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Abstract

This thesisstudies the brushless permanent magnet synchr¢Ba&M) machine design
for electric vehicle (EV) and hybrid electric vehicle (HEV) applicatiDifferent rotor

topologies design, winding design, and npliase designs are investigated and discussed.

The Nissan Leaf interior permanent magnet (IPM) traction machine has been widely
analyzed and there is much public domain data available for the machine. Hence, this
machine is chosen as a representative baadh design. First, the Nissan Leaf machine

is analyzed via finite element analysis (FEA) and the results confirmed via published
experimental test data. The procedure is then applied to all the following machine designs
and results comparedhen the Nisan Leaf machine rotor is redesigned to satisfy the
performance specification with sinusoidal phase current in the full range for the same
performance specification and permanent magnet matéftdrword, a comparative
study assessing the design and peménce attributes of the Nissan Leaf IPM machine,
when compared to a surface permanent magnet (SPM) machine designed within the main
Nissan Leaf machine dimensional constraints. The study illustrates and concludes that
both the IPM and SPM topologies havery similar capabilities with only subtle
differences between the design options. The results highlight interesting manufacturing

options and materials usage.

The grain boundary diffusion processed (GBDP) magnets are proposed to reduce the rare
earth mataal content in the permanent magnet machines, especially subject to high load
and high temperature operating scenarios by preventing or reducing the onset of
demagnetization. The design and analysis procedure of BLPM machine with GBDP
magnets are put foravd. In the end, the Nissan Leaf IPM machine is taken as an example
to verify the analysis procedure. and the results illustthigssPM machines witkeBDP
magnets can realize torque and maintain efficiency at high loads while being less prone to

demagnsazation.



A new multiphase synchronous reluctance machine (SRM) with good torque
performance and conventional voltage source inverter is introduced for traction machine
applications. Although thrque density is low compared with BLPM machine, the SRM
machine gets rid of permanent magnets and achieve low torque ripple compared with
switched reluctance machine whidx@ asymmetric inverter is replaced with coniamsl

voltage source inverter

The concentrated windings are designed and studied with bd¢h dfd SPM rotor

according to the Nissan Leaf machine requirements of performance and dimgnsion
investigate how the concentrated windings affect the machine performance and
manufacturability and cos®-, 12, 15s |1 ot concentr at edhesamadi ngs
slot area with the Nissan Leaf machine distributed winding and the performance are
evaluated and compared.

Multi-phase concentrated windings machines with IPM and SPM rotor are designed and
analyzed based on the Nissan Leaf machine specificatidrdimension constraint§he
performance of 23-phase, Hhase, Phase machine at low speed and top speed are
studied and the advantages and disadvantages are compared in terms of torque quality,

efficiency, and power electronic requirements.
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1.1 Introduction

Hybrid electricvehicles (HEVS) and electric vehicles (EVs) have emerged as promising
alternative solutions in the transportation sector to reduce or rethleaependency on

fossil fuels and combat emiss®ifil-4]. Electric machines (EMs), which convert the
electrical mergy and vice versao mechanical energy to propet brakethe vehicle
respectively are key components optimizing the functionality and performance of
vehicles [34]. Compared with other applications, traction motors require specific
characteristics, sih as high torque and poweensity, highefficiency, low torque ripple
noiseand vibration, high starting torque, high reliability, low cost, fi€7]. Due to the

overall distinguished performance, permanent magnet (PM) machines have become one

of themost prominent traction machines widely applied in hybrid and electric vehicles.

Electric machine design is a challenging task since electromagnetic, thermal, and
mechanical phenomena are coupled and need to be considered at the same time. A lot of
design variables and design choices make it diffictdt search an optimal design
Additional complexity is the conflict between performance and manufacturalbility.
example,thinner steel laminationmore accurate lamination shapad tighter akgap

width are helpful with high performangewhile each attribute will increase the
manufacturing difficulties and cost. When involving performance and manufacturing
together, the electric machine design proaesst be a multidisciplinary task which

challengesiesignknowledge and engineering experience.
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Over the years, numerical modeling tools and design optimization methods have been
successfuy applied to predict, validatend optimize designin engineering For
example,finite element numerical simulation, lungpgarameters analysis, differential
evolution optimizatiorto name a few techniquesnfortunately, none of #se considers
manufacturing and cost systematically. Furthermore, due to lack of constraints of
manufacturability and cost, some optimization hssuare unrealistic in industrial

application.

Manufacturing is a difficult topic to assess without the cost structure of the manufacturing
process, as an understanding of the component supply chain. Indeed, the automotive
marker is a highly cost sensitivaector where small commodity changes can have a

di sproportionate effect iif 1t impacts on t
techniques HE V 0 s and EVOs ar e di sruptive techr
manufacturers since the new powertr@iomponents are still at an early stage

technological development.

Theaat omotive industry is one of t heithwor | d¢
production volume increasing sintdee 1950s as shown in Figl.1. There are more than

800 million carsand light trucks on the road around the world since 2807Although

the consumption of cars slows down in the developed and BRIC (Brazil, Russia, India

and China) countries, thmontinually increasingnarket demanahallengeghe research

and developma of vehicle powertrains

According to Fig.1.2, the production of the top 10 motor vehicle producing countries
contributes more than one third of the total volume all over the world. So it can be
envisaged that the mass production of traction machinds beilrealized in these
countries in the near future. Therefore, the study of traction machine design targeting low
mass production cost is an interesting topic of great benefit to be automotive industry.

As well as the development dfi E V @sd E V § the poduction volume of traction
machines will expand following the whole vehicle market around the waddge
production volumes makeevery cost item count. Similar to other components in
conventional combustioengine vehiclesminimized cost will be the nsd important

constraint besides theystemperformance requirementd/hi | e HEV6s and EVGE
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only form a small part of this market, any future more to these new powertrain

technologies will require.
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Fig. 12. Top 10motor vehicle producing countries 20[5.
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A hybrid electric vehicle is a vehicle fitted with an internal combustion engine (ICE) and
an electric machine (EM). Here, the electrielment of the powertrain is regarded as a
secondary power source to a primary power source (engine) and it is desirable to optimize
the power source operations so that the functionality and performance of the HEVs is
ensured. By regenerating brakiegegy, component dowsizing or rightsizing and
making the engine always run in the best operating area, fuel economy improvements are
realized. The main issues for HEV include the running condjtidgmentand control
strategy, optimization and managemehtthe energy source, retine optimization of
engine and motor, energy management of the battery packs and control of braking energy

recovery PJ.

Generally, the powertrain includes the energy source and the energy converter or power
source. If there artwo or more energy sources, the powertrain will be called hybrid
powertrain which has several different power flow routes awshio Fig 1.3.Based on

how the gasoline and electric power sources are utilized in the vehicle, the HEV can be
classified io three types: (a) series hybrid, (b) parallel hybrid and (c) split hybrid, where
their typical structures are shown in Fig. 1.4.

These three different configuration HEVs perform differently and encounter different
control problems. Series hybrids obta@generative power from the vehicle kinetic or
potential energy and allow the engine to work under its most efficient conditions.
However, the more transfer links lead to more power losses. The control part of the Series
hybrids can be realized easily hyring on the ICE when the battery state of charge
(SOC) is low, and run it at optimal efficiency until the battery SOC is high. Compared
with series hybrids, parallel hybrids have lower energy conversion losses and greater
level of flexibility in configulation, component sizing, and control because the engine
power is directly transferred to the driving wheels. Generally, the small secondary power
source, which means ICE and EM do not operate simultaneously, make the controller
focus on timing of engine aitt/stop and the execution of regenerative braking while the
large secondary power source determines complicated control so that the overall
efficiency of ICE and EM is optimal. Split hybrids are the combination of series hybrids

and parallel hybrids. Alkinds of optimal design and control strategy can be used in this
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type. But the structure is complex and cost is high, especially for those with planetary
gears ).

Power train (1)
(unidirectional)

— ——

- i

Energy
source

(1)

Energy
converter

(1)

Power train (2)
(bidirectional)

Energy

source

(2)

Energy
converter

——» Power flow while propelling

— — —» Power flow while charging power train (2)

Fig. 1.3. Conceptual illustration of a hybrid powertrain (From Fig. 5.9]ih [
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Fig. 1.4. Three typical types of HEV (Modified from Fig. 2, Fig. 3, and Fig. 40h)[
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Configurations, combining with road conditions, determine the fuel economy, engine
efficiency, electric path efficiency, ctol strategies, numbers and sizes of components.
According to the results inl]], both parallel and split configurations have higher fuel
economy than series configuration in the highway driving conditions. The split
configuration possesses high fueli@édncy not only in urban driving but also in highway
driving. Therefore, most of the fullybrid passenger cars adopt the split configurations,
such as the Toyota Prius, Toyota Lexus, GM, Chrysler and Ford Fusion HYBrid\[
comprehensive research, efal analysis and Hiepth tradeoff decisions must be done
before selecting a HEV powertrain configuration. Although the powertrain configurations
have been mature in the commercial area, they still attract many researchers studying on
the performance oflifferent configurations and trying to find the more fefficient
engines and transmissioris3].

An important element in the HEV or EV powertrain is the electric traction machine, the
design considerations of which are the primary focus of this resetudly. Fig 1.5

illustrates the GM Chevy Spark vehicle powertrain and location of the main vehicle
traction machine. The figure also shows an exploded view of the traction machine which

is an interior permanent magnet machine as will be discussed furthés thesis.

o BEARING SUPPORT ASSEMBLY

o LAMINATED STEEL ROTOR CORE SECTIONS

o BAR WOUND WIRE

PAR INSTALLAT!

STEEL PLATE®

ROTOR HUB o

LLAMINATED STEEL STATOR CORE ©

Fig. 1.5. GM permanent magnet machine applied in Chevy Sgdaik [
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1.2 Literature Review

1.2.1 Interior versus Surfacemounted Permanent Magnes Machines

IPM machines appear to be the favored topology choice for electric vehicle traction
machine applications because of their widely quoted benefits of saliency torque
contribution, minimum magnet mass, supert@magnetizatiorwithstand, wide flux
weakening capability and high operational efficiencies, to list the often quoted attributes
[15, 16].

Due to the same inductance on the diractd quadraturaxes, there is essentially no
reluctance torque generated by SPM machines, although they can operate in a flux
weakening mode if appropriately designek¥-19]. Both rotor topologies have been
explored with distributed and concentrated stator winding&1f] with various
justifications for either implementation, the IPM being widely regarded as the preferred
choice.

Jahns et al 19] designed IPM and SPM machines with fractieslat concentrad
windings (FSCW) against the same vehicle traction specification, samgotdot
combination and same materials, presenting results in terms of flux weakening capability,
overload capability, efficiency, loss, demagnetization, etc. However, the airgactre

axial lengths were varied, diluting the comparison. The results show that the IPM
machine design needed slightly less permanent magnet material but required a higher
phase current with similar machine torque and efficiencies over the whole speed r
Pellegrino et al 0] compared an IPM and SPM machine, but with different winding
configurations and airgap diameter. Chlebosz and Ombdl} §tudied the
demagnetization properties of IPM and SPM traction machines and concluded that SPM
machines regired permanent magnets with higher coercivity or demagnetization
withstand. However, the compared machines had different pole numbers, magnet material

and geometries, hence the conclusions cannot be deemed general.
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Although studies have compared the twator topology options for brushless PM
machines, the compared designs always tend to have varied machine parameters, making
a quantifiable comparison difficult, if somewhat arbitrary, and closely linked to the
personal preference of the machine designeate, nocstudyhas directly identified and
justified the technical aspects of the two rotor topologies. fhigisisaims to address this
deficiency via the comparison of a published electric vehicle traction machine design
having a distributed stator wding and an IPMotor, as detailed in Chapter 3 with an

SPM rotor while maintaining the mechanicalgap and stator laminatias discussed in
Chapter 4

1.2.2 Grain Boundary Diffusion Processed Magnet

Permanent magnets play an important role in terms of ppeaface and cost. Their
configuration, geometry, volume, material properties and location, including associated
flux barriers are essential in determining machine performance. Adversely, the rare earth
permanent magnets are a significant portion in the ¢ott of the traction motor despite
being only one tenth of the total machine mass (typica$). [This minimizing rare

earth permanent magnet material in a design can significantly reduce the machine cost
[23]. In addition, manufacturing processes &pto magnets can lead to the degradation

of machine performance due to changes in localized magnet material properties. For
instance, the excess ends of magnets are usually ground to keep magnets and rotor the
same axial length. Here, the grinding pracean damage the coating and change the
localized permeability of the magnets. Hence, some <{paimdary magnets are

manufactured to a prescribed length so that the grinding process can be elin@iglated [

The price and procurement of rare earth matenady restrict the development and
expansion of permanent magnet (PM) machines. Grain boundary diffusion processed
magnets contain less Dysprosium, a small contributory element to the total magnet
material volume, but also the element that contributes laehigost than neodymium.
HEV and EV traction machines require high heat resistant magnets since they operate

under hightemperature and high load conditions. Adding heavy rare earth (HRE)
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materials such as Dysprosium (Dy) and Terbium (Tb) is a univerghloth@pplied to
improve the demagnetization due to high temperature of the maghetpwever, the

price of the rare earth magnet material has increased exponentially in recen2jjedms [

his bak [25], Walter T. Benecki points out that the neodymiprice will be relatively

stable while the Dysprosium price will still be expensive in coming dec#digsl.6

shows the Dy and Neodymium (Nd) prices compared with gold from 2008 to 2014. After
the rare earth crisis in 2010, the Nd and Dy prices grewrexgmlly [26]. Then the
permanent magnet price gets better but still varies depends on the Nd and Dy cost.
Therefore, it is necessary to design PM machingth lessDy material; hence the

application of grain boundary diffusion processed magnets cardpragood solution.

It is hard to predictvhat will happen in next 30 yeaBoth the mechanical stress and
unstable price for the permanent magnet matemaly limit the development of
permanent magnet machg&o both the grain boundary diffusion presed magnet and

the nomamagnet machine design are introduced to reduce the rare earth material
application or to get rid of permanent magnet in electric machifies use of grain
boundary material will be explored as part of the rotor design discusgiQimapter 4.
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1.2.3 Distributed Windings versus Concentrated Windings

The most commorwinding configurations for radial field electric machines can be

classified aglistributed andconcentrated windingshown in Fig 17. In this thesis, both

the integer slot and fractional slot distributed windings are denoted as distributed

windings (wound around more than one tooth) and the concentrated windings refer to the

non-overlapped cocentrated windings (wound around one toof@hncentrated and

distributed windings have their own advantages and disadvantagestten quoted that

the benefits foconcentrated windingsre[27-29]:

(a) Shorter eneturns, which leads to smaller coppess and copper mass

(b) Higher copper fill factors, especially for segmented stator, which provides higher
torque and power densiand potential lower manufacturing cost

(c) Low mutualcoupling whichresuls in better fault tolerance, especially for single laye

concentrated windings.

However,concentrated windings havenamber ofdrawbackghatinclude

(a) Higher parasitic effest which generdy leads tohigher noise and vibration

(b) Unbalanced magnetic forces

(c) Excitationtorque ripple

(d) Higher rotor loss (inclding rotor core loss, magnet loss, and sleeve loss for
conductive sleeve) due to higher localized field distribution on.rotor

Higher daxis inductanceeduce the reluctance torque for IPM machines and the field
weakening range, but increasthe flux we&ening capability for SPM machines7]2
Based on theparticular featuresof concentrated windingsconcentrated windings are
popular in low speedgsmall powermachine applications. The studies ir8,[29] shows
that concentrated windings with either IPM 8PM rotos can generate higher torque
than the distributed windings machines in the low speed application. Howevstatibre
iron loss rotor slotripple lossand permanent magnetsidy current lossre all higher
than distributed winding ithe high geedflux weakeningegion B0Q].

