
Q  Q ' & h &
v 1 . P Co @

where’Q is the height of an individuaubconductor® is thewidth of asulzonductorand
b is the width of the stator slgt. is the inversion of the depth of penetratidhe reduced
conductor heightan be useah the calculation ofheresistance factof.he lesistance factor
for kth layer in a winding with several conductors in width ae@ht directionsn a slot

with a uniform width in conductor areanbe determineds
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respectivelyThe average resistance factor éach windindayer can be approximated as

¢, h c8& T
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whered is the number of lars in slot opening directiofhe winding layersnext to slot
openinghave higher resistan¢actors As a resultJoule losses are not equal within the.slot
Another effect that reduces effective conductor argaagroximity effect created bgn
extenal magnetic fieldThe poximity effect concentrates the curremt the proximity of
the conductor surfaaepending on the direction of the external magnetic fl@dninimize
the resistance factor, conduca@houldbe divided into several subcondustofhis can
however lead to circulating curreriistween the subcondoes. To avoid this, the subcon-
ductors have to be surrounded by the same amount of leakagw/Hiiak, isachieved by
transposing the conductors. The transposition has to be done oreeifp coil starting
from the second coiRoebel bar and Litz wirese this methotb reduce theesistance factor

in high frequency applicationPyrhdnen et al 2008)

Iron lossesonsistof two loss components: hysteresis losses and eddy cursses[bhe
iron losses can be determined wiglvaraldifferent methods presentedtheliterature C.P.
Steinmetz created the foundations of the iron loss evaluation in 1892. According to

Steinmetz, iron losses are determined as:
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(Steinmetz 1984)n the equationy is the eergy loss)l is a hysteresis coefficient and
I is aneddy current coefficient. According {€yrhonen et al 2008) iron losses in the
individual pars ofamachine can be determined as
0 Il 0 & ¢8 ¢

and for a volumé&/ of laminatetheeddy current loss is

o QQO

¢
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In (242), I  is materialspecific total loss per kgndd is the mass of the iron circuit.
Instead of the coefficieit ;; , also manufacturer specific coefficientmbe used. In modern
systems, analytical approaches are not as accuratee aystemsre often fed with fre-
quency converterfulse width modwdtion PWM) excitation causes additionabn losses

in machinesFrequency converters introduce some additional harmonics, also affecting flux
waveform. High switching frequencies such as 5 kHz and above minimilesghacrease,
whenthey arecombinedwith modulation index close to unity (Boglietti et,d993) (Bo-

glietti et al, 1995).

In (243), d is the thickness ant the resistivity ofa metal sheet. The resistivity and the
thickness ofaminationshavethereforea significant effect on thetal iron lossedron losses

can be furthereducedoy optimizing the geometries aimachine. For example, the number

of staor teeth, rotor barrier thicknesses and rotor angular locations have an effect on iron

losses.

The corelossesof a stator andarotor coredepend on the space harmonic content in the air
gap. If there are no higbrder time harmonics in stator currevaveform, and ithe space
harmonics in the winding distribution are small, the core losaeb®e neglected. In IPM

machines, a rich space harmoniccontent can be observedidditional rotor slots and
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ahigh pole count introduce additional harmonics. Asgpeed oh machine increases, also

the magnitude of core losses increases.

Magnet lossesare specific for machines widopermanent magnet excitationheselosses

are composed of hysteresis and eddy current losses. The hysteresis losses are mprmally s
nificantly smaller than the eddy current losses, but a strong armature reaction or high accel-
erating torque can increasethysteresis losses. This depends on if the residual flux density
of a permanent magnet is exceedahding operationThe eddy cuent losses are the more
significant part of the losses. If the eddy current losses are too high, thermal demagnetization
canoccur in the magnets. The main contributors for the eddy currents in permanent magnets
are different harmonics, such as permearmrenbnics, current linkage harmonics and time
harmonics.The permanent magnets mounted on the rotor surface are more ptbaseto
harmonics.The eddy currents occun magnet materia] as the resistivity afhemis rela-

tively low. The analytical determiation of eddy current losses in permanent mageete}

sented for example i(Pyrhénen et al 2008) The harmonics and thudso the lossem
permanent magnetan be greatly reduced by segmenting the permanent magnets circum-
ferentially. The most effeiste segmentings achieved when the magnets are segmented

two or three segments per p@e. This results in approximey 70% and 85% loss reduc-

tion, respectively(Atallah et al, 1999.)