The research of concentrated windifgsEV traction machine applications can be dated

back to 1990sd1], unfortunately it showed that the concentrated IPM producedrlowe

10
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(@) 24 slot single layer integer sl (b) 18 slot double layer fractional sl

distributed winding distributed winding

(c) 12 slot single layer neoverlapped (d) 12 slot double layer neoverlapped

concentrated winding concentrated winding

Fig. 1.7. Typical concentrated and distributed wimgs connections for U phase (8
poles, 3 phases).

torgue inthe constant torque region arnglelded smaller constant power range than
distributed SPM machise Although the applicatiofior EV traction machinedoes not

look promising, therare still plenty of researchers studying on concentrated windings

11
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and its application in other areas. Soulé@2 jnvestigated the polslot combinations for

PM machines with concentrated windings and provided the winding factor table for
normal slotpole combination. Theaper also concluded the high least common multiple
(LCM) between slot and pole numbers lead to the low cogging torque and the
concentrated windings have lower torque ripple than the one slot per pole per phase
distributed windings. Howevethose generatonclusions didchot consider the specific
machine and application constraints. From Tdhle [33-35], the winding factor for 9
slot/8pole is 0.945 while the itot/8pole combination is 0.866, which suggests that the
9-slot/8pole machia will provide higher torque than the machine with-sl@/8pole
combination. Nevertheless, the respiesentedn Chapter 5 show that with the same
rotor, slot area, stack length, winding layer, number of turnsgagr length and
demagnetization limitthe average output torque at full voltapp@ase speed for the 9
slot/8pole with 340A peak phase current excitation is 197.1Nm, while for the 12
slot/8pole with same peak phase curréinis 250.6NmThis has also been reported by
other researcherdor exanple, Jussila B2]. Jahnset a. [35] claimed that the classical
steady stator phasor orgdanalysis is not suitable fanalysis ofconcentrated winding
machinetopologiesdue to th& deviation from the sinusoidal conventional distributed
windings which explained that the torque production is not just determined by the
winding factor in the concentrated winding machifidey proposed a closed form
analysis forthe SPM machine with concentrated windings36-slot/42pole, &kW SPM
machinewas selected toerify the analytical model.

Up to date, the research on concentrated wirsdiiog traction applicationis still
continuing. Jahnset al [36] compared the concentrated and distributed windings with
same IPM rotorcross sectionairgap lengthand similar ampereturns, but with scaled
stack active axial length to meet the peak power requirersenf a benchmark
specification Theresults showhat the machine with concentrated winding obtains higher
efficiency inthe high speed region due to lower statordaghile the machine whit
distributed winding has smaller rotor core lo$be choice can be made based on the
specific requirementFurthermore, they also proposed that the concentrated windings
have higher eaxis inductance and extend the constant poweking region for SPM

[19, 38]. The results in39, 40] also proved that the concentrated winding machines have

12
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higher daxis inductance than the integer slot distributed winding machinethattame
constraints. Conversely when compared to fractionaslot distributed windings,
concentrated windingdo not hawe merit in terms ofl-axis inductanceccording to 41,

42]. A fractional slot distributedPM machinedesignhas been proposed to replace
induction machines ia tram applicatiomedudng the numbenf machinesn the system

by increasing thenachinepower density by 1.5 timdgl3]. For the number of layers of
concentrated winding, Lest@nd Nicolapointed out that the single layer concentrated
winding layout is more suitable for the machines watgé airgaps, for example, SPM
machines, due to high magneto motive force (MMF) harmonics. On the cordrary,
double layer concentrated winding layout can be appli¢laetonachines with smaller air
gap, for instance, IPM machindsgcause of their low MM harmonicg44-46]. The heat
dissipation of concentrated winding is also a challenging tasthé&machine designer.
Compared with distributed windings, the slot area of concentrated windings is bigger and
the hotspot temperature is highdg]. As statal in [47], the cooling method and current

density should be considered in the machine design and optimization stage.

Different with the literatures mentioned abovéjst thesis mainly focuses othe
comparative study between the proposed concentratedingingthachines and the
benchmarked Nissan Leaf integer slot distributed winding IPM maetithesame rotor
structure, same thermal management method, and performance constraints. Meanwhile,
the concentrated winding and distributed windings are applieceteaime SPM rotor to

study the performance differencehe performance specification is the mequisite and

the manufacturability and cost difference between concentrated and distributed windings

under thesame constraints are another important respect

This thesis therefore makes comparisons of topologies based on consistent volumetric,
thermal and performance constraints, a study that has not been comprehensively repeated.

13
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1.2.4 Multiphase Machines

Multiphase machines havthe advantages in high powand high tolerancedrive
systems Recently, the multiphase machinbave also attracd attention in electric

vehicle applicatios [48].

The structure ofhetraction machine and its drive system in EVs is shown in Fgy.lA4.

the EV application, the eleatrisource of the traction motor is battery. In order to make
sure the inverter works in the high efficiency region no matter the voltage change of the
battery, a DC/DC converter is adopted to keep the DC link voltage steady and stable.
Between the converteaind inverter, a capacitor is applied to store the fluctuation of
energy. For the traditional three phase machines, there arevtiitege source inverter
(VSI) legs. If the number of phasgincreased, the current rating for each inverter legs
will reduce for the same power requirement. The switching $bsaild remain roughly
constant through theontrol complexity may increase due to more phases and switches.
The conventional three phase VSI can be directly applied to #8 (N is positive
integer) plases machineFrom the machine sidenultiphase can increase the fault
tolerance capabilityand, importantly reduce the excitation torque rippkn important
system design goalSo far, multiphase machines have beedeli applied in ship,

aircraftand hgh power propulsion due to the advantages mentioned {8\ .

For multiphase mchines current harmonics of ordeless than the phase number, when
coupleal with the corresponding spatial MMF harmonics, will produce useful torque and
relatively small loss, noise and torque ripple. Therefore, concentrated amitdinéd

stator winding structure is preferable for multiphase machines, for which, aitsds
possible toncrease the power density of the drive by minimizing the supply waveform
[51]. The implementation and dynamic simulation of induction motor with 3 and 5 phases
are completed and it shows that the machine with 5 phases has lower torque ripple
compared to phase$52]. The influence of phase numbers on drive anddnssompare

for 3 phase and 9 phase mackimeEV applicatiors in [43].

Slot-pole combinatios and their &ects on winding factors, rotor loss, gging torque
and radial forces for-35- and7-phasemachinesare discussed in £. Here,18-slot-12-

14
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Battery Converter — Inverter ———— Motor |

Fig. 18. Structure of EVs propulsion drive system.

pole-3-phase, 15lot-12-pole-5-phase, 2&lot12-pole5-phase, and 14lot-12-pole-7-
phasemachines are reported asample to verify the average output torque, rotor loss,
torque ripple, coggingtqueandradial forces byinite element analysid=EA) and prove
that combinations with winding fact®higher than 0.9 produce much more rotor losses
comparing to those with winding factobetween 0.75 and 0.9. In addition, the
combinations generatingw cogging toque generally have high winding factor and high
rotor loss.The drive model of 3 phase and3®phase and its application resudtse
investigated in [5]. Here, 72-slot-6-pole and 10&lot-6-pole machine for phase and

23 3-phase connectiaas exampleto verify the control model and compare resulith

FEA predictions The machine isnduction ancused for ship propulsion.

EV is a road vehicle which involves an electric propulsion system. With this broad
definition in mind, EVs may includeattery electric vehicles, hybrid electric vehicles and
fuel cell electric vehicledJtilize the Direct Torque Control (DTC) and Predictive Torque
Control (PTC)to the five phase machine and get the required perform&éteThe
multiphase technology hdseen used for many years on ships and split the very high
power valueghat would be the case ftinree phased-or rail vehicles, the multiphase
systems are sporadically used and limited to withstand the different levels of catenary
voltage. In road vehies, the electrification is today commonly implemented with three

phase solutions and it seems that the multiphase yeto penetrate this sectf7-59].

This thesis considers machines having more thgha3es, specifically Chapter 6
discusse®:® 3, 5, 7- and 9phase design with concentratadd distributedvinding and
with IPM and SPM rototopologies

15



Ph.D. Thesi$ Rong Yang McMaster Universig i Department of Mechanic&ingineering

1.3 Research Contributions

The manufacturability and manufacturing cost for prototype and volume production are
always considered in theactionmachinedesignstage.The studies reported in this thesis
present an improved comparison of machine topologies that previously presented and also

offers new topologies for future consideration.

An SPM machine is designed according to the Nissan L®df machinebenchmark
designwith a distributed winding and showo satisfy the performance requiremends,
conclusion that isgainstpopular opinion particularly when the machine is working in

the flux weakening region.

This thesis contribess to electric vehiclesystems by introducing a newulti-phase
synchronous reluctance machi(feRM) with good torque performance amgberation
from aconventional voltage source inverfer traction machinepplications. As far as
the author is aware there has been no publidaéa on5-phase SRMiesign fortraction
machineapplications. A major obstacle to this has beerhtbh noise and vibration and
low torque density of the synchronous machirtéswever, in the propose8RM, the
asymmetric inverteis replaced wittconvenional voltage source inverter to achieve low

torgue ripple compared with switched reluctance machine

Many people have investigated stator slot and rotor pole combinations for concentrated
windings. But no author has completed tlrorough assessment of thsuggested
combinatiors against specific machine volume and performance constraints. This thesis
presents several results fmachine design against reference benchmasdad suitable

for EV traction applicatios. The material and manufacturing cost as® considered

IPM machins have compcated rotor designs, noteally discussed in literaturer all
operatng points This thesis considerdesigrs suitable for full sinusoidal excitation
currentover the wholespeedoperation rangeThe choice and ihfence of IPM rotor

topologies has been published in Journal.
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1.4 ThesisOutline

This Chapter has presented a general overview dEthpowertrain anditerature review

of traction machinalesignto-date to introduce the subject are&ctric machine déegn

and topics currently existing worldwide. The discussion is not presented as a
comprehensive review of the industry, but as an introduction tm#netopic area of this

thesis

Chapter 2 discussdbe fundamenta of traction machinemodeling anddesgn, some

considerations to themanufacturing process.

In Chapter 3, a commercial IPM traction machine used in the Nissan Leaf is described
and modeled against published performance specifications. Since there is much published
data available for this athine and drive system from Oakridge National Laboratory, an
independent US test establishment, the machine is used to form a benchmark against
which subsequent designs can be validated without the necessity of expensive prototyping
and test validation. Iapter 3 also establishes the relevant performance criteria against
which subsequent designs are assessed.

Chapter4 discusseghe design ofrotor topologes for the kenchmarked Nissan Leaf
Machineapplication.The Nissan Leaf machine rotor iedesignedvith the same magnet
material and rotor dimensiah constraints and the performance compardthe
comparative study ressltbetweenSPM and IPM machinesare presented The zero
magnet designs of synchronous reluctance machine and switched reluctance arachine
presentedGrain boundary diffusion processed permanent magnet maite@alalyzed

and applied in the PM machin@ obtain the best design specifications.

Different winding designsare presented in Chapté&: Concentrated windings and
distributed wirdings are discussed from batbsign and manufacturing aspects. The FEA
analysisis adopted tcevaluatethe machine performancAn aluminum stator windings

also designed and studieddloow the advantages and disadvantages compared to copper
stator windhngs. Finally, the bar wound winding is designed and investigatezbiopare

its merits and demerits with respect to the stranded winafitige Nissan Leaf machine

design
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Multiphase machines with concentratedid distributedwindings are designed and

studied in Chapte6. The 2 3-phase connection is tried in the modified Nissan Leaf IPM

machine with distribui@ winding and the performancempared to thetranded3-phase

connection. The$phase, 10and 15 slot concentrated winding machines are desigoed
meet the specifications of Nissan Leaf machine and the benefits and drawbacks are
discussed. The-phase, Slot concentrated winding maching designed to meet the

NissanLeaf machine and is assessed.

Finally, Chapter7 concludes the thesissearchihdings main achievements and presents

recommendations for future work.

‘ Electrified Vehicle Traction Machine Design with Manufacturing Considerations

Chapter 1 Chapter 2 Chapter 3 Chapter 4 Chapter 5 Chapter 6 Chapter 7
Electrified Electrified Benchmark Rotor design Stator design Multiphase Conclusion
vehicle Vehicle Traction machine for volume for volume machinedesign| | and future
powertrains Machines studies manufacturing | | manufacturing and study work
| | | | [ | | |
Modified| |SPM machine| |Zero magnet, | Machinewith 23 3- 5- 7- 9-
IPM rotor design machine GBDP magnets phase| |phase| |phase| |phase

Concentrated winding
V S distributed winding

Aluminum winding VS
copper winding

Bar-wound winding
V'S stranded winding
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Chapa er

El ect Yeihfiilceldect i oBss Machi n

2.1 Introduction

In this Chapter, the traction machine design fundamentals and manufacturingassues
discussed. The intent of thi€hapter is to estaldh the necessary background for
following Chapters and to introduce various components of the machine design process
for studyof the Nissan Leaf IPM machiresa benchmark machine for the later cleapt

This chapter presents analytical sizing equations, guidelines for selection of the number
of poles and slots and magnetic circuit materials. The primary focus of the chapter is on
permanent magnet synchronous machines (PMSMs) including fundamertakigh,
manufacturing, benchmark machine, assessmentiaréed design parameter studies

2.2 Fundamentals of Rotating Electric Machines

The main components & rotating machine arg¢he rotor and stator. There is a gap
between rotor and stator, whichdenoted atheairgap as shown in Fig. 2.1 and 2Phe
structure ofan idealized electric machine is shown in Fig. 2.1. AssignB,.is the
average airgap flux densitl, the current carried irhe stator winding per conductand
L the active axiabktack length, the force acting on one conductaalsulated from first

principles as:

F=B,L (2_1)

ave C

thus, the force acting on Z conductors is
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F = Bave(Z|c)L (22)
The torque acting on the winding is
D
T = B,.(Zl,) LE (2.3)
The average airgap flux densiBgy varies over the range 0.3T to 1.2T, dependinghen

magnetic strength from rotor and stator sifié8]. The quantity ZI) can vary from
machine to machine, baan bedefinedin terms of a specific et¢ric loading,Q, where:

Q== (24)

whereQ is a more limited quantity and varies from 10 to 100A/mfon typical industrial
machines[60]. But in special machingsQ can go higher depending on winding
mechanical desigrcooling medim and techniques.

Thus, the general torque expression for first order sizing exercises becomes:

Fig. 2.1. Idealized electric machine.
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ave

T = %DZLB Q (25)

whereB,y e is the specific magnetic loading is the specific electrical loading.

The power conversion is given by:

P=Tw (2.6)

wherex, is in mechanicaladians per second.

Impact observations can be drawn from this simple analysis:
(a) Torque is proportional to rotor volume whileandQ areapproximately constant for
a class of machine and independent of machine dimensions.
(b) Torqueis geneally independent of the number of pglairs. Polebeingmore related
to thespeed of machine or volumetric considerations.
(c) High torque can often require large diametees, s o cal l ed Atorque m

not always have continuous requirementsmwly low speed requirements.