Mechanical losseconsistof two loss components: bearingction and windage losses. The
parametershat affect the bearing losses are shaft speed, bearing prgpebtigsnt prop-
ertiesand applied forcesThe most common bearing type used in electrical machines is a
singlerow deep grove ball bearing. Uswyathe evaluation of bearing friction lossis based

on the information provided by the manufactuFeiction losses may be written as

~ ~
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where' is a friction coefficientF the bearing load arf@ the inner diameter of the bearsg
The windage losses are formasthe result of thériction between the rotor surface and the
surrounding air. Thériction increases as thmechanical angular velocityf the rotor in-

creases.
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The electromagnetic losses that are not included in previous lossesaidered in addi-
tional losses. These losses are extremely difficult to calculdtereasurelEC gandard

EN 600342 suggests thabssesof 0.1-0.2% and 0.0®.15%areused for salierpole and
nonsalientpole synchronous machines respectivéhlyesupply currenmagnitudeand fre-
quency increase the additional losdas, the current magnitude hadigger impactThe
additional lossesanbe divideddepending orthe supply current and its harmonic content.
The firstgroup is the additional Rlmad lbsses caused originally by the stator and rotor per-
meance variations. Treecondyroup is the additiondosses caused by both the effect of the
current linkage waveform and the machine leakage comporesatsall part of aditional
losseds concentratedn stator winding anthe rest omotor surfaceA pulsating main flux,
caused by for examprelative motion between stator and rotor, causes additional losses.

Skewing is another loss adding element when additional losses are considered.

2.6 Control princip les of a synchronous machine

The ®lected control principle of a synchronous machine greatly affectsettiormance of

the machineSynchronous machinedtencannot be connected directly to the grid, and thus
they must be used as a part of a controlled electrical drive. Traction motors are always a part
of a controlled electrical drive. In a modern eleetrmachine drive the machine can operate

in four differentquadrantscovering both torque and speed directions and each combination
of these two. For this, advanced control principles are required. As an electrical machine
supplied witha PWM converteis in principle always in a transient state, traditiaraattrol
principles cannot be applied in electrical machine drives. Spaater theory was developed

to estimate the machine parameterthatransient state. The spaeector of a threghase
machne can balescribedvith two- or threephasecomponentsAs the tweaxisrepresen-

tation allows the control of direct and quadrature axis components separately, it is often

preferred.

The stator voltage equations can be wridisrper unit (pu) valudas the dgplane in these
formswhen stator resistance is citered

0 YQ 107Q cg8 v
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In equation 2.47) the multiplication oppermanent magnet flux  and angular velocity
equals tgpermanent magnéiduced back enm® in stator.The daxis current can be used
to decrease the stator voltage in the field weakening registator current controglectric
current aglel is used to control the-@nd gaxis current. The-dand gaxis current can be

formulated as

D QAIrTO 8 Y
N QOFB 8 w

The brque equation;28 can bewritten in dgplanewith per unit valuesis

PN ... 0 0
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This equation can be used for controlling the electromagnetic torgueaxthine. In a non
salientpole machine electromagnetic torque can be setjudirectly withthe gaxis current.
This leads td= 0 control method which maximizes the torque at certain currémeégase

of a nonsalientpole machine. Ithecase of salieapole machine, the maximum torque per
ampere (MTPA) control does nesult in'Q= 0, asthe gaxis current is also usedtiorque
production according to (20). The MTPA control strategy is often applied at lower speeds,
when field weakening is not required. When the voltage limit is reachedwegening
contrd or maximum torque per volt (MTPV) control strategy is ug@rhonen et al.,
2016.)

2.7 Performance of different stator windingtopologies

The cooling ofa tractionmotor can be further improved with dirdgtcooled conductors.
The main idea is to circukatthe coolant in entlrn regions and transport the cooling-m
dium axially across the machine in the cooling ducts of the conduét®directy cooled
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conductors are hollow orprofiled, theyrequre stator slo$to be semrclosed or operlher-

mal resisancebetween the conductors atie cooling mediumis lowered as the coolant has
adirect contact to the conductors. According to (Reinap et al., 2019) the hydraulic diameter
should be kept small to increase the heat transfer. The reduction in the ooadegtresults

in additional lossebecause ofncreased resistanand the efficiency of the machine is
therefore weakened. The advantage of the dyrecioled conductors is that twice as high
torque density iseachablelf the coolant is also in cordawith the exterior surfasef the
conductors, coling intensity can be further increasédthis case, thmsulation of the con-
ductorsmust be improvedThe direct cooling design implementedaitraction application

has been presentad(Lindh et &, 2018).A hybrid conductor comprisingitz wires and a
stainlesssteel coolant conduitasused in an electric busaction motorapplication to eval-

uate the performance of direct cooled conductors. The design was proven to be reliable and

extremely praising in terms of cooling capability.

Machine degns with rectangular conductors for IPM and wound field synchronous ma-
chinesarepresented in (Popescu et al., 2018). In the stnidyp better starting torque, but
21% lower maximum powdras beermachieved withan IPM hairpin design compared &
stranded windingThe efficiency of the hairpin windinig found to belower, especiallyat
frequencies higher than 267 Hzhe same stator structuras beemsed also in wound field
machine comparisorstarting torqueis increasedoy 15%, but the maximum continuous
poweris decreased by 11%hen the windings replaced with a rectangular wire winding
It has beesummarized that a flat wire withe same coppemassand volume is only ben-
eficial at low to mediunirequencyrange.Three different cooling methodwve beeralso
compared in the study. The methadeoil spray cooling, stator water spiral jacket adhe
combined cooling of these twoethods The ®ntinuous torque at standstidl increased
approximagly by 60% when the cooling methad switched from water jacket to oil spray
cooling. The dfference decreasess rotational speed increas@he ombined cooling
achieves better performance especialtyhigh rotational speedsMaximum continuous
torqueseesanincrease of 70% compared to only water jadagling There are some re-
strictions for the selection of the cooling oligtoil used in electrical machingisould have
high electrical resistivity, high dielectric strength, low dielectric constard,itshould be

nonflammable, nontoxic and chemically stable and inert.
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Stator slots have to be redesignedhacase ofarectangular wire windingA conventional
distributed stator winding and hairpin winding have beercomparedin (Du-Bar and
Wallmark, 20B). TheJoule losses of thkairpin winding are found to increase strongly
when therequencyincreaseswhenafour-layer hairpinwinding with2.3 mm wide and 4.1
mm high hairpinsgs used The distributed stator winding used in comparison hadr&6ds
per slot and the strands have a diameter of 0.81 m@snlting in a coppespacefactor of
0.4. Until the frequencyof 240 Hzthe Joulelosses othe hairpin windingareclose to the
Joulelosses othe random woundvinding, butat higherfrequencis the lossesre signifi-
cantly higher inthe hairpin winding.The resistance factors of different hairpin strands are
analyzed at a frequency of 933 Hahe resistance fact®m the hairpin strand€losest to
slot openingare approximately 22 ah 12, respctively, when the resistance factor in the
strandclosest to yokés only 1.5 which still isvery highfrom the traditional machine design
point of view The high resistance factor in the first two strands can be explaine@ with
time-varying magnetic feld that leaks across the slots induaaglycurrents in the strands.
This phenomenon may be limited by uss@gmeempty space in the slot area close to slot
opening. The length of the empty space should be selected depending orirtrk foes
guency to nmimize theJoulelossesA wider empty space increagbeJoulelossesatsmall
frequencies, but reducethe increase of théoulelosses versusequency Introducing the
empty space nka&sthe total copper area smaller, also decreasing#terial ost. Itis sug-
gested in the paper that tbiassical eddy current loss components suctkaeseffect and
the proximity effect might not be the main contributors for the eddy current lost&s in

hairpin windings.

The winding principles fora hairpin stéaor windingare presented in (Berardi and Bianchi,
2018). Itis noticed that increasing the number of conductors in a slot destbaseurrent
density and the additional losses in the conductors closest to the slot opdeing 6kW,
four-pole, SPM machine witha four-layer hairpin winding is considered at the frequency
range of 8700 Hz. The widthand the heighof the stator slatare3.75 mm and 22 mm

respectivelyresulting in large hairpin height which definitely isigkrin machine design

Another option is to use aluminum conductors to suppress the eddy current losses. The alu-
minum conductors are placed next to the slot opeisgaluminum has higher resistivity,

it suppresses the losses.idtesign is studied inFan et al., 2018) and accorg to the
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resultsahybrid winding consistingf both copper and aluminum conductors can reduce the
winding losses especially at higlequenciesThe eddy current losses in the conductors near
the slot opening cause a highemperature rise in therAs a result, theemperature differ-
encebetweendifferent conductoran a slotcan be over 20 %Caccording tqlslam et al,
2010).