The atual choice ofD and L often depends othe torqueto-inertia ratio required to
satisfy system dynamics.
Since he inertia of a cylinder is:
3= Ly @2.7)
32
wherey is the material density in kgfin
The, torqueto-inertia is:
P He
I ED LBaveQ _16
J

Pon, D7 B,,.Q (28)
So the torqudo-inertia is inversan proportion tothe square ofrotor outer diameter
Hence fast acting servo type motors always prefer -tbimg rotor lengh-diameter
proportions. Converselyor drives requiring constant speed, the larger inertia may be an
advantage by smoothing out the effect of any torque pulsations thus minimizing

corresponding speed fluctuations.
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(d) An alternative approach is to derive expression for the stress per unit area of the
rotor surface. From the Equation 2.5, force on the rotor surfaZ&/and surface

area of rotor is D.LThereforetheforceper unit rotor surface area is:

F 2T
oL = DL B0 (29)

2.2.1 Factors Effecting Magnetic and Electrical Loading

In reality, the magnetic loading is usually limited by either saturation of the iron leading
to large magniezing MMF requirements or losses in the iron leading to poor efficiency
and high temperature rise. In addition, PM machines can be limited by the magnetic
properties of the PMror example, &uration/loss limited machine:

If Bavels the average magnetwading inthe airgap, the stator tooth flux density is given

by:

B = —at (2.10)

where the tooth widthy;, and slot widthg, are as illustrated in Fig. 2.2.

Therefore, ifB; is limited toaround1.7T to 1.8T, then for typical slot/tooth geometries
Bavels limited to 0.5T to 0.7T.

Bave Can be increased only if the slot width is decreased, but this then reduces the
available vinding slot area and hence electrical loading. Some machines are designed

wi t h no teeth, so <called nfairgap winding
restriction due to teeth, but effectively increase the magnetic airgap between the stator
and rotor; kence require increased MMF. However, this is useful in reducing losses in
teeth and magnetic cogging torque produced due to changes in airgap or magnetic circuit

reluctance.
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Fig. 2.2. Magnetic load condition.

The rating of any machine is related teetlosses internal to the machine and how
effectively the losses can be removed to maintain the machine constituent components
within their thermally rated limits. The electric loading is a significant contributing factor

to machine loss and can quite oftdetermine the thermal performance of the machine.
Also, the winding wire insulation (per turn) and otlmesulationse.g. slot liners, inter

phase and endinding insulators, and insulating resins, are usually the most likely

materials to degrade duedwuer temperature.

Thermalmodelingis used to calculate temperature variations within each component of

the machine to ensure that they are operated within their thermal design limits.

Heat can be removed from a machine by a number of techniques thetteilyi fix the
electrical loading for a given design. The degree of cooling in terms of complexity and
cost often relates to the application, final product cost, available volume envelope, etc.
The most common (through not exhaustive) techniques can beasized as:

(a) Simple natural ventilation.
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(b) Force air cooled ventilation, e.g. vacuum cleahesa small, but nevertheless, a very
high rate of takeff air for cooling. Machines have finned cases to increase external
surface area and provide a guide forflawv.

(c) External water cooled jackets. This is common in automotive, but cooling fluid may
be at 60C at the cooling inlet if taken from the vehicle/engine system.

(d) Internal cooling pipes and fluid media. Aircraft and automotive fuel are often used to

directy cool fuel pumps. Direct oil cooling of windings.

Insulations are classified according to their temperature capability as well as voltage
insulation properties. It is usually the temperature fadtat tltimately leads to failure
dueg for example, to osr temperature operation during mechanical (system) or electrical

faults.

Further, it is important to understand the application duty of the machine. To help clarify
and assist in standardizing between manufacturers and users internationally recognized

stendards set out specific duty regimes.

2.2.2 Permanent Magnets

Permanent magnet materiddave experienced a significant technological developments
from 19706s wi t h-calleth mre eanttematpréals,d.e2 SamnarGobadt
(SmCo) and Neodymiuniron-Boron (Nd-eB), as illustrated irfrig.2.3 (a) highlighting

the improvement infiEnergy produci dur i n8 centurye TheBed material
developments have fostered new electrical machine developments particularly in
application areas where machine powertorque density is critical design requirement,

i.e. in the automotive, aerospace and marine sectors.

Permanent magnets are characterized by having a large area hysteresis loop and are
therefore generally known as HARD magnetic materials as opposedR® Bagnetic
materials such as mild stegon, lamination steels etc., that ideally have small loop areas

to minimize hysteresis los&ig. 2.3 (b) illustrates a typical hysteresis loop for
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Fig. 2.3. Hysteresis loop of a typical permanent magnet material.
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permanent magnet material defining the main terminologies that will be used later in the

thesis discussions.

Permanent magnebachine (device) design hinges aroune ¢haracteristiof Fig. 2.3

(b) and in determining the working point of a magnetized material. As usual with
magnetic circuits, the three dimensional complex field patterns often require sophisticated
finite elementmodeling techniques for greater standard of accuradthough much

useful work can be done by assuming a simple magnetic circuit type approach and using
linear or graphicamodelingtechniques.
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2.3 BasicBrushless Permanent MagneMachine Analysis

2.3.1 Machine Model

Brushless permanent magné8LPM) machines generally have two types of rotor

topologies:

a) interior permanent magnet (IPM) rotor, where magnets are buried within the rotor iron
[62, 63];

b) the surfacanountedpermanent magn€SPM) rotor, where magnets are mounted on
the rotor surface

The rotor structures ofPM and SPM machines are illustrated in Fig.4 (a) and (b)

respectively.

The magnets, which have a relative permeability close to unity, appear as an air gap to the
staor magnetemotive force. Thereforefpr the IPM machine, sincéhe magnetsare on

the rotor direct axisndthe quadrature axis pathswve a larger iron contentthe direct

axis reactance is less than the quadrature axis reactance, which results salienacsy

[64]; for SPM machine, theeluctancebetween the stator and the rotoressentially

uniform and hence the direct axis reactance and quadrature axis reactance can be regarded
as sameFig. 2.4 illustrates the two rotor topologies within the satator arrangement,

as will be studied in later Chapters.

It has been reported that BLPM machines have relatively high efficiency, high torque,
and high power density for low speed operation because the excitation provided by PMs
is current free and lossés, while PM machines inherently have a short constant power
range since the fixed flux magnets limit its extended speed r&aeg9]. However, the

PM material is electrically resistive (approximately 70 times that of copper) and hence the
rotor PM segmets in high performance machines are axially laminated to reduce eddy

currents. This feature will be discussed later in Chapter 4.
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(a) IPM machine (b) SPM machine
Fig. 2.4. BLPM machines with IPM and SPM rotor topologies.

To investigate general maaole operational characteristics, linear electranagnetic
model ofa BLPM machinesan be considered he model is implemented in a classical
linear two axis approach and simplified with some assumptions. Firstly, the magnetic
saturation is neglected, wdh results in constant equivalent circuit inductances and
magnet fluxlinkage. Then, both the stator winding distribution and machine inputs are
assumed to be sinusoidal so that the air gap space harnaowicsvitching harmonics
during power electronic cwerterare neglected. In this way, the machine parameters
which have significant influence on the machine power capability over a wide speed
range can be determined, which clearly identifies the machine design procHuese.
considerations are generatiyppropriate for the SPM, but need some care for the IPM,
since the magnetic circuit and hence machine parameters are no longer linear due to
magnetic saturation and crefésld effects. Notwithstanding this comment, thus analysis

is still useful to develp the basic operational concepts and design ideas.

Since there are no electrical circuits on the rotor of BLPM machines, the machine per

phase voltage equation compriseshafstator voltage equatio®4]:

V. =R, %(LJS ¥ o) (2.11)
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whereR; is the phase winding resistandg, is the phassynchronousnductancejs and

Vew are phase current and PM flux space phesspectively

The voltage equation in the synchronously rotating reference frame can be split into direct

and quadrature parts:

. di .

Vsd = Rslsd +Ld dstd WJ‘A sq WV by, (212)
i, |

Vsq = Rslsq -H-qd_tq WJ‘J sd WJPN (213)

where the subscriptd and q representd-axis and g-axis components . s electrical

angular speed

For steadystate operation, the time derivative terms can be equated to beThero.
voltage equations, based on thachinevector diagram shown in Fig.5, are expressed

as follows:

V,sind=R I sin g+ Jyl ,cos (2.14)
V,cosd=RI,cosg- Ml sin gk (2.15)

wherellis load angleg is current exitation angle ko thebackEMF coefficientandls the

phase RMS current
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Fig. 25. BLPM machine vector diagram.

Therefore, thelectrical angular speed can balculated from

b /b 2ac

W:
€ 2a

O/ L

a=(k, -L,l.sing)’ (tqlscos);

(2.16)
é. I— - Ld .
b=2R I, cosg -qu l,sin2g
¢
c=(RL)" 2

Rotor sped is calculated from

w _ e (2.17)
p

wherep is the number of pole pairs.

The total power, including copper loss and eleatechanical power, is calculated from:
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P=3(V,ly Vol o (2.18)

sq " sq

By neglectingcopper losswhich is resonable for highly efficient machingbge electre
mechanical poweas a function of the machine parameters, phase current magartdd

current excitation anglean beexpressed as:

3 L-L
P = 3w, ok, . cos g+ 12 sin2 ¢ (219
G

Hence, the electrmagnetic torque iderived as:
a L-Ly, .
T. =3pgk, |, cosg +“T 12 sin2g (2.20)
¢

This torque equation illustrates the main torque combinations in BLPM machines, one

arising from the interaction of current and permanent magnet excitation

Excitation torque componert pR |, ap (2.2)

and one arisinfrom the interaction of machine phase current and the variation winding
reluctance expressed in terms of the diraod quadrataxis inductance, the saliency or

reluctance torque:

Reluctance torque compone@ntpg—q-zil_d % sig( (2.2)
Q =

In constant torque region, for any mé#gde of stator phase current, there is an optimum

current excitation angle which leads to maximum elegstagnetic torque. As the speed

increases, this angle is chosen for maximum torque operation until the maximum phase

voltage constrained by the DC lirik reached and then machine enterghie field-

weakening region. Athe maximum voltage constraimtith the increment of machine

speed, the current excitation angle rises from the optimum value to 90 détgeesfor

BLPM machines where there is noygital field current excitation, field weakening is

achieved by supply of a negative component@ixis stator current vectowhich is

progressivelyncreased to reduce th@achine flux
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Therefore, forSPM machinel4 equals toLq, hence the torque is mienized whenthe
current excitation angle equals to zexnd the current excitation angle progressively
increased to field weaken the machiRer IPM maching the optimum current excitation
angle is obtained by differentiating the eleatnagnetic torquevith respect to the current

excitation angle and equating the result to zero:

Z”;:gngq -Ly)12cos(Zr) k,l, sin g@ (2.23)

Solving for the differentiating equation yields:

Gy =siNT ééCH wNC & (2.24)
¢
whereC = ok
(Ly- L),

Again, speeds above tHell-load base speed at full stator voltage are achieved by
advancing the current excitation angle from its optinuatue towards the maximum of
90°E.

The above discussion will be illustrated in the machine analysis procedure and subsequent
results in Chajers 3 to 5.

2.32 BLPM Traction Machine Design Considerations

When designing 8LPM traction machingspecial attentiors required to ensure thtte
machinehas reasonabligeld-weakening capabilityithin the drive systenrated voltage

and currentonstraints.

In order toachieve an extended constant power above the voltage constrained base speed,
the expression of rotor speed, EQ1{) and @.18 are analyzed. According t6g], the

copper loss of stator winding of traction machines is generalielaively small
proportion of the shaft output power and the resistive voltage drop is also negligible.

Hence, the phase resistance in EqlY) is neglected to assess the main design
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parameters impacting on extended speed operation. The simplified spéed is
expressed as:

A

W = 225
p\/(ko- L,1,sing)” 4L, .cos § (229

Above base speed, the current excitation angle is increased towards 90, degregke

maximum achievable spee&lgiven by

M/r (max) = S (2 26)

Therefore, according to Equ2.26), the machine maximum speed lipiimarily depeds

on four pararaters

(a) the supply voltage limjt
(b) the phase current limit
(c) the backeMF coefficientand

(d) the directaxis inductance.

More importantly, it can be noticed that if the machsdesigned sucthat:
K =Lyl mao (2.27)

the maximum achievable speed is theoretically infifirtehis lossless scenario)

It is worth noting at this point that according to Equ. (2rB8ximum speed is influenced

by the ratio of baclEMF coefficientandLyls production. The quadrature axis inductance
does not contribute to extended speed capability. This is a widelyconseived
assumption in many current publications in the literature that mesimust be salient if
they have to realize a tractitorquespeed characteristic. It may be a point that in being
salient the direeaxis inductance is increased above that of an SPM design, however, this
is not generally of use in a practical design of high current loads due to reduction of
inductance withsaturation. This discussion will be continued in Chapter 3 and 4 where an

SPM design is proposed compared against a reference benchmark IPM design.
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Fig. 26. Influence of directixis inductance on fieldieakening capability.

Fig. 2.6 illustrates theimpacton fieldweakening capabilitgue to increasingirectaxis
inductanceLy. With the incease of direeaixis inductancérom 1.0 to 4.5 per unit (p.y.)

the machine fieldveakening capability is improved. Although the machine base speed is
shifted b a lower value, the power characteristic has ed¢andedo match a traction
requirementHowever, for any further increasetime directaxis inductanceor example,

from 4.5 to 6.0 then 8.0 p.uhe value of thd y4ls(max)product will be higler than the
value ofkg, resulting in a faloff in both the peak power capability and the extended
speed capability, due to the dominance of the winding impedance voltageTtirsp.
feature will also be observed in Chapters 3 to 5 where particular designéirhidee

high speed capability.

By comparing the influences of the four parametéiSqu. (2.85) on the machine torque

speedand powerspeedoerformancethe following conclusions areade:

(a) the increase in the supply voltage constraint will neither ingnmachine field
weakening capability nor rated operating performance;

(b) increasing the diregxis inductance effectively facilitates fieldeakening within the
voltage and current constraints, bhis results in some small reductiontire torque
and powe performance at 1.0 p.u. spdéd];

(c) this issue can be solved by increasing the phase current corsligdatly or adjusting

the value of théackEMF coefficient[61].
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2.4 Traction Machine DesignConsiderations

24.1 Pole and Slot Combinations

Traditionally, both integeslot and fractionaslot motorsareused in the construction of

BLPM machins. The number of slogserpole-perphase is defined as:

q= s (2.28)
mP

where N, is the number o$tatorslots, P is the number of poles arfl is the number of

phases.

The winding is referred to as an integdot type if g is an integer number. Otherwise, the
winding is referred to as a fractiorslbt type. An atictive class of fractionalot
windingswherethe number of slotperpoleperphase less than or equal to 0.5, allows

for single tooth wound windingsas will be discussed in Chapter 5

Integerslot windings, in general, offéhe highest values of windg factors and typically

can benefit from existing and well developed induction motor winding practices and
manufacturing equipment. However, the resulting long and overlapping end windings as
well as the low values of attainable slot fills associated inigerslot windings should

be carefully considered32]. Practical fractionaslot tooth wound (concentrated
windings), in general, offer reduced length rarerlapping end windings, increased slot
fill and overall simplicity of the winding42]. Thesequalities are beneficial for high
efficiency and high volume production machines. However, the resulting low
fundamental winding factdi34], associated rich harmonic content of the stator MBSf

and potential high core log93], should be carefully cadered in the selection of
fractionslot windings. Some attractive slpble combinations may result in MMF sub

harmonics that can lead to significant rotor losses.

In the design of high performance machines, it is common to consider additional criteria
such as vibrations and acoustic noise in the selection epsletcombination$33]. In

radial flux machines, the agap field has a significant radial component that results in
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radial airgap stresses that are significantly larger than the tangenéiséss that produce
useful torque. The mode of the spatial distribution of the radial stress waveform is a
function of the number of slots and poles. Selection of the number of slots and poles has a
significant impact on the radial stator stress distrdnit82]. For instance, machines with
12/10 and 9/6 slgbole combinations produce resultant stator forces respectively. A
motor with 9/8 slofpole combination leads to an unbalanced force distribution. However,

it is the impact of unbalance on the motoatdegs and load that is import, and that
applies to any load. In general, the mechanical structure of the stator is more susceptible
to mechanical deformations resulting from stresses with low m@&3gslIf not properly
mitigated, these deformations caad to increased vibrations and acoustic noise during
normal operation. Topologies that have inherently low radial force modes, such as 12/10,
may benefit from stator lamination designs with increased yoke thicknesses, closed stator
slots, or other meand ancreasing stator structural stiffness that will reduce unwanted
stator deformations and acoustic noise. It should be mentioned that these changes
typically have a negative impact on torque density and manufacturing bese features

will be exploredn Chapter 5.

2.4.2 Rotor Topology

In permanent magnet machines, a wide selection of rotor topolisgeesilable. Two

main classes of machindsve already beerdentified based on the two basic rotor
topologies, namely, surface permanent magnet (SRid)iaterior permanent magnet
(IPM) machines. Examples of rotor topologies belonging to the cle&BMfand IPMare
provided in Figs. 2.1 (a) and (b), and (c) through (f), respectively. An example of a
generic SPM machine is provided in Figs/ @). Torque quality (both cogging and on

load ripple) and backEMF distortion performance of the generic SPM motor can be
improved by properly shaping (chamfering) the surface of the magnet such that it results
in an airgap flux density waveform that approximatassinusoidal distributignan
exampletopologyillustrated inFig. 2.7 (b). However, ashaped magngFig. 2.7 (b), is in

general more expensive since it requires additional mhtersupport increased airgap
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and additional machining to shape the magn&®! rotors are shown in Figs. 22(c)
throughto (f). These topologies offer poteéait benefits associated witlotor saliency, an
additional reluctance torque componer#nd claimed improved fieldweakening
performancg 16-18], although this feature wibe discussed in detail in Chapterl2M

rotors shown in Figs. 2(c), (d) and (f) benefit from simplerectangularmagnet shapes

and are typically used with high energy rare earth magnets. On the other hanthyaulti

and spoke IPM topologies shown ing& 27 (e) can take advantage of lowast
alternative magnet materials such as bonded-aarths and ceramic ferrites.
Furthermorethe rotor topologies shown in Figs.72(d), (e)and (f) have an additional
design flexibility to increase the agapflux density by focusing (concentrating) tR&/

flux. It should be mentioned that Fig.72provides only a basic overview of a large
number of rotor topologies that are available. Selection of the proper topology depends on
the specific target applicatioror example, SPM motors are predominantly used in servo
applications where torque linearity and quality are of high concern. On the hand, various
IPM topologies are most commonly found in traction and industrial applications, where
high-speed field weakeng performance is of importance.

(\/, ,,,,,,,,,,,,,,, —— \\Z o B _ \/
\ /

N —_—
(a) surface-PM (b) surface-PM (shaped)

e
(d) v-shape IPM (e) multi-layer 1PM (f) spoke IPM

Fig. 2.7. SurfacePM and IPM machine rotor topologies.
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2.4.3 Machine Losses and Efficiency

Electric machine losses lead to practical performance limitations related to temperature
rises of he insulation and permanent magnet systems. Efficiencies attainable in electric
machines are mainly limited by the electric (conductor) and magnetic materials used to
carry electric currents and magnetic fluxes, respectively. Therefore, understanding and
guantifying the main loss mechanisms in such materials is crucial in the design of high

performance electric machines.
(a) Winding Loss

Joule,ohmic or copperosses in the stator winding depend on the winding RMS current
and resistanceStator wnding DC resigance per phase can be calculated using the basic
geometric parameters related to the stack length, mean end windintui@ntength,

conductor area and material resistivity

In addition to the loss in thBC component of the resistance, tsi@torwinding will

contain frequency dependent losses that are related to the skin and proximity effects of
conductors of finite diameter placed in alternating magnetic fields. While leakage fields
in the slots of an electric machine are typically small, their #aqgies can be
significantly high, especially for high speed machines and machines excited with PWM
drives. High frequency induced ohmic losses are highly dependent on the following three
factors: slotopening dimensions, conductor diameter and transposiithin the slot,

and winding inductance (that provides smoothing of PWM current ripples).

Thus, a factorkac, can be used to multiply the DC resistance to take account of higher

frequency effects assoagat with conductor skin effect §b

8 sl (229)

Rp - k s total
HAC) AC‘;conductor area

For the machines considered in subsequent Chapters higher frequency losses in
conductors assumes negligible due to the use of stwinded, transposed winding

conductor per coil turn. This precludes the discussion omwband windng topologies
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in Chapter 5 which mention higher frequency conductor loss, but does not calculate them

due to the detrimental effect of the winding implementation.

For an n-phase machine, the total armature windowgpper or Jouldosses can be
calculated ging the following equation:

— 2
I?:u =nl ph( rmg (230)

R PKAC)

where r, is the winding resistance per phase computed at the correct operating

temperature.

(b) Core Loss

Electromagnetic core losses induced by tiragying fields in lanmated electric steels are
typically calculated in the pogirocessing stage of the electromagnetic analysis and are
based on the combination of calculated core flux density values and data obtained from
loss measurements performed by manufacturers onnddiom material samples.
Measured specific core loss data is fitted to a fixed coefficient Steinmetz expression that

is given as follow$70]:

P,. =k fB + B % f°B* (2.31)

core

wherek, is the eddy current loss coefficierit, is the hysteresis loss coefficient akds

an excess loss coefficient used to improve the curve fitting process.
The fixed coefficient model provided ikqu. (2.30) is limited to a narrow set of

frequencies. Arimprovement to this classical model assumes that the hysteresis power

coefficient,), is equal to 2, the excess loss coefficidgt, to be equal to zero, and

accounts fowvariation inloss with both frequency and flux density. On the other hand,
tooth-yoke junction and tootkip regions experience both radial arahgential rotating
(distorted elliptic) field components. It should be mentioned that in a typical machine
stator teeth and yokes account for the majority of the core losses.

Loss measurements on electric steels used in the laminations of electric enaat@n
typically performed assuming AC pulsating field components. Improvements can be

introduced by accounting for DC (constant) bias fields and incremental losses in the
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measurements. In addition, further improvements in the measurements are possible by

accounting for the above mentioned rotational field components in the measuréthent

(c) Magnet Loss

Permanent magnet losses in the rotor are produced by alternating field components that
are not synchronized to the rotor rotation. Alternating field commsnan the rotor
structure can be attributed to permeance variation produced by stator lamination slotting
(in semiclosed and open slots), spdwmonics produced by armature winding layouts,
and timeharmonics produced by either the power supply ormabooation of the power
supplymotor interaction. The eddyurrent loss is the dominant loss component, while
magnet hysteresis in the magnet material is typically considered insign[fi@ant

To analyze the magnet eddy current lossIRiW machines, the investigation of the loss
origin is carried out shown as in Fig82Those three sources of loss are all analyzed
through Finite Element Analysis (FEA) in JMAG. Since concentrating on the motor
structure and no control added in the simulation, the sliohbnics is the main reason of

the magnet eddy current loss.

The discretized Steinmetz model, shown in &@n @.32) [70], is adopted to calculate

the magnet eddy current loss

Vveddycurrentloss = rﬁ. K P @'f)z { mi % 'E} d\ (232)

where K, is loss coefficient, D is current densityN is time harmonic orderf is
fundamental frequencyB, , is the N-th harmonics of the radial compents of the flux

density, andB, , is the N-th harmonics of the peripheral components of the flux density.

The calculation process is shown in Fi. Z’he 3D simulation is the prerequisite of the
calculaton and all data of the elements on the magnets are needed to be exported to carry

out the calculation.
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Eddy Slot Carrier
Current . .
Harmonics Harmonics
Path
| Eddy Current

Magnet Eddy Current Loss

Fig. 28. Magnet eddy current loss investigation.
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v
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Steinmetz Model

¥

Magnet Eddy Current Loss

Fig. 29. FEA Based Magnet eddy current loss calculation.

(d) Windage and friction

This is edtmated from the machine geometry, i.e. airgap and rotor dimensions, rotor
chamber air flows etc. and the machine bearings. Typically, windage and frictional losses

are relatively small by design compared to otherchanismsas will be seen in the

design alculations of Chapter 3 to 5.
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2.5 Traction Machine Manufacturing Considerations

This sectionreviewsthe popular techniques and recent developgiantlectric machine
manufacturing, including prototype, low volume and high volume. Manufacturing
methals for the main parts of electric machineassemblyand how they affect

performancere discusseds wellsome indication ofhe cosissues

Early in 1970s, design for manufacturability (DFMJyas developedas desigrconcept
andstudied by many schatg, such as, R. H. J. Warnecke, D. M. Anderson, and Geoffrey
Boothroyd[74-76]. The assembtgpriented design manner, like Boothroyd method and
Dewhurst method, and assemblability Evaluation Method (AEM) developed by Hitachi,
have achiegd great success ineducing product cost T4]. Later on, concurrent
engineering was put forward to encourage desgpmiside manufacturing factoratthe

design stagencluding concptual design, embodiment designd detailed desigrv$).

Now this topic is still focuselly some researchers. Peter Groche, Wolfram Schmitt, etc
[76] integraed manufacturingnduced properties irproduct design and formuiag
mathematical optimization algorithms to obtain the design result. Distinguished with the
conventional Design for A&mbly (DFA) and Design for Manufacture, they considered
the manufacturingnduced properties before design and carried outogstémization
process in design

Although the DFM idea have been presented and approved for more than 40 years, it is
hard for asigners to give specific method to let others learn or inherit in a short time.
Since design and manufacturing process change significantly for various products, the
concrete implementatias out of the scope of this thesis.

In addition, manufacturingomstraints during machine design processd considation
Although steel lamination can be manufactured to 0.1 mm, the general thickness for IPM
machines is 0.35 mm since the cost will be much larger for the thinner lamination. Air
gap width for IPM malkines rangefrom 0.3 mm to 1.0 mm, which is much larger than
induction machine (IM) and switched reluctance machine (SEiM)e the rotor with
permanent magnet inside has a large magnetic force which makes the assembly more
difficult. The tolerance of eacpart should be controlled no smaller than 0.01mm since

the manufacturing cost will increase exponentially with high manufacturing precision.
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Given the potential for high manufacturing volumes for automotive applications, as
discussed in Section 1.1, matgchniques have been investigated to try to simply the

manufacturing process for electric machines.
2.5.1 Overview of the Electric Machine manufacturing

As the wide application of electric machines, IMs have well established manufacturing
techniques an@utomated product lines for mass production. Big0 shows tle main
manufacturing steps oMs [77]. The gator and rotor aréhe two main parts which will

be manufactured separately while they also share some common manufacturing process,

for instancelamination stamping and stacking, machining, coating, and test. Finally, the

OB8hEmO

Lamination manufactured by Stamping

Rotor stacked
by laminations

Stator stacked
by laminations

Rotor assembly

Rotor testing

machining

Assembling

testing

Fig. 210. Main manufacturing process of electric machin&g. [
stator and rotor will be assembled together and some related tests will be done to make

sure the electric achines are qualified.

43



Ph.D. Thesi$ Rong Yang McMaster Universig i Department of Mechanic&ingineering

The electric machireemanufacturing process variegh the product volume. Usually, a
prototype will be fabricated in a workshop without product line. In that case, the winding,
stacking and ssembly will be done manuall$o the ldor cost and some design factors

like winding factor, slot filling factor and agap width are all linked in some way or
another to the machine design. The cost of electric machines can be divided into fixed and
variable costs. The fixed cost is the ctisit does not change as the product volume
changes, while the variable cost depends on the specific electric machine geometry,
tolerance requirements, volume and materials selected etc. Variable costs including raw
material, manufacturing overhead, dirdabor, indirect manufacturing, supplies and
depreciation of equipment and facilities, and so on. The main components for electric
machines manufactured in high volumes are the:

€) Lamination manufacturing process

(b) Lamination selection

(c) Permanent magnets, and

(d)  Stator windings.
2.5.2 Lamination Manufacturing Process

In general, the cost of manufacturing laminations decided by the amount of steel cost and
the stamping machine. To fully use the material on the steel strip, the width of the
stamped steel strip jsst a little larger than the outer diameter of the lamination. If the
width of the steel rolls was fixed, the design result would be slightly adjusted to reduce
the cost. In addition, the punching machine can be purchased based on the production
guantity, efficiency requirement, precision target, and cost. The error of punch increases
as the process times, which needed to be controlled in a certain area to make sure the
similarity of the lamination so that they can be attached to a rotor or a stator. Some
punching machine can manufacture a lamination by one punch while smaller one just
punch a part and need several steps to complete one. So the cost of punching machine and
changing worn punch headeus to be compared. Besidés lamination in a prototyp

is often manufactured by wiaectrode cuttinghencethe cost for cutting is higher than

the material.
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Firstly, the steel sheet is unrolled and cut to smaller strips according to the outer diameter
of the laminations and the new steel strip is rollggim to form steel strip rolls
separately. Then the laminations are stamped from the steel strips and the error mainly
determined by the punch. The shape error of slots putting magnet is strictly controlled in
case the sl ot c an dptoduttiontcontlitiors, mutargcompdnies have a c t
more than two suppliers for one part to avoid the risk from one supplier and the stack of
lamination also imparts another part of error. Thus each slot has tolerance to assemble the
magnet with tiny shape diffemees.

In general, the cost of manufacturing laminations decided by the amount of steel cost and
the stamping machine. To fully use the material on the steel strip, the width of the
stamped steel strip is just a little larger than the outer diameter tdrtiieation. If the

width of the steel rolls was fixed, the design result would be slightly adjusted to reduce
the cost. In addition, the punching machine can be purchased based on the production
guantity, efficiency requirement, precision target, and ¢dst. error of punch increases

as the process times, which needed to be controlled in a certain area to make sure the
similarity of the lamination so that they can be attached to a rotor or a stator.

If manufacturing of electric machines is considered arlyedesign stage, the designer

will obtain reasonable design. The automatic winding method, laminated or- spiral
laminated cores needs smaller slot fill factor compared with the manual winding,
segmented or soft magnetic composite (SMC) cores, and open slo

Typical thickness of lamination in traction motors ranges from 0.2mm to 0.35mm.
Depending on volumestatorlaminations can be manufactured in complete or in sections,

as illustrated in Fig. 211[78]. For high volume manufacture, various researchacs a
companies have considered a number of techniques. For example, punching the tooth
profile on a straight strip and then winding this strip to for the stator, as illustrated in Fig.
2.12 [79, 80]. Alternatively, tooth sections care individually stamped dhese then
assembled to form the complete stack, two examples of which are shown in Fi@12.1

and Fig. 2.4 [82].

Soft magnetic composites (SMCs) are also used for stator manufacture. The material can
be compressed into addmensional design givgnthe machine designer some additional

freedom to implement the magnetic field. However, SMC materials have a lower
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magnetic performance when compared to laminated structures from thin sheet silicon
steels and are hence not usually considered for highrgoaation applications. Fig. 51
shows components from a sectionalized SMC machine proposed by 3pdkNIde Fig.

2.16 and 2.7 shows other examples of stator assembly conceptS$58

Welding is a widespread method for securing stator cores vattrdwbacks of requiring
manual loading of laminations and maintenance activity. But the welding also plays an
important role in iron loss since it will change the electrical properties of silicone steels.
This process has a significant impact on the ezldyent, so care is needed in the weld

application.

(a) Entire section is (b) 120 segments. (c) 60 segments.
punched.