A woundfield synchronous motor and its optimal geomdiag beerstudied in (Park and
Lim, 2019). Itis noted that using hairpin winding can significantly reduce the losegg-
inated from winding resistance anthgnetic flux density in stator coi&5% letter power
density and 8.5% smaller volunaee achieved withthe optimized desigrwith a hairpin
winding for a woundfield synchronous motothe dficiency of the 10000 mint motoris

alsoincreased by).7%.

2.8 Manufacturability of different stator winding topologies

Four dfferent winding technologies and their characteristicspresentedn (Kampker et
al., 2014)In thestudy, thewinding process o& statoris divided into five stepsisolation,
winding, connecting, impregnating and cleaning. The winding procesltugher divided
into termination, winding, cutting and interconnecti@he winding processs determind
as themain differencebetweerthe different winding technologse Themainwinding tech-
niguesarelinear winding technique, flyer & pulh winding technique, needle winding tech-
nigue and manual winding technigidanual winding techniques not studiedurther be-
cause ofits low capability to handléncreasing manutdauring volumes in the fieldThe

winding techniques aréustratedin Fig. 210.

In the flyer & pulkin winding technique, the winding is first inserted on a-puallbody by a
rotating flyer. Then, the coil is pulled and pressed into a stator. Bechtlsg process, high
forces are applied on the wires and the isolation. For this reason, a high enough wire thick-
ness is required in the process. The process is suitable for the windisgibtited wind-

ings, and it may be completely automated apart frioeninterconnections. This winding
technology is found to be the most expensive one by a significant margin compared to the

linear and the needle winding techniques. (Kampker et al., 2014.)
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Fig. 210. Different winding techniquegqa) flyer & pull-in winding, (b) needle winding, (c) linear

winding (Kampker et al., 2014.)

In thelinear windingtechniquea coil is formed throughhe feeding ofiwire to arotating
and linealy moving coil body. A guiding tube is used to feed the wirke coil body can be
for examplea toothof asegmentedboth-coil winding. The steps used thetechnology can
be summarized as termination, winding, cutting and interconnegtigh. process speeds
are aclevable with high rotational speeds and thinesiiThe longer the stator is, the higher
are the forces applied to the machine and the wire t@tlmiques suitable for concentrated

windings and it can be partly automated. (Kampker et al., 2014.)

In the needle winding technology, the wire is guided through a winding nozzle straight
arounda stator both. The eeth are wound one by omad he stator isatated afteratooth

has been woundinother option is to usa needle system that is coupled to arcinate
systemas then the stataoredoes not have to be rotatéd the winding nozzle needs some
space to be able to operate between the teeth, semsgace has to be |&iktween coil
sides in aloublelayer winding or between the coil and the noth in a singldayer wind-

ing. A lower spacefactor is therefore achievedlhe process steps are the same dahen
linear windingtechnology Very slov manufacturing processtypical fortheneedle wind-

ing technque The techniques suitable for cocentrated windings and it may be partly or
fully automated(Kampker et al., 2014.)

Complex winding schemes are achievablehmywinding of the individual coils of a seg-

mented stator structurén addition,this allows to use different kinds of wire geetries,
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such as Litz wire, in the proceg¥ecause ofthis, higher slotspacefactors are achievable.
The three main steps afmodern needle winding technique are indirect needle winding,
pressing and assembly. (Bickel et al., 20T5¢ price of the neke winding and the linear
winding technologiesre the same for mass productidn the comparison presented in
(Kampker et al., 2014he linear winding technology was found to be better compared to
the other two technologies mairiigcause ofiigher eficiency and higher quality.

Different manufacturing methods farhairpin stéor winding have been proposed in the
literature.The production offte most commohairpin windingthewave windingjncludes
nine steps, whichare described next. The firstep is he straightening of the wirdhis
eliminates any form errors producedhe process of making the wifghe graightenings
done by using several rels to improve the shape in steps to eventually megtréseribed
requirementsBy using morerollers the wire and its insulation experience less stréss.
avoid springback effect, bending radiust be greater than the yield point of the material.
After the forming, thensulation is stripped off from th&ire ends The process is necessary
to produce high quality welding joints and avoid any weldingtepakhe gripping can be
done mechanically, chemically or by usimtaser.The mechanical methods are the easiest
ones in terms of investment and design, as they can be done manually withtemig
However, the conductors can be harmed in the protesschemical methods require strong
chemicals andre thereforenot recommended to be uséRiedel et al., 2018 Removing
the insulation withalaser has been presented@lgessekt al, 2017). In the tests presented
in the paper,an excellent levelof insulation removal is achieved with the laser. In this
method, the area is first scanned by the laser and then most of the insulation issitirned
the laser. Then, the laser is used td hipahe copper wire and the remaining insulation layer
piecesare removed by the thermal expansion of the copper Wis.process can be done

also inthelatter part of thenanufacturingprocess.