Fig. 211. Stator lamination§78].
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(a) Outer stator from Mitsuhirg79]. (b) Inner stator from Le@80].
Fig. 212. Examples ofkpiratlaminated stator cores

Rotation axis
Fix Fix

Fig.213. Aki t ads mo-kppédcargBl].a | oi nt

Fig.214. Mecr owds segmented | ami +waunhd coilg82]f

Fig. 215. Part of stator yoke, prpressed coil, and tooth SMC from Jack83].
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Fig. 2.16. Examples of stator with special tooth t{B84].

semi-closed slot with
geometry open slot
needle-wound coils

0

slot insulation
0.2 mm

--== semi-closed slot

spacer
0.2 mm

Fig. 2.I7. Comparison of the coils with a sexlbsed and open slI{&5].
2.5.3 Stator Windings Manufacturing

Windings can be classified into stator windingsl aotor windings based on the winding
positions on the machine. From the perspective of manufacturing process, windings can
be singlewrap winding, multiplewrap winding, distributed winding, concentrated
winding, etc. Although winding wires have their mvinsulations, insulation paper or
other insulation materials are overspread in the slots or between the winding layers to
isolate electrical transfer. Slot wedgarealso used as the insulation part. In application,
insulation is the most vulnerable pamd fails very often. Some machine maintenance
companies can heat the stator with failed insulation and take out the windings then insert
the new insulation layers and theewind thewindings.Both concentrated and distributed
windings can be automeally wound and inseed to the statorslots. Fig. 218 shows

how a concentrated winding machine winds on each tooth for an open stator lamination.

While Fig. 219 shows a complete stator for an external rotor SPM machine for a washing
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machine application. Fahis application, machine power density is le§griteriathan
fully automated manufacture as ¢awitnessed by the relatively poor slot packing factor

required for slot needle winding tool as shown in Fig02.2

Winding nozzle
i
.,\-\_.4

~g—__ Flyer

—

Fig. 218. Winding the coils of jointlapped core from Akit§31].

Fig. 220. Two needlewound coilsof the outefrotor prototype motof78].
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2.5.4 Magnet Manufacturing

Powder ma&llurgy and mekspinning are two major techniques to prodpezmanent
magnes. The anisotropic, fully dense magnets are manufactured through powder
metallurgy while isotropic bonded magnets are obtained by-spaihing. Magnets
fabricated by these twaonventional methods havéet same elements distribution.
However, due to the skin effect, the eddy current only appears on the surface of the
magnets. Grain boundary magnets, which have different rare earth metal element
distribution, are introduced toweer the costOnly the four surfaces perpendicular to the
magnetization direction needed to diffuse the -eagh elements, like Dy atoms.
Nevertheless, the grain boundary diffusion processscosire than the powder
metallurgy and melspinning. It is ao a tradeoff between the reduction of raearth
element(Dy) and the grain boundary diffusion process cost.

In spite of only one tenth dhe weight inthe motor, magnets play an important role in
permanent magnet machines. The cost of magnet usoafigases t@ne third of the
whole motor.The decrease of magnet material, especially the rare earth element can
obviouslyhelp reduce the motor cosh addition, the fabrication of magnets also leads to
the change of magnet performance. For instancegticessive end of the magnet is
usually grinded to keep the magnet and rotor in same length. However, the grinding
process will damage the coatingdchange the permeability of the magnet. Some grain
boundary magnets are manufactured to a certain |lsogthmat the grinding process can be
waived.

Sintered rare earth magnets, NdFeB and SmCo, have very uncontrolled structures once
processed, as illustrated by the microstructure pictures captured at McMaster University
for a typical NdFeB sample in Fig. 2.2This uncontrolled structure requires some level

of surface treatment (coating) or banding in SPM designs to guarantee mechanical

integrity, as discussed in Chapter 4.
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2 PREE VI R
(a)®500 (b) 22000
Fig. 221. Microstructure of sintered permanent magnet maiteri

255 System Cost Analysis for Traction Machine

The manufacturing cost of an electric machine is a synthetization of production volume,
design requirement, manufacturing type and equipment, labor cost and machine hourly
cost. The assessment of thest structure for electric machine is an estimation of the main
cost part which is prepared for present electric machine cost mathematically in the
optimization model.

Despite the cost uncertainty of ragarth materials in recent years, brushless pemtane
magnet (PM) machines are still a favored candidate technology for electric vehicle
traction machines. Many papers have considered designs for traction applications, with
the interior permanent magnet (IPM) topology gaining preference to date, whaeesurf
magnet (SPM) topologies seem less favorab® 87, 88]. Further, there has been much
published on the choice of machine stator topology in terms of distributed versus
concentrated winding implementatiori®[ 37].

The subsequent Chapter will consigtlarious machine designs referenced to an industrial
benchmark. Although no direct cost calculations are made, costs can be inferred by

considering the various component volumes and mass.
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2.6 Summary

This Chapter discusses the fundamentals of elextrifehicle BLPM traction machines

in terms of modelingdesign and manufacturing, provides the basis of Chapters 3 to 5,
defining parameter choice, slot and pole combinations, rotor topologies, winding types
and how they influence the performance and magtufing process of the machine. The
Nissan Leaf IPM machine is taken as a benchmark machine design in Chapter 3 where
the specifications are studies and presented.
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Chapter 3

Benchmar k Machi ne Studi es

3.1 Introduction

Much data is already published tive 201 Nissan Leaf IPM traction machin89-96], a
distributed winding, IPM topology. Hence this machine is used as a reference benchmark
against which a number of machine variations are compared. The various machine
designs are compared at a numberkey operating points on the Nissan Leaf IPM
machine traction torquspeed characteristic and data presented for performance
indicators. The study is used to inform on the design and production options faced by the
industry when considering the manufactgrirof high volume components. The
manufacturability of the proposed designs will also be discussed in this thesis.

The benchmark machine is analyzed and the FEA model is created based on the published
information. Meanwhile, the consistence between FEAltesnd published test data
alsovalidate the simulation resulésd additional measured baEMF and phase current

data supplied by Dr. Tim Burress of Oakridge Labs.

3.2 Overview of Nissan Leaf Machine

The specification and efficiency map of Nissan Ldaichine are shown in Tablg.1 and

Fig. 3.1 respectively.The dimensions of the machirzee obtainedfrom the Oakridge
repors [91], as well as slot/pole number, number of turns per coil, number of strands per
hand, torqugefficiency informatiorand systmDC link voltage. The materials for stator,

rotor iron, and permanent magnet, are applied to make sure the Nissan Leaf machine
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model can match the publishegperformance informationMany trial and error
simulationshave beemundertakerio build a FEA mdel in commercial softwarthatcan
satisfy all the published performance data within 5% error.

Based on the torquspeed information ofhe Nissan Leaf machine, four representative
points are selected to capture the key featofehe torquespeed speciation referring

to 3.1, thefirst coordinatepoint is Orpm, 280Nmwhich shows the maximum torqaé

low speed region. Theecondcoordinate point is 2100rpm, 280Nmwhich is the
maximum speed point to achieve maximum torque. The position of thecthurdinate

point is 3000rpm, 254.65Nnat which thespecified nameplate power 8kW maximum

is reached. The fourtboordinatepoint is 10000rpm, 76.4Nn80kW, which is the top
speed pointequiringtorque at maximum speed. Following the motor efficiencp,nize
inverter efficiency map and combined inverter and motor efficiency map are shown in
Fig. 3.2 and Fig.3.3 respectively. We can see that the combined inverter and motor can

acquire 90% efficiency and above in a large operation region.

Fig. 3.4showssomeNissan Leaf machin#hermal test runs from which it is observed that
the machineis capable of operating at 80kW continuously at 7,000 rpm with stator
temperatures leveling out at about I85When the stator temperature is stable at@35

the rotor temperature reaels 120 C conservatively. So 12Q is chosento be the
operation temperature in the magnetic performance simulation for all the machines in this

thesis without specific demonstration.

The Nissan Leaf machine design adopts a full pitchedgent slot, single layer,
distributed winding with two neutral points joined via an interconnecting link. The detail
winding connection is sketched according to the winding information and DC link
voltage. For this three phase machine, there are 8 coilphzee and three possible
connections, (i) 8 coils that are all serially connectdd, gvery 4 coils are serially
connected to form a group and then the two groups are connected paralléi) avery

2 coils are seally connected to form a group atite four groups are parallel connected.
Combining the simulation results for each possible connection and the maximum 375V
DC link voltage, it is deduced that the winding in the Nissan Leaf machine is connected

every 2 cds in seresand thenthe 4 branchesonnectedn parallelto form each phase.
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The winding connection for 48 slots is shown in Bdpand the connection for 8 coils in

each phase is shown in F&)6.

Table3.1. Detds of 2012 Nissan Leaf machif&9-96].

Descripion Nissan Leaf IPM machine
Outer diameter of stator (mm) 200
Inner diameter of stator (mm) 131
Stack length of stator (mm) 151
Number of slot 48

Winding type Full pitch single layer distributed winding
No. of turns per coil 8

No. of strands per turn 15

Diameter of copper wire (mm) 0.812

Outer diameter of rotor (mm) 130

Inner diameter of rotor (mm) 45

Active axial length (mm) 151

No. of poles 8

Large magnet dimensions (mm)

3.79 (DOM)® 28.85° 8.36*

Small magnet dimensions (mm)

2.29 (DOM)3 21.33 8.34*

Total magnet mass (kg) 1.8954
Pole arc/pole pitch ratio 0.9765
Skew anglgdegrees mech.) 3.75
Performance

Top speed 10,000 RPM
DC-link voltage 375V
Stator excitation Threephase AC
Peak phase current ampitude (A) 625A
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Fig. 3.2 Inverter efficiency mapofL].
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Fig. 3.6. Coil connection of 201 Nissan Leaf Machine.

3.3 Nissan Leaf Machine FEA Model Creation
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The mechanical model of the Nissan Leaf machine is created in the commercial FEA
software JMAG on the basis of didghed structure data. Fi§.7 shows the Nissan Leaf
rotor, stator, cross section of winding wire and the 2D model creatdfAG. Due to

the repetitive characteristics, one quarter model 1 polepair, is sufficient for the
numerical calculation with acceptable accuracy and consecutive magnetic flux lines.
Although one eighthl pole,model consumes less time thdre pok-pair mode] the
inconsistence of magnetic flux lines happens occasionallyne antiperiodic boundary.

Fig. 3.8 showsan example othe magnetic flux linalistribution in o eighth and one
guarter modehighlighting the antiperiodic boundary inconsistg of the model. This is

not a software problem, but due to asymmetry in the solution at same rotor positions and

under some (but not all) excitatieconditions

After the model, materials are a key issue for the FEA model. In addition, there is no
specifc material name and characteristics for the iron and permanent magnet. So the

materials need to be decided to according to the published performance.

The permanent magnet material is selected based on th&bdeknformation. Several
permanent magnet neatals are tried to tie up with the baBMF at 10,000rpm due to

the linear relationship between rotation speeds and-bBitk For instance, N40OUH,
N48H, N36Z. Fig. 3.9 shows the baEMF of 2011 Nissan Leaf machine with N28AH in
different temperatures at0,000rpn. The temperature coefficients of induction is
10.120%/C and of coercivity ist 0.393%/C. The backEMF also decreasdmearly
when the temperaturases. So the N28AH is selected to be the permanent magnet
material and the error is within 5% cpared to the test badkMF at 10,000rpmand
20 C, which is 198Vns This error is acceptable since there is also inevitable
experimental error during test. Besides, the demagnetization characteristics need to be
considered as well so that the magnets wawdtl be demagnetized during the whole

working region.
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Rotor core Stator core Cross section of
winding wire
(a) Structure of Nissan Leaf machir@9] (b) 2D model in IMAG

Fig. 3.7. Nissan Leaf machine and its 2D model in IMAG.

(a) 1/8 model (b) 1/4 model
Fig. 3.8 Flux lines distribution in 1/8 and 1/4 model under same operation condi
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Fig. 3.11 Demagnetization curve of N28Aktdefined in IMAG.

The demagnetization curve of N28AH is shown in.RdL0[97] and theJMAG self
defined demagnetization curves different temperatures of N28AH are shown in Fig.
3.11 As mentioned before, the operation temperature for Nissan Leaf machine is set as

120 C and the maximum temperature is 120

The 35JNE250 silicon steel is utilized to the stator and rotor iron to achieve low iron loss
and high torque due to its low losadahigh permeability feature. All the electrical,
magnetic, mechanical, and loss information are includetie@ddMAG material library

and can be applied to FEA simulation directly. Besides, the coating information is not
included in the FEA simulation ptess and there is only one copper material in JIMAG.
The electric circuit and coils connections are built in FEA model based 08.€itn this

thesis, the sinusoidal current excitation is applied to all the permanent magnet machines.

To complete the FEModel, thephase resistance needs toch&ulated The copper wire
in the specification inNissan leaf isquoted as ~20AWG having an outer diameter of

0.812mm. However, using this figure yields an incorrect value for calculated resistance
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and copper masshen compared to quote values. However, according to the technique
data from P.A.R. (Insulations & Wires) Lt®q], an outer wire diameter of 0.816mm
yield a copper wire diameter of 0.71mm for grade 3 insulation. With this value of copper
diameter, the deulated phase resistance and total copper mass agree with the Oakridge
published data to within 0.4% and 9.69% error respectively. Each winding coil has 15

strands and comprises of 8 turns per coil. So the copper arslatgar

Aoper = %:0.716 15 & 47510007 (3.1)

The slot area in the stator modelAs, = 77.377 gnf . So the fill factor of the Nissan

leaf motor is:

- A:opper

lot

(3.2)

K, 61.401%

This fill factor will be utilized to calculate thphaseresistanceof all the following
distributed winding machinedesign candidatesSuppose the copper wire of distributed
winding wire was wound like a half circle in the end winding paskown in Fig3.12

In this case, the coil distance is:

d, = 76.7383(44.132/180)8 59.167m (3.3

coil
The density of theapper in JIMAG is 8960kg/fh So the copper mass of the Nissan Leaf
is 5.12kg.There is only 9.69% difference with the copper mast16kg in the Oakridge
report[93].

The resistivity of copper in JMAG is 1.6780% 0 h m.Amthe resistance of the winding
in the 20C is 5.668nohm which is just0.4% difference with the measurgzhase
resistance 5.6Wiohmin Oakridge report [9].

As shownin Fig. 3.4 the stator temperature in the normal operation condition iSC135
Considering the 0.0038%hm/C temperatue coefficient, the phase resistance at €35
is 8.2Imohm
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12.35mm 29 15mm

Stator stack length: 151.50mm

>

Stator 1D: 131.01mm
Stator OD: 200mm

(a) Dimensions from Oakridge repo#tl].

8-turns per dot, each
turn=153 0.71mm diameter
copper wires.

45° mech.

(b) Inter connection between two slots.
Fig.3.12 Estimated windingengthof 2011 NissanLeaf Machine.
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3.4 Validation of Nissan Leaf Machine FEA Model

(a) Validation of locked rotor test

To verify the FEA model, first the DC phase current excitation results are compared with
the locked rotor test results publishied Oakridge report. In Fig3.13 the black line
shows the torque variation along one electric cycle at 615A peak phase current and it
match well with the locked rotor test when the peak phase current is 625A. Even though
there is a slight difference for the peak phase currentitmuglbetween FEA and real

test, the difference is within 5% error region. Besides the locked rotor test results
comparison, the baekMF, and excitation current amplitude for the whole speed region

are further validated.

300 | —— 25A  —- 50A

e T v ww v oww -~

Torque (Nm)

N
=
o

FEA Results of 615A
peak phase current

-300
Position (Electrical Degrees)

Fig.3.13 Locked rotor test results and simulation results.

(b) Validation of backEMF

The backEMF comparison of Oakridge group test and simulation results & #6m
Orpm up t010,000rpm is shown in Fi®.14 The simulation results are close to the tes

results in each point. Although the ba€MF slope of simulation results is a little smaller
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than the test, the biggest gap between rest result and simulation is 5.47V and within the

5% test error. So the ba®lMF validats the FEA model of Nissan Leafanhine.
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Fig. 3.14 Nissan Leaf machine badkMF comparison between test data and FE,
results at 20C.

(c) Validation of excitation current for whole speed region

The excitation current for torque requirement at each speetden tested by Oakridge

and the comparison between the test data and simulation are shown i3.2Zadod Fig.

3.15. The phase excitation current in simulation is very close to the test result and shows

the accuracy of the FEA model of Nissan Leaf maels within 5% error range.
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Table3.2. Comparison of phase current between Nissan Leaf machirresattsand

FEA simulation.

Speed (rpm)

2100
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4000 | 5000 | 6000 | 7000 | 8000 | 9000 | 10000

Phase currentfl,) of
test

640
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425 363 297 238 242 247 253

Phase current(l,) of
FEA simulation
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600

425 365 300 245 250 250 251
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Fig. 3.15 Peak phase current comparison betweshdataand FEA simulation
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3.5 Assessment Criteria

To assess the Nissan Leaf machind #me followingnew designs, some critarare
proposed based on the characteristics of traction machines and listed below:

(a) Torque, power, speed

In this case, the torguspeed and powespeed envelope is shown in Fig.l6 The
maximum torque at low spees 280Nm and the maximum speed is 10,000 rpm. The
toque at maximum speed is 76.40Nm. The maximum power is 80kW.

(b) Cogging torque

Cogging torque is the torque produced in the no load condition and the peak to peak value
(maximum to minimum) is used to@uate it as shown in Fi@.17. Since cogging torque

is a key component of torque ripple, it is usualgsired tominimize by designDuring

all the speed range, the amplitude waveform shape of theogging torque doesot

change but the frequency varspending on the rotation speed.

(c) Excitation torque ripple.

Excitation torque ripple is defined as the difference between maximum torque and
minimum torque divide the average torque. Excitation torque ripple is an important index
to access the quality of éhtorque and usually presented by the percentage form. In
addition, there is a close relationship between torque ripple and noise and vibration. So
the torque ripple reduction is a popular topic in machine design area and several effective
methods have beeapplied, for example, add skew angles on rotor, stator or both,
appropriate slot/pole combinatio89%101]. Traction machines often have a torque ripple
requirement for a certain speed or speed range due to the variation in different operation
conditions In this thesis, the excitation torque ripple of Nissan Leaf model is set as one

design target of the SPM machidistributedand concentrated winding machines.

(d) Thermal performance.
Thermal limits are the most important issue for a machine design andisnée be

considered for both rotor and stator sides. Overheated maimagsufferrotor
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Fig.3.16 Torque, power, and speed specification of Nissan Leaf machine.
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Fig.3.17. Cogging torque waveform.
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performance decaese and even damaged the machktethe design stage, all kinds of

loss needs to be evaluated carefully to make sure the elevated temperature is in
requirement and the proper insulation materials has to be selected according to the power
rating and lossidputation. In this thesis, the loss in rotor and stator iron and copper loss
are the main comparative parts. The mechanical loss is roughly evaluated by an empirical
formula and just related to the rotation speed. However, the temperature is kept constant

in each FEA simulation.

(e) Voltage and current levels

The voltage and current levels of electric machines determines the specification of power
electronics as well as the machine performance. In constant torque range, the current
levels limit the maximum tgue and the iron loss, copper loss. In constant power range,

the voltage levels limit the torque and excitation current. In this thesis, the voltage and
current | evels of Nissan Leaf machine is s

and currentevels cannot exceed the benchmark.

() Demagnetization.

Demagnetization is the phenomenon that the permanent magnet loses its permanence
permanently during operation. The demagnetizing ratio is used in FEA simulation to
guantitively analyze the demagnetizatidevel and defined as the amount of
demagnetization from the standard specified magnetization as givEquation (3.4)

[102].

a B
Demagnetization rati@) =100Qd -Bi (3.9
C 1

whereB; is the residual magnetic flux density of the specified stepBansl the residual

magnetic flux density of the step that is displayed.

The demagnetization ratio just reflects the demagnetization condition in one element in
FEA. To make sure no element in magnet experiences it, the demagnetization ratio needs

to be confirmed to O for @y magnet element. In experimental test, the torque does not
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increase linearly when current increase in certain operation temperature, then the

demagnetization happens and the turning point is the boundary.

(g9) Mechanicalktrength

The mechanical stress oaotor is a normal issue for high speed machines. The maximum
stress on rotor outer surface needs to be
mechanical damage and meanwhile the deformation also needs to be verified not
affecting the ahgap flux density distribution or even over through the air gap. In
addition, the safety factor of 2 and 20% over speed is introduced during the mechanical
analysis when considering fatigue and worst scenario in real case. In this thesis, the

mechanical strengtiso applied to sleeve design for SPM rotor.

(h) Mass

Mass of the traction machines is not only an important component of cost, but also the
wei ght consumes energy when the EVsd drivi
with low cost, several design adjoents are implemented on rotor and stator sides in

this thesis.

(i) Volume

Volume is the whole space a machine occupies. Usually the outer diameter (OD) of
housing, active stack length and the end winding length define the volume. In this thesis,
the OD ofstator, active stack length and the end turn length are considered synthetically
to evaluate the machine volume since all the designs have the same power rating and
there is only a subtle difference in housing.

() Manufacturability and cost issues

The manudcturability is important for the industry application and volume
commercialization. Since the Nissan Leaf machine has been volume produced, the
manufacturability evaluation for the all the designs in this thesis are based on both
volume production andaboratory prototypes. Besides, both the material cost and

manufacturing cost are compared to study the cost issues.
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3.6 Design Parameter Studies

DC-link voltage and temperature variations are critical issues when designing an electric
vehicle traction systa. For BLPM machines, ambient temperature variation impacts on
the performance of the rotor PM material and hence machine opera@®nip4], a

feature that should be considered at the PM traction machine design stage. The Nissan
Leaf machine is evaluadeand performance assessed by consideringi¥Gsoltage and
temperature variations in this part. Moreover, the high {&dk also needs to be paid
attention to in case the power electronic damage duosg of power to the inverter

above base speed
3.6.1 DC-Link Voltage

When the D@link is directly connected to the battery, the 4k voltage varies during

the loading cycles due to the stafecharge (SoC) and internal impedance voltage drop
of the battery 105]. This voltage variation impacts on tperformance capability of the
traction machine and also impacts on the inverter voltage and current. This variation in
DC-link voltage limits the machine controllable region (considering minimum battery
terminal voltage) or excessive regenerating cur(enohsidering maximum equivalent
machine voltage). In addition, the magnitude of-ID® voltage determines the voltage

and current ratings for the power converter devices and the traction machine. Adding SCs
in parallel with the battery is one way to impeothe DCIlink voltage transient variation;
however the voltage still drops with battery discharging. Implementing a bidirectional
DC/DC converter between the battery and-ID@® to maintain voltage stability ensures
best utilization of the traction macleand power converter, as will be discussed here.

While electric vehicle powerains have been discussed extensively, the impact of
maintaining a fixed Ddink supply to the vehicle traction system has not been assessed in
terms of the traction machine darassociated power electronic inverter specification
requirements. Authors in1(6, 107] discussed the traction machine torque control
methods and fieldveakening strategies by considering v voltage variation. To

reduce the Ddink voltage variatiorand hence extend the vehicle range, the combination
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of battery pack and SCs are studied 108]. Additionally, the benefits of adding a
DC/DC converter have been reported. Firstly, with the DC/DC converter, the battery pack
and traction machine can be mpgeed independentlylP9]. Then, it is claimed that the
implementation of a DC/DC converter improves the machine torque ripple and increases
the system efficiency at low speeds and partial load, although additional converter losses
are leading to advantagefor the system without DC/DC converter at high speed
operation 110-112]. Moreover, in the Toyota Hybrid System Il (THS II), the DC/DC
converter can boost the system voltage and increase the electrical power input of the
inverter for the same current Ewvhich, combined with the machine rotor optimization,
results in a higher machine power output than the last generation ofIIBiS 14]. The

boost converter also enables to reduce the number of battery modules connected in series
[115] although the impct on reduced battery energy is not made clear. The impact of
temperature variation on permanent magnet materials is reporte@Bjrip4]. However,

there is no available study in EV traction system design based on the impactliokDC

voltage and ambig temperature variations.

According to [L16], the model predictions for Nissan Leaf EV driving range and battery
energy consumption rate show good agreement with the Argonne experimental tests for
USO06 driving cycle. In addition, the battery terminal &gk variation or Ddink voltage
variation over repetitive US06 driving des is illustrated in Fig3.18 The corresponding
battey current is shown in Fig3.19 For this case, the Dlihk voltage follows the
battery operctircuit voltage versus So@ariation, as shown in Fig.20 with additional
voltage variation due to the battery internal impedance voltage drop. It can be noticed that
as the vehicle range increases, the vehicldibilCvoltage reduces due to SoC from 403V

to 240V.

According to Fig.3.18 there is an about 40% DIk voltage reduction due to battery
cumulative discharge and vehicle acceleration (battery regulation), which will impact on
the traction system performance. TRssan Leafboenchmark IPM machine is moeell

by FEA software ad the FEA model is validated by comparing #ieulation results

with the Oakridgetest resultgpresented earlian Chapter3.4, measured at a fixed BDC

link voltage of 375V, as illustrated in Fig.20 The IPM machine is capable to develop a
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torquespe@ envelope approaching the measured data with the sardeO8upply.
Thus, the FEA analysis tool is applied with confidence to investigate the machine
performance under the issues related to-liDK voltage variation and temperature

extremes and validatee machine design consideration.

According to Fig. 3.21, the FEA simulation indicates that when the IPM machine operates
at the minimum Ddink voltage, i.e. 240V, its field weakening capability is limited. By
adjusting the phase current magnitude, &ti not capable to satisfy the specification in
terms of torque and power requirements. Especially during the machine top speed

operation at 10000 rpm, the torque can only reach 40% of the required value.
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Fig. 3.21 Nissan Leaf machine FEA and ORNL test results at a fixedifikG/oltage
of 375V.

3.6.2 Temperature

In order to analyze thBlissan Leaf brushless IPkhachineand assess the main design
parameters impacting on the machine felelkening capability, a linear electro
magnetic model othe machine, coupled with a numerical direct search algoriilsm,
developed. This model is implemented in a classical lineqrtwlo axisapproach, as
discussed in Chapter 2 agduations (2.21) and .27):
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T, :3p§églscosg M 12 sin2g 229
C 2

The machine torque consists of two items, i.e. excitation torque due fethmnent
magnets and reluctance torque. For both IPM and SPM mackjra®]ls mainly impact
on the electranagnetic torque performance. In the figldakening region, the current
excitation angle is increased towards 90 degrees. If the phase resistaeglected, the
machine maximon achievable speed is given: by

V, (2.27)
plk, - Ly

It can be noticed that if the machikg equals to product of4 and ls, the maximum

W (max) =

achievable speed is theoretically infinite. According to the FEA testile benchmark
IPM machine has been designed to mikapproach the product &f; andls to achieve
wide constant power range. Generally, due tolid& voltage reduction, the machine will
require larger phase current to maintain the 80 kW constanerpowtput in the field
weakening region. However, increasing phase current enlarges the difference bgtween
and the product dfy andls, resulting in a further falbff in high speed torque.

Temperature variation is another issue impacting on thedraatiachine performance.
According to the BH characteristics analysis of typical PM materidl@s] 106], magnet
remnant flux density for a sintered NdFeB grade, Br, varies by typically 0.12% per degree
C, which directly relates to variation &f. Accordng to Eaations (2.21) and (2.27),

lower magnet temperature boosts the machine low speed torque. However, a high value
of k, may impact on the machine fieldeakening capability, which then requires some
necessary adjustment (increase) of phase curregmitade, as detailed in Tab83 for

the benchmark IPM and the SPM design detailed in Chapter 4 with 12 turns per phase
(12t) and a variant with 8 turns per phase. (Bhle design process and detail of #2zeand

8-turn SPM machines will bdiscussedn Chapters.

All of the Oakridge data is presented at a fixed DC link voltage of 375VDC, similarly
with published data from other sources. No publications assess machine performance at
minimum or maximum DC link voltage or with regard to typical automotiveperature

variations. Clearly from the results of Fig 3.21 and Table 3.3, these are important issues
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that are more pronounced at the high operating speeds of the traction-sSjpegde
specification requirement and suggest the necessity of an interme@idd[2onverter
between the battery and system voltage source inviedefeature that is missing in the
Nissan Leaf powertrain.

Table3.3. Machine peak phase current (A) requirements at 2100rpm and 10,000rpm for
voltage and temperature extremes.

2100RPM 10000RPM
375V 240V 375V 240V
IPM (-40°C) 535 535 393 *
IPM (+120°C) 600 600 354 303+
SPM12t (40 C) 390 390 481 600*
SPM-12t (+120C) 480 480 392 500*
SPMS8t (-40C) 590 590 435 747
SPM8t (+120C) 720 720 335 600

*Cannot realise torque speciditton

3.6.3 High Back-EMF Precaution

In the benchmark powertrain system, the traction motor inverter converts DC power from
the Li-ion battery to AC power, and drives the traction motor. Traction motor inverter
drives traction motor accurately with the toio controller installed inside the traction
motor inverter. The motor controller receives the rotor rotation angle from the traction
motor resolver and the traction motor current value from the current sensor, and creates
the pulse signal for driving thénsulated Gate Bipolar Transistor (IGBT). During
deceleration, the traction motor inverter drives the traction motor to function as a
generator based on the regenerative torque command signal, converting the vehicle
kinetic energy into electrical energy tharge the battery. At the same time, the

regenerative torque can be used as braking force.

However, the fault behavior of inverter may cause serious consequence to the powertra
system. If IGBTs malfunctioor the controller breaks down, the invertal wirn to an
uncontrollable rectifier. In this case, if the vehicle operates at high speed, the traction

machine will potentially generate high magnitude b&&KF which will be rectified to be
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high magnitude DC voltage. Once the DC voltage magnitudeggieehthan the battery
terminal voltage, the regenerative energy will feed back to the system without control.
The worst case occurs when the machine is running at the maximum speed and battery
voltage is dropped to its minimum. As an example, BigR2 shows the battery transient
current when the battery voltage is 240V and thar8 SPM is rotating at 10,000 RPM

with magnet temperature of +12D. It can be observed that once the failure occurs, the
positive DCIlink current is immediately changed to langegative value, which will be
worse if the machine operates at lower temperature. Although mechanical relays are
installed in the system, it is difficult for them to immediately switch off during the full
load condition. In this circumstance, the vehistarts to operate with uncontrollable
braking, which could lead to safety issues. In addition, the large transient current would
result in further damage to the powvteain system in terms of battery, Btk capacitor

and traction inverter. Therefore, taing PE switches or a DC/DC converter between the
battery and Ddink wound be necessary to avoid system uncertainty caused by the

inverter failure isge, as illustrated in Figure 3.23
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3.7 Summary

In this Chapter a brushless permanent magnetchine having an IPM rotor topology is
studied and a model developed based on the Nissan Leaf IPM traction machine. The
model results are compared with published data from a series of Oakridge National
Laboratories reports and additional test data peaidy Dr. Tim Burress of Oakridge

Labs. The model and published data are found to be in good agreement and hence the
FEA model and simulation tool can be taken forward with confidence to predict machine

design variations in Chapters 4, 5 and 6.