After stripping, the wires cut by using one of the ¢intg methods. The wire or its insulation
should not be damagéatthe process. Alsgood andonstant production quality required

in the processCutting methods such as shearing, knife cutting, bite cutting, tearing, breaking
and sawingcanbe usedAfter the wire has been cut into pieces with a certain leriggh,
piecesarebert to form the hairpin shape. There are two common bending metbaais

bined bendinglie process and variable thréenensional manufacturing process.the
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threepoint bending two support rollers and a bending punch is used to forrrshayed
hairpin. Inthedie bending the bending is domgh V-shaped die and a beand punch. As

a threedimensional structure is required, also-pending and podbrming arenecessary.

The kending process has to be able to produce hairpins with small tolerances and constant
properties(Riedel et al., 2018 Jhe bending processé&s a diamond windingwith rectan-

gular wire conductorbave been studied {ishigami et al., 2005and it has beenoted that

there can be significant differences in thesignedshapeand the reashapeof a hairpin

Based orthe studyforming should be due first to radial direction and then to circumfer-

ential direction to obtaithe smallespossible deviation

After bending, thebentcopper wires have to beranged The arangingprocess can be
automatedor it can bedone manually. The more layesisd the more different forms of
hairpinsthe winding has, the more complex #reangingorocesss. Arrangingprocess with

small toleranceand zero errors a prerequisite for the next step, which isjtneing of the
pinsandthe stator coredairpins @n beinserted axiallyyhich resultsn small slot openings

and reduced flux leakag&he axial insertion of &airpin is illustrated in Fig. 211 If the
aligning hasnot beendoneaccuratéy or if the hairpins are not within required tolerances,

the hairpins can damage the slot insulations and the insulation of the hairpins itself can also
be damageth the insetion process. The insertion process can be automated or done manu-
ally. (Riedel et al., 2013

When thehairpinshave been successfully inserted into the stator core, the ends of the hair-
pinsare twisted Thetwisting can be done by bending the ends oypeibe, but this is not
recommendedbecause ofthe excessive time consumption. A better api® totwist the
hairpin ends layerwise or all layers at once. This can be done manually or automatically. In
thetwisting process, thepringbackof thewire hasto be taken into accour(Riedel et al.,
2018.)The springbacleffecthas beerstudied in Wirth et al., 2018 andspringback levels
betweer?2.8-5.2°have beemeasured for plunger diameters from 12 to 28. ifine $ring-
backlevelhas anajoreffect on thensertion anatontacting process and it haswtherefore

considered.
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The insulation of a hairpin windirftas beestudied in (Mancinelli et al., 2016). In the study,
the hairpin windings tested in thermal lifecycle testing with simultaneous theandlme-
chanical stress. Tusto-turn insulationis found to be the weakegart of the insulation sys-
tem. A suggested solutiosito use wires that are insulated only on the other side of the wire
and then to reinforce the conductor insulation in the ending region at the same time as
the welds are insulated. This could impedhe lifetime of the insulation afwinding.

Different methods for contacting procesgsdescribed ir{Riedel et al., 2018)n the paper,
the laser weldings pointed out to b one of the ks options for the contacting. li5{aessel
et al, 201y the laser weldings further studied, and resultiseshown proving the method to
be effective, when the power and the wavelength of the &aseselected properlyThe
suggested metid is to use infrared solidtate laser, as i$ proven to produce highuality
joints with the best absorption coefficiert welding time of 0.11 secondsachieved and
thus 120 contact points afstator could be theoretically welded in 13.2 seconds.