The impacibof DC link voltage and temperature variations commensurate with automotive

applications is studied and shown to have a major impact on the realizable traction
characteristic of a machine design based on a fixed DC link voltage and operating
temperature. Tése considerations are not explored further in this thesis but recommended

as an area of future research in Chapter 7.
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Chapa er

Rotor Design for Vol ume Ma

4.1 Introduction

In this Chapter, an overview of different rotor topologies and power electronidaaeter

for traction machine applications is presented to propose new rotor topologies with high
performance and | ow power el ectronics req
permanent magnet (PM) machines and zero permanent magnet machines, for instance,
synchronous machines, are desigredl comparedased on Nissan Leaf benchmark
machine described in Chapter The newgrain boundarypermanent magnet material is

also investigated to improwaachine performance.

4.2 Comparative Study of Modified and Ori ginal Benchmark Machine

As mentioned in Chapte3, the over modulation control in high speed region stimulate
the excitation torque ripple for Nissan Leaf machine. So a new IPM rotor is proposed to
obtain the whole torquspeed curve without over modulatibased on the Nissan Leaf
machine IPM rotor. The modified machine utilizes the same stator, similar amount of
permanent magnet material with slightly different magnet size, and simplified flux
barrier. The 2D geometries of two machines are listed in4sigand the difference in
magnet size and weight is listed in Tadld. The slight change in magnet size and

position results in a considerable improvement in performance.
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Although no over modulation, that is the constant peak phase voltage limit fieelthe
weakening regionthe modified design can meet the torgupeed profile and the power
speed profile published in the Oakridge report and shown it2@nd Fig4.3.

(a) Nissan Leaf IPM machine (b) Modified design based on Nissan Le
Fig.4.1. Geometry comparison of Nissan Leaf machine and the modified ont

Table4.1. Magnet comparison of Nissan Leaf IPM and the Modified Design.

Descripion Nissan Leaf IPM machine Modified design
Large magnet dimensions (mm 3.79 (DOM} 28.8% 8.36* 4.00 DOM)3 25.77 8.36*
Small magnet dimensions (mm)|  2.29 (DOM¥ 21.3G 8.34* 2.50 (DOM} 21.33 8.34*
The V-shape angle (deg) 127 130
Total magnet mass (kg) 1.962 1.988
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Fig. 4.2. Torque performance comparison of Nissan Leaf machimd the modified
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Fig. 4.3. Power performance comparison of Nissan Leaf machine and the modifit
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4.3 Comparative Study of PM Traction Machine Topologe s f or EVO s

Interior permanent magnet (IPM) synchronous machines are popular in commercial
hybrid- or all-electric vehicles (HEVS/EVS), such as the Toyota Prius, GM Chevy Volt,
Lexus LS, Nissan Leaf, for example. TRisctionpresents the findings of a cparative

study assessing the design and performance attributes of IPM machines when compared
to other design options. The Nissan Leaf IPM traction machine has been widely analyzed
and there is much public domain data for the machine. Hence, this mactinoses as a
representative benchmark design against which other permanent magnet (PM) machine
topologies are assessed. Much is claimed of IPM topologies in terms of their saliency
torque contribution, minimum magnet mass, demagnetization withstand, Wwixie f
weakening capability and high operational efficiencies. These attributes are assessed and
compared for surface mounted permanent magnet machines (SPMs) for both distributed
and concentrated stator winding designs. The study illustrates and conchtdasthhthe

IPM and SPM topologies have very similar capabilities with only subtle differences
between the design options, subtleties that may be exploited when considering the
traction application requirements, for example, predominant low, medium ospéggu

operations.

IPM machines appear to be the favored topology choice for electric vehicle traction
machine applications because of their saliency torque contribution, minimum magnet
mass, demagnetization withstand, wide flugakening capability and din operational
efficiencies [L5-17]. Due to the same inductance on the diraod quadraturaxes, there

is essentially no reluctance torque generated by SPM machines, although they can operate
in a flux-weakening mode if appropriately designé@-19]. Both rotor topologies have
been explored with distributed and concentrated stator winditigd9 with various
justifications for either implementation. However,date, no paper has directly identified

and justified the technical aspects of the varioesigh choices. Thisesearchaims to
address this via a comparative study of different machine implementation topologies, a
subsequent qualification of design rules and finally quantified results from analysis

underpinned via experimental test data pulelisim [L7].
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Jahns et al 9] designed IPM and SPM machines with fractieslat concentrated
windings (FSCW) against the same vehicle traction specification, samgotdot
combination and same materials, presenting results in terms of flux weakenintjtgapab
overload capability, efficiency, loss, demagnetization, etc. However, the airgap and active
axial lengths were varied, diluting the comparison. The results show that the IPM
machine design needed slightly less permanent magnet material but rexiiirgiger

phase current with similar machine torque and efficiencies over the whole speed range.
Pellegrino et al Z0] compared an IPM and SPM machine, but with different winding
configurations and airgap diameter. Chlebosz and Ombdd8] [studied the
demaynetization properties of IPM and SPM traction machines and concluded that SPM
machines required permanent magnets with higher coercivity or demagnetization
withstand. However, the compared machines had different pole numbers, magnet material

and geometrig hence the conclusions cannot be deemed general.

Although studies have compared the two rotor topology options for brushless PM
machines, the compared designs always tend to have varied machine parameters, making
a quantifiable comparison difficult, ifosnewhat arbitrary, and closely linked to the
personal preference of the machine designedate, no paper has directly identified and
justified the technical aspects of the two rotor topologies. thidyaims to address this
deficiency via the compans of a published electric vehicle traction machine design
having a distributed stator winding and an IPM or SPM rotor while maintaining the

mechanical aigap and stator lamination.

The Nissan Leaf IPM traction machine is chosen as a benchmark desigrnhane is

much published technical and experimental test data available to validate the machine
analysis tools utilized in the stud®(, 91]. Detailed finite element analysis (FEA) is
performed on the Nissan Leaf machine design and computed data comptred
published experimental test da@l] and shown to be in good agreemeanChapter 3

Thus, the FEA analysis tool and design procedure is applied to the SPM design with
confidence in the final calculated predictions. The torque and extended spabdityap

of both machine topologies are explored and a SPM rotor design presented that
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embellishes sensible and reasonable manufacturing rules commensurate with high volume

manufacture of such machines.

4.3.1 SPM Rotor Design

This thesis will consider IPMand SPM rotors with distributed and concentric stator
windings. In the part, a SPM machine with distributed winding is designed according to
the specification of Nissan Leaf IPM machine and compared with it to study the
difference in machine and how theffdience affects the performance. To keep the
comparatively as much as possible, the SPM rotor inherits the outer diameter, permanent
magnet material, rotor iron material, and total magnet mass from Nissan Leaf IPM
machine. The torque performance of rdgiglor sectioned fixed) magnetized SPM
machine is mainly affected by the magnet topology and material properties, air gap length
and key magnet dimensions. Those design parameters will be determined for the radially
magnetized SPM rotor respectively.

During the design process, tons of iterations have been done to search the optimal rotor
design with minimum magnet mass. The mechanicaar is the same with the Nissan

Leaf machine and the thickness of rotor iron is 10% more of the distance between coll
edge and stator back iron edge of Nissan Leaf stator4Hgshows the design process of

the SPM rotor. The design parameters are initialized by the IPM machine and then the
machine performance are estimated by the FEA within the current and voltagdf limit.

the performance cannot satisfied the IPM performance, the design parameters are adjusted
until the torque and power specification is met. Then the mechanical stress is analyzed to
check the mechanical strength. In this application, the velocity abtbe surface at top

speed is very high and the glue method cannot hold the magnet. So the sleeve is decided
to be introduced for permanent magnet retainment. Both the material and thickness of
sleeve need to be selected according to the mechanical atdcaleperformance.
Generally, the thickness sleeve is minimized on the basis of mechanical requirement to
obtain better electromagnetic performance. Indeed, the sleeve thickness increases the

magnetic akgap in the machine and all the design paraméigrs to be modified again.
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The process and principles of the main design parameters are discusetal in the

following section

(a) Polearc to polepitch ratio

As a design example, Fig.5(a) illustrates the relationship between thegaip flux
densiy and magnet length, while Figl.5(b) shows the relationship between peak
cogging torque and magnet paec to polepitch ratio, a parameter that plays a
significant role in cogging torque and total torque ripple. Due to complex electromagnetic
relationsips, there is no explicit expression between cogging torque andimoiatio. In

the beginning, the polarc to polepitch ratio of Nissan Leaf machine is applied and the
cogging torque is around 5Nm. However, the FEA simulation results of the SPMmachi
design based on the Nissan Leaf IPM major dimensions displays a minimum cogging
torque at a polarc ratio of 0.85 (for this design), as shown in Fig(b). The adebn
sleeve does not affect the relationship between cogging torque ararpatepolepitch

ratio, so the ratio of 0.85 is determined for the SPM rotor.

(b) Sleeve thickness

High speed machine is normally defined as when the peripheral velocity of the rotor is
above 100m/s [119]. At 10,000RPM the SPM machine rotor peripheral velocity 68.07
m/s, which allows nearly 20% over speed, to the 100m/s limit, a typical industrial
requirement. Since the SPM magnets are not contained within the rotor iron structure as
with the IPM, the magnet or rotor tensile stress is a key design factor. Magnet campanie
do not usually quote the tensile strength of sintered permanent magnets since it cannot be
guaranteed due to manufacturing inconsistencies in the material microstructure. Both the
IPM and SPM rotors suffer from the tensile stress during high speed ioparainly
caused by centrifugal force [120, 121]. For the IPM, the thin bridge of the rotor iron is the
weakest point due to stress concentration. While the failure of the permanent magnet is
the concern for SPM rotor designs. Hence, atgajr sleeve isntroduced to protect the

permanent magnet in high speed region.
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Binder and Schneider also verified the bending failure of the SPM would happen if the

filling materi al o t have hsemilari methanical propkrtees tg a p
permanent magnets. The SPM rotor can be considered as a thick disk. Compared with the
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hoop stress and radial stress generated by centrifugal force, the shear stress caused by the

angular momentum is negligible. Dugirlesign stage, the Von Mises Stress, which is an

equivalent stress combining radial and tangential stress, is calculated and compared to

yield stress or the strength in certain direction.

The sleeve is introduced to protect the permanent magnet in ther@eiMne, especially

in high speed region. The popular materials for the sleeves can be classified to non

conductive, low conductive, and conductive materials. The eddy current loss in the

conductive sleeves needs to be considered, like high strengthT$teedddy current loss

in the low conductive and nesonductive sleeve, for instance, carbon fiber and glass

fiber, can be ignored. Tabe2 shows the property of prevalent sleeve materid3g]][1

Compared with hardening stainless steel and high straallgtyy, composite materials

have higher tensile strength, which means thinner thickness of sleeve, lower eddy current

loss, and poor heat dissipation performance. However, the maximum allowable stress of

composite materi al i s ] uensile stréh@th dueoto B8 % o f

fabrication, air humidity, temperature rise, and fatigue failure. Besides, the tensile

strength of carbon fiber is anisotropic in different direction and the strength is dependent

on the temperature as shown in Talild and te mechanical property for iron rotor,

permanent magnet and sleeve is shown in Talle

Based on the velosity of the SPM rotor and low requirement on thermal dissipation,

carbon fibre is selected as the sleeve material for the SPM rotor. Accordir@}otiie

thickness and intereference of between the sleeve and magnets need to satisfy the

following conditions:

(1) The Von Mises stress in sleeve under worst senario cannot exceed maximum
allowable stress of carbon fibre at I6Qwhich is 1100 MPa.

(2) The permaant magnets cannot in tension status and the tensile stress equals to
compressive stress at 20% overspeed.

(3) Both the paralle and perpendicular strength of carbon fibre need to be confirmed in

the allowable stress at 15D
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Table4.2 Property of popular sleeve materials and the recommending ranges

Tensile o Thermal )
. Densityr Resistivity o Recommending
Materials strength conductivity K .
(glcnT) (qm) veloCity Viax
St max(MPa) (W/(m.K))

Glass fibreKevlar fibre | 1.442.54 | 29203447 | <4.(10“ <1.0 50-100
Hardening stainless stes 8.0 520720 7.2310° 16.2 75125
Incenel 718 (GH4169) 8.2 1100 1.2510° 11.4 100-200
High Strength Alloy 8.4 4142200 9.86:10" 11.2 150-250
Carbon fibre 1.76 35006350 1.510° 5.0 100-500

Table4.3 Property of carbon fiber.

Property Circumferential direction Radial direction
Youngds Modul us 164 GPa 9.5 GPa
Maximum allowable sess at 20C 2100 MPa 80 MPa
Maximum allowable stress at 18D 1100 MPa 35 MPa

Table4.4. The mechanical properties of the iron steel, permanent magnet and sl

Description Iron steel Permanent magnet Sleeve
Yield intensity/MPa 450 80 1070
Densily (kg/nT) 7650 7400 8240
Elastic module /GPa 200 150 187.5 (150C)
Poisson ratio 0.30 0.24 0.28
Thermal expansion coefficiert 10° C) -4.6~5.0 (Normal)
12 13.25
3.2~3.6 (Parallel)

In the high speed region, there are three main sources contributing stress in sleeve,
which are centrifugal force, thermal expansion, and interference fit. Here, the centrifugal
force not only includes the centrifugal force in sleeve itself, but also the magnet
centrifugal force acting on the sleeve. After simpéfion, the rotor iron, permanent

magnets and sleeve can be seen as a three layers concentric circle. The model and the

force analysis is shown in Fig.6.

The maximum centrifugal force on the sleeve appearing on the inner surface, which is:
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S =

t[max]

%/(Rf 7R (4.1)
wheries 0t he tensile force, ] is the sideeve
the inner diameter of the sleeve,iRthe outer diameter of the sleeve.
The tensile stress in sleeve produced by the centrifugal force by the magnet is:
P 74
" R-R 3R(R-H

w h e rpés thé tensile stress along the sleeve thicknesss Be outer diameter of the

(R* 7R’ (4.2)

rotor.
The thermal stress generated by the temperature arise can be regarded as the tensile stress
on the circumferential direction. Cqrared to the thermal expansion of sleeve, the one in

rotor iron and magnet is very small. So the thermal stress in sleeve is:

sa=E @ E 4ar (4.3)

where E i s t heai¥tbeuhemnal expamsiod coéfficier?RT is the strain
caused by thermal stress.

The total strain in the sleeve should be no less than the strain induced by the interference
fit between sleeve and magnets. So the mathmetical expression is:

Sprt &t g
E

epre 2 & + m€ +(ma>€ (44)

where e, is the strain caused by the interference dif,is the strain led to by the

centrifugal force of magnets,,.,, is the strain generated by centrifugal force of sleeve

max]
itself. So the minimum interfenced is e(R .

The matlab code is developed based on Equéidjto (4.4) and some published SPM
sleeves have been tested and all the designed sleeve obtain a safety factor bigger than 2
[121-124]. For the SPM rotor we are working on, Taklé shows 0.5mm, 1.0mm, and
1.5mm thickness sleeve and their coresponding maximum stress, safety factor, magnet
mass, and magnet mass ratio to Nissan Leaf motor. Here the safety factor are all larger

than 2. The 0.5 mnsleeve can help the SPM rotor achieve best electromagnetic
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performance in Tabld.5 and is selected to be the sleeve thickness. The magnet thickness

is supposed to 4.5mm at this stagel will be adjusted later on.

(c) Number of turns per coil

The number of ttns per coil affects the peak phase current at constant torque region, as
well as the performance at flux weakening region since the inductance will also be
affected. So the torque performance at 2100rpm and 10,000rpm are checked to make sure
the design aasatisfy the whole operation range. The number of turns per coil for Nissan
Leaf IPM machine is 8 and the sme number is used to initialize the SPM machine design
as well. Tablet.6 shows the designs with different number of turns, sleeve thickness and
the required peak phase current at 2100 rpm and 10,000rpm. In this table, the N36Z
permanent magnet material is utilized and the magnet thickness is 4.5mm because the

trend can be observed.