The other methods in consideratiarehypersonic welding, resistance weldiaugd solder-

ing. The important parameters for thentactingarethe mechanical strength and the electri-
cal properties of the connection. The connection has to be able to wdtms&hanical
stresses that occur in theachine, including vibrations and forces. From the electrical stand-
point the resistance of the joint has to be small, otherwise the benefit of shorter end windings
and larger copper area will be lost. The joininggess has to be constant in quality to-p
duce mechanically and electrically stable connectibhs.resulting winding afteacontact-

ing process is illustrated in Fig. 2.JAfter the contacting process the contact points are re
insulated. The insulatioraa be done by dipping the heated conpaints in a fluidized bed
sinter bath. Thigdorms a powder coating on the contact poirsiother option is to use
potting, where the end windirayeais filled with epoxy resin. The resin provides also im-
proved hetdissipation compared to the powdertng. After theinsulation processnd
of-line (EOL) testing is done ensure that the stator is properly manufacamdthat the
insulation has not been damaged during the manufacturing prédessisg is done iac-
cordance with ISO 60034.
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Stator core tator cor

Fig. 2.11. The axial insertion of a hairpin and the resultiveyvewinding aftera contactingprocess

The manufacturingorocess presented above is the most commoroorectangular wire
windings Somealternativemethods have been presented in the literature to further improve
the process. It is not clear if these methods actuallpetterin terms of cost and manufac-

turability. Some of the methods are nevertheless described next.

There are a couple of differeprocesse® manufacturdrairpins One method is to use laser
cutting tool to form hairpins from a copper plate insteathetutting andhe bending ofa
rectangular copper wireThis process can be more accurate in the forming of the hairpin,
but same bending is still required achiag the required hairpin formn this caseaninsu-
lation layer has to be applied on the hairgiter the forming. The powder coating method
descrbed above could be used, but this has not been studied any fAghieis preferable

to have less contacting points in the end winding, lap winding formed from rectangular cop-
per wireis presented in (Ishigami et al., 2Q18Vith this type ofa winding the number of
different coilsis reduced from 14 to one and the numldageaminalsis reduced from 288 to

72, in the design cas&he drawback of thislesignis, that the wires have to be inserted
radially to the stator slotBecause of thighe slot opnings have to be widerhe wider slot
openings causkighercogging toque and eddy currents as a resulheseeffects can be
reducedy usingsemimagnetiovedgesto close the stator slotfhesevedgesare prone to

the forces in the machine atigey can befairly easilydamaged or broken. Theedges also
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generate some lsss themselve®©ne design to reduce the negative effects of wide slot
openings is to use quasemiclosed (QSC) slots. The idea in this design is to use multiple
smaller slots, as &m there are mopenslots, but the slot openings are smaller. Theehen

of this design and the performance of it are compared to previously deseatbedairpin
winding and lap windingn (Liu et al., 2018 The main benefiterean easier production
process and smaller torque ripple content under load. The torqtieeasutput power of the

wavehairpinmachinearehigher in the study comparedttte machine witthe QSC slots

The peak output powersf the machines with rectangulavire windings presenteith the
literatureare showras a function of frequendg Fig. 2.12. The nominalaluesare usually

not indicated irthe studiesand thus the comparison of the machines is difficult.
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Fig. 2.12. The pakoutputpowes of machines presented in the literatasea function of fre-

guency

As it can be seem Fig. 2.12, the pealoutputpowess of the presented machines are in the

range of40 to 0 kW and the frequencies in the rangg®fto 390 Hz. This suggests that
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the harpin design could be beneficial in the machines Woth to mediumpeak output
power. The numbeof currently presented hairpin machine designs is quite bosmanu-
facturers are investigating the hairpin winding, as it can be seen from the large nimber o
filled patents within the last ten years. Companies suBoapVarnerinc. (formerly Remy
Technologie$, ContinentalAG, Daimler AG, DensoCorporation Dr. Ing. h.c. F. Porsche
AG, FordMotor CompanyGeneral Motors, Hitachitd., Honda Motor Co.HyundaiMotor
Co., Lg Electronics Ing.Magnalnc., Robert Bosch GmbHschaefflerTechnologies AG
TecnomaticS.p.A, Toyota Motor Co. Ltd, Valeo Equipements Electriques Moteur
VolkswagenAG and ZFFriedrichshafen AGave filled patentselated to hairpin windings
(LENS). Somemanufacturers and their produasinga hairpinwinding are listed in Table
2.1.

Table 2.1 Some manufacturers and their products using a hairpin winding.