In the 1.0mm thickness sleeve SPM machine, the peak phase curngitticgenfor
constant torque region decreases when the number of turns per coils increases. The 10
turns SPM design hits peak phase current constraints. Since the remanence of N36Z is
higher than N28AH, the current will increase when the magnet materiadehdack to
N28AH. The 15 turns design cannot meet the torque specification at 10,000rpm and was
wiped out. So the 12 turns per coil is determined to be the adopted for the SPM rotor. To
keep the same fill factor with Nissan Leaf IPM, the 12 turns ne@dsrbore slot area on

stator.

Winding copper loss is proportional to square of phase current and square of number of
turns. For the SPM design, copper loss will change due to change in number of turns and

current conducted per slot. Therefore, copperfiasSPM design will be:

312 ‘5 §Phase current for SPM

SPM copperloss IPM co erlosﬁg 4.5
PP PP C géePhasecurrent for IPM & (45)
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Fig. 4.6. Rotor model and its force analysis

Table 4.5 Mechanical performance comparison of SPM machines with differe

sleeves.
) Maximum stress Safety Magnet Magnet mass ratio tc
Thickness of the sleeve (mn] )
in sleeve (MPa) factor mass (kg) Nissan Leaf motor
0.5 478.167 2.3005 1.751 0.9238
1 262.8462 4.185 1.7369 0.9164
15 191.0762 5.7569 1.7229 0.909

Table4.6 Performance comparison between IPM and SPM at base and at top ¢
(N36Zand 4.5mm magnet thickness).

Sleeve thickness (mm) IPM 0 0.5 1.0mm 1.5mm
Number of turns per coil 8 12 12 8 10 12 15 12
Current at 2100 rpm (A) 600 400 460 750 600 500 | 400 550

Current at 10,000 rpm (A) 440 400 440 310 380 400 | 400* 370

*cannot meet th torque requirement, the maximum torque is 71.3 Nm.

In the constant torque region, the peak phase current for IPM is 600A and the peak phase
current for SPM is around 495A. So the SPM copper loss is 53.14% more than the IPM
copper loss. The copper losacfor is denoted as the relationship between SPM copper

loss and IPM copper loss. In this case, the copper loss factor for SPM is 1.53.

To achieve equitable copper lossbetween the Nissan Leaf IPM and SPM design, the SPM

stator slot area is increased bg thcrease in copper loss factor:
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SPM slot area= 77.377 31.5314 =118.49énf (4.6)

Thus, maintaining the same back iron thickness, the new stator outer diameter becomes

214mm. The SPM stator tooth width is maintained the same as the IPM tooth width s

(@) IPM (b) SPM
Fig. 4.7 Stator Comparison of IPM and SPM.

that the change of stator flux density is minimized. The slot bottom diameter is increased
until the new slot area is realisdeig.4.7 shows the stator difference between IPM and
SPM.

(d) Magnet thickness

After the polearc to polepitch ratio has been decided, the magnet thickness determines
the magnetic and mechanical performance. Tab& shows four magnet thickness
choices and the corresponding maximum stress, magnet mass, required current for
constant torqueegion and the maximum torque the design can gain in this current. Those
magnet thickness are all selected according to the-gap flux density variation along
magnet thickness to agap ratio in Fig4.5(a). When the ratio is larger than 4.5, the air

gap flux density increase speed slows down. So the peak phase currenttddesp
significantly when the magnet thickness increases from 4.5mm to 5.33mm. In order to
guarantee the safety factor is no less than 2, the sleeve thickness is increaseanto 0.6

when the magnet thickness is 7.54mm. However, the adding in sleeve thickness mitigates
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the ratio of magnet to agap length for the largest magnet thickness. Despite more than

30% magnet usage, the performance of last row in 7ables not competitie compared

the first three rows. Combining the magnetic flux density saturation condition at 2100rpm
full load operation, the 4.8862mm magnet thickness is decided to be the final result,
which satisfied the performance requirements with slight saturatidrsame amount of

magnet usage as Nissan Leaf IPM machine.

Table4.7 Mechanical and electrical performance comparison of SPM machines

different magnet and sleeves thickness. (N28AH for magnet material and 12 tL

Sleeve | Magnet Maximum Safety Magnet | Magnet mass| Peak phasq Torque
thickness| thickness| stressin factor mass | ratio to Nissan| current | @2100rp
(mm) (mm) sleeve (MPa (kg) Leaf motor | @2100rpm| m (Nm)
0.5 4.5 478.17 2.3005 1.751 0.9238 500A 278.96
0.5 4.8862 511.73 2.1496 | 1.8954 1.0000 490A 277.36
0.5 5.33 549.76 2.0009 | 2.0601 1.0869 480A 277.84
0.6 7.54 549.59 2.0015| 2.4990 1.3185 470A 276.15

4.3.2Comparative Studies

Both the Nissan Leaf IPM machine and the SPM machine share the same stator, magnet
volume, axial stack length, and outer rothameter. The information of Nissan Leaf
motoris shown in Table 3.1

For aradial fieldmachine design, excitation torque can be derived from first principles by
considering the force acting on a current carrying conductor in a magnetic field, gesultin

in an expression for torque that is a function of the machine geometry and-electro

magnetic quatities:

T = %DZLa BQ (4.7)

where D is the mean airgap diametdr, is the active axial length anl and Q the

magneticand electrical loadings respectives discussed in Chapter 2
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The torque produced by IPM machines is contributed to by excitation torque and a salient
torque component, as will be shown later. Howetgation @.7) still represents the
basic sizing gproach where the magnetic and electrical loadiB§3) (ncorporate both
torque producing components. Essentially, the saliency element is included in the electro

magnetic parameters.

So often in comparisons of machine technologies and topologies, thecmtiffe in

design are hidden or masked by changes in key geometrical parameters of the machine,
namely the diameter and active axial length. Similarly, different pole number creates an
unnecessary complication when trying to make a comparison. Consequenttijs

study, the machine active axial length, mechanicalgair length and aigap mean
diameter are maintained constant. To maintain equitable thermal performance, the outer
diameter of the SPM stator is allowed to increase by 7% (14mm) to accorentbeat
additional turns required for the design, Ta#l@ This change does not contravene the
torgue equation, although some may argue that a more optimized split ratio (stator outer

to-inner diameter ratio) may have been chosen.

The torque produced by MPmachine comes from two parts, magnetic torque and salient
torque, as shown iBquation 4.8). In order to get high torque output and low loss, for the
same pole numbers and power supply, the topology and material of the rotor are designed
to provide larg flux-linkage and inductance difference in theadd gaxes. The way to
embed permanent magnets in the rotor iron reduces thdirfkage but leads to the

inductance difference in two axes.

If the embedded position is closer to the air gap, more tatgnebe produced due to
larger fluxlinkage while bigger torque ripple can be introduced because of worse smooth
flux variation. The design procedure is to find a proper structure based on the
requirements.
=3y i gL L 48)
_E m/mlsq -Isésc( q -2] )
whereisg andisq are thed- and g-axis stator currentd,q and L are thed- and g-axis

inductancesp is the number of pole pairs, apg, is the PM fluxlinkage.
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Table4.8. Details of Nissan Leaf IPM and example SPM machine design; distrib

winding.
Descripion Nissan Leaf IPM machine Example SPM machine desig
Outer diameter of stator (mm) 200 214
Inner diameter of stator (mm) 131
Stack length of stator (mm) 151
Number of slot 48
Winding type Full pitch single layer distributed winding
No. of turns per coil 8 12
No. of strands per turn 15
Diameter of copper wire (mm) 0.812
Outer diameter of rotor (mm) 130
Inner diameter of rotor (mm) 45 93
Active axial length (mm) 151
No. of poles 8

Large magnet dimensions (mm)

3.79 (DOM)? 28.85° 8.36*

4.8862 (DOM)x 8.35mm*

Small magnet dimensions (mm)

2.29 (DOM)3 21.33 8.34*

Total magnet mass (kg) 1.8954

Pole arc/pole pitch ratio 0.9765 0.85
Skew anglgdegrees mech.) 3.75

Stator and rotor iron material 35INE250

Permanent magnet material N28AH

Nominal Peformance at a Ddink voltage of 375 V¢

Torque, zero to base speed 280Nm

Power, base to maximum speed 80kW

Thermal rating

80kW at 7000 RPM

Peak phase current, 3 phases

615A 495A

*18 pieces per active axial length

For the IPM, the topology and matriof the rotor are designed to provide permanent

magnet (PM) fludinkage and an inductance difference in theand g-axes. Generally,

embedding the PM material in the rotor iron reduces the PMIifiicage but leads to an

inductance difference betwedmettwo axes. By way of example, torque segregation of
the Nissan Leaf IPM design has been analysed, the results of which are illustrated in Fig.
4.8. For this design, the saliency component of torque is higher than the excitation
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component of torque at fubad torque and between zero and base speed4.B{@) and
also at the extended speed operating point,4=8gb), by a factor of about 2/3rds in both
cases.The saliency torque arises from the difference betweendthand g-axis
inductances, a faatovhich varies with load current or saturation in the machine stator

and rotor, as shown in Fig.9.

=== T T T 250 T T T
Total torque Total torque
| Salient torque Salient torque
250+ | —-—-Q/Iagnetictorque H = - = - Magnetic torque
i 3
~ 200+ : b —_
= [S J
£ ' £
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=2
E 100 I S — E 1000 o v N b
L -~ ] =
|7~ =
| ~ L
50 | i f | 50
[ N
0 1 1 1 1 I 1 1 L . O 1 1 1 1 1 1 1 Il
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(a) 2,100 RPM; 600A peak phase curren

Current excitation angle (degree E)

excitation angle = 50

Current excitation angle (degree E)

(b) 10,000 RPM; 370A peak phasarrent;

excitation angle = 78.2

Fig.4.8. IPM machine torque segregation at base and top speed.
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In constant torque region, the IPM works in the maximongue per ampere (MTPA)
condition. After going into constant power region, th@xjs current increases to weaken

the flux produced by permanent magnet due to the voltage limit in power inverter. Hence
the operation point locates on the large excitatiogieaarea and the magnetic torque is
much smaller than the salient torque. Therefore, the big difference betwaed @ axis

i nductance is conductive to the extensi on

Relating the Zaxis currents to actual phase currdeduation @.8) can be expressed in
terms of the machine parameters, phase curtgrand the current excitation angk,

which is the controlled angle between phase current and the machine induc&dviback
: L,-L
T:3p§/m I,cof g +¥ 12 si{ 2)g (4.9)
e

For SPM machines, the current excitation anglés held at zero from zero speed to base
speed, where it is then progressively @aged to fieldveaken the machine for operation

at speeds above base speed. For IPM machines, an optimum current excitation angle
exists below base speed depending on the required load torque. In the case analyzed, the
optimum current excitation angle i® 5electrical upon base speed, increasing to 78.2

electrical at maximum speed, as shown in &ig§(a) and (b) respectively.

Clearly from Fig.4.8, it can be seen that the IPM rotor saliency provides the main torque

contribution. This is also the case fiher published IPM design&j].

However, when assessing designs, it may be worth considering the utilization of the
permanent magnet material, since this is a major cost component. Referqgatmn

(4.9) the permanent magnet excitation torque caoment of the IPM is not fully utilized
below base speed, being approximately only 64.3% effective at a current excitation angle

of 50 electrical, i.e.:
Touctaion = 3PE | COY 50) &= 0.648 By, ) (4.10)

This is an over estimate sinéguation @4.9) assumes an idealizedhgsoidal machine

design, which is not the case. Comparing the peak excitation torque and that at a current
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excitation angle of 50electrical from Fig4.7(a), the reduction can be estimated at 0.833

per unit.

Further, the rotor implementation necessitdtes barriers that result in some loss of
magnet flux via leakage, as illustrated in FIdLO(a) via the highly saturated (+2T) thin
sections between rotor poles. These barriers are required for mechanical integrity, but
nevertheless, compromise the ililesd magnetic design. Figl.10(b) shows the FEA
solution of the benchmark machine with a modified idealized rotor design comprising of

air sections to guide flux as opposed to flux barriers.

Until the discovery or invention of a flux insulator, thiisrely an academic exercise to

try to assess the reduced performance introduced by the rotor barriers, or flux short circuit
paths. In the case studied, the idealized induced RMSHisi¢kis reduced by a factor of
0.772 and peak badkMF reduced by a factaf 0.893, the actual torque element lying
somewhere between these two bounds. Thus, one might postulate that the PM utilization
could be between 0.643 (i.e. 0.702833) and 0.744 (i.e. 0.893.833).

For the proposed SPM design the peak stator currenta@mum torquébase speed, is
0.825 per unit of the IPM. Thus, the improvement in PM utilization is probably closer

related to the current excitation angle than the leakage factor.

Magnetic Flux Density
Contour Plot: T

Magnetic Flux Density
Contour Plot: T

. 2.00 . 2.00
1.60 1.60
. 1.20 . 120

I 0.40
0.00
Il Maximum: 2.24
Minimum: 0.00

(a) Nissan LedlPM. (b) Modified model.
Fig.4.10. Lines of equal vector magnetic potential and {ftiensity contours for
Nissan Leaf IPM and modified model.
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4.3.3 Design and Comparison of two example machines

In order to study the IPM and SPM machine rotor topekgan example SPM machine

is designed within the Nissan Leaf stator lamination constraint and compared. The
geometry and specifications of the machines are listed in Habl@along with FEA
calculated performance comparison results in Table Il forRi and Table Il for the

SPM from the nominal base speed of 2,100 RPM to the top speed of 10,000 RPM.

To achieve extended speed capability, the machine parameters of the SPM are modified
from those of the IPM to increase the diragis armature reactioriuk to be closer in

magnitude to the PM flukinkage as suggested bl]:

Vs (4.11)

_ym_ Ldls

max

whereV; is the stator phase terminal voltage a#d, the achievable top speed within

the power spdfication.

The increase in mechanical-giap to accommodate the rotor sleeve along with choice of
magnet radial length, Figl.5(a), reduces the PM fldinkage. Increasing turns then
increases PM flwlinkage back to its desired value (proportionalumns) and direeaxis
inductance proportional to turns squared resulting in a net increase of theaslisect

armature reaction flukinkage.

This would result in an increase in stator resistance and hence copper loss compromising
the machine efficiency a@nthermal performance. Hence, the stator slot depth is increased;
and by keeping the bagfon thickness unchanged the machine outer diameter increases
by 7%. Note, the stator winding loss is not kept as per the IPM machine. Since the stator
current magnitde and iron losses are reduced for the IPM, some additional copper loss at
higher speeds can be managed. The SPM design has slightly better efficiencies at full

load across the full speed spectrum.

Each of the SPM poles is made from 6 circumferentialksid@ving fixed magnetization
to realize a near radial agap magnetization. The SPM is designed to have the same
magnet mass as the IPM. Both machines have full demagnetization withstand at the
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operating points of Table49, 4.10and4.11 and at a rototemperature of 12C. The
simplified SPM rotor design requires less iron, although the stator iron mass is increased
due to the increase in outer diameter. Similarly, the stator copper mass is increased for the
SPM as discussed. Table 2.dletails the matrials mass audit for the two machine

designs showing 1.5% net increase for the SPM, which is negligible.

Much is claimed of IPM topologies in terms of their saliency torque contribution,
minimum magnet mass, demagnetization withstand, widewikeakeningcapability and

high operational efficiencies. These attributes are assessed and compared for surface
mounted permanent magnet machines (SPMs) for both distributed stator winding designs.
The study illustrates and concludes that both the IPM and SPM tog®lbgve very

similar capabilities with only subtle differences between the design options, subtleties that
may be exploited when considering the traction application requirements, for example
predominant