Manufacturer, productame Specifications
BorgWarner HVHseries IPM motor (BorgWarner, 2019)
Chevrolet Bolt IPM motor with fourlayer hairpin winding (Momen
et al., 2018)
Chevrolet Spark IPM motor with sixlayer hairpin winding (Momen e
al., 2018)
Porsche Taycan Liquid-cooled PM motor (Porsche

IPM motor with an eightayer hairpin winding and
oil spray cooling (Warner et al., 2017)
PM motor with sixlayer hairpin winding
(Volkswagen, 2019)

Toyota Prius % generation

VolkswagenD.3

In addition to the companidistedin Table 2.1, emeof the previously mentioned manufac-
turers use hairpin windings in their products, but it is difficult to find documentation about

spedfic products using the hairpin technology.

2.9 Price of different stator winding topologies

The costs of four different winding typeasestudiedin (Fyhr et al., 2017). lis found that
the hairpin winding is more expensive to manufacture compared to palieeedlewind-
ing. Segmented single tooth structyeovidesa price decrease of 35%onpared to the

hairpin winding when a production volume of 10000 units annually is consid&iddthe
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segmented stator structui@small price decreasis achieved. kgjher copper conters
found to be the main reason for the high price of the hairpidimgn

According tothe estimation presented in (EBar et al., 2018), manufacturing 35 hairpin
windings hourly with one operator per line ®%t85 million euros. Ircomparison, two
price estimationsre presented for inserted winding. The estimatiaresfor producing 4
stators ané5 stators per houTheprice estimate for these two volumes a®20 000 euros
andtwo million eurogrespectivelyIn these estimationtherearefour and ten operators per
line respectively. The price f@nimpregnation fantis estimated to be two million euros
with one operator per three lines anih the capacity ofproducing66 stators hourly. In
total, when stator core productiaroil winding production and impregnation productaoe

considered, the cosf hairpinstatoris found to b&7% lower.

As it can be seen from the studies presented above, the comparison of the price of different
stator winding topologies is quite ddtilt. The main advantages of the hairpin winding in
terms of manufacturing process are that the whole process can betegnguitomated and

that the process has fewer steps in total. With automation, the manufacturing time of a stator
can be reduced. Bhwinding process of a hairpin winding can also be done manually, but it
should be avoided. Hairpin winding is beneficialemhigh volumes of similar stator struc-

tures are manufactured. Increasing the production volume reduces the unit price of a stator.
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3 RESULTS

3.1 Analytical analysis

For analytical analysis an analytical motlek beerreated withtMATLAB software. The
modelincludes complete machine design for specifigalit frequency statorvoltage and
electromagnetidorque. The models based on prgous work by Pyrhénen, Jokinen
Hrabowova, Alexandrova and Montonen publishad (Pyrhonen et al., 2018l follows
the machine design procedure describe{Pyrhtnen et al., 2008The modehas been
originally developedor a SPM machinavith a two-layerlap coil winding and opertircuit

cooling The design procedutes beerxpanded to includawavehairpin winding.

Next, the design procedure followed in the model is briefly described. The process starts
with thedimensioningpf the main dimensiai rotor volume based dangential stress, rotor
outer diameter, stator length, gap length and stator inndiameter. Next, windingharac-
teristics, such as winding factdhe number of coil turns, magnetic flux density atie
number of conductorsia slot are determined. At this point also initial value for effective
permanent magnet width proportion isen. After this, slot dimensions are determined ac-
cording to currentlensityconstrains Stator and rotor yoke dimensions, permanent magnet
dimersions and magnetic voltages are calculated next. The effgmiveanent magnet
width proportion is thenterated until the air gap fluxes calculated in the beginning and a
this pointare within2 %.

After the iteration is done, inductancéssses andhe masse®f different parts are calcu-

lated. Permanent magnet losses, iron losses, mechanical losses, Joule losses and additional
losses are determined separaté@lgiditional lossesirechosen to be 8.% of outputpower.

As additional losses increase aiiactionof frequency theycan ben reality even higher.
Thelosses caused by skin effect in the stator windirepow calculated as a part of Joule
lossesand thus they do not contribute to additional lossegraditionally is the cas@he

nominal pint paraneters are calculated basmu total losses and requiregput power ac-

cording to the load angle equatidinese parameters are then used to detertimaper unit

values of the machin&inally, MTPA control logic is applied and the machine partars

arerecalculated.
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Two different cases are nowonsidered comparindifferent machine parameters, such as
theefficiency,theresistance factor artdetorqueof theseawo machindypes The difference
between the cases is the active length of thehma. With the shorter length, 300 Nm output
torque is set as a target. With the longer length, the target is increased to 880 Nm. This is
done to see the effect that the increase of outpgti¢ohas to the performance difference.

The effect of frequencyn the performance difference is covered in both cd$esparam-

eters for permanent magnetsd electrical stealsed in both cases are listed in Table 3.1.
The type of the electrical steslselected to be M2586A, as this decreases the increase of
iron losses as a function of frequency compared to thicker laminations with lower resistivity.
As the iron losses are smaller, the Joule losses and their effect on the machine performance
are moe visible. Higher flux densities can be also selected fordineparts of the machines
because of the type of the dteehe mrameterdor the machingin the case onare listed

in Table 32. The machine dimensioning the case one is based on theorotolume and
tangential stress according to equation (2.2 maximumtangential stress is selected to

be approximately @00 Pa.The maximum statorexternaldiameter is selected to be 375

mm.

Table 3.1 Permanent magnand electrical steglarameters fathemachine calculation ithecases

one and twoMagnetparameters are according to (Arnold Magnetic technolagies)

Permanent magnet type N45UH
Remanentflux density6 [T] 1.35
Coercivity'O [A/m] 1023000
Electrical resistivity of the permanent magriets [ Y m] 180x10?
Density of permanent magt material  [kg/mq] 7500
Number of permanent magnet segments 3
Number of permanent magnet parts in axial direction 5
Physical relative width of permanent magnets 0.85
Peak flux densityp [T] 1.05
Type of electrical steel M250-35A
Specific total loss of the electrical steel at 1.5 T 200IHz0 [W/kg] 14.7
Maximum flux density of the stator and rotor yake andd [T] 15
Maximum flux densities of the stator todaih [T] 1.6

Stator slots are dimensied to meet the selected current density in the conductors and the
maximum flux density in thetator teeth. The thicknesses of the stator and rotor yokes are
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Table 3.2. Machineparameters for machine calculationcase oneln the case of two valueshé

first is for the coil winding and the second féne hairpin winding.

Targetelectromagnetitorque™ [Nm] 300
Tangential stress  [Pa] 35600
Frequency [Hz] 120-240
Number of pole pairp 6
Number of slots per polendphaseg 2
Number of phases 3
Winding pitch factoiw 1
Number of parallepathsin stator windinga 6/1
Rotor inner diameteé® [mm)] 224
RotorouterdiametefO [mm] 273
Air gap lengthi [mm] 2
StatorexternaldiametefO [mm] a375
Active lengthl [mm] 72
Height of permanent magné€s [mm] a45s
Stator current density[A/mm?] 6.0/5.1-6.8

calculated based on the maximum allowed flux densities in them. The cooling ge is
lected to be water jacket cooling allowing higher current density to be used. Thedggher
lected current density increases the torque density of the machireegot height inthe
hairpin winding is set equal to the slot height of tod winding. Asa result, the stator
externaldiameter is approximately constant in each point for both winding.typesstator
current densitpf the hairpin winding is natonstantas thenducedemf is not kept constant

in varying designsThe number of winding lars ina wave hairpin winding has to be di-
visible by two, and thus only two, four, six and eight winding layers are studied. The average
resistance factors di¢se two winding typas the specified frequency range with different

number of hairpin layerare given in Fig. 3.1.
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Fig. 3.1 Average resistance factas a function of frequency atide number ofhairpinlayersfor
different machine designsaseone Hairpinwindingis presented witlacolored mesh ancbil wind-

ing with ablack mesh.

The averageresistance factor depesantheconductor dimensions of stator wling. In the
coil winding, averageresistance factor remains approximatelyuaity, as conductor
branchesare formed fromrelatively thin conducta In the hairpin winding,the average
resistance factorariesbetween approximately 1 andl in the frequencyrange.Hairpins
are thiker and wider and thus the difference betwibeaverageesistance factors is clearly
visible. Using morehairpinlayers reducethe average resistance factor, as then the height
of asinglehairpin is decreased@he averageresistance factor increasas a function of fre-
guencybecause ofhe decreasingkin depth The averageresistance factor contributes
rectly to the copper losses and thus the efficiencyaofiachine.The copper losses arite
efficiencies of these two windingpesare compared in Fig. 3.RITPA control strategy is
applied, if possibleto achievethe lowest possible copper loss€Bhe effective value ahe
stator lineto-line voltage limit is set t®46 V, which corresponds to 700 V in the DC link
of an inverter. Irnthe case of amverter witha DC link voltage of 750 Vthis correspods

to a voltage reserve of 6.7 %A voltage reserve is required when the loadtha
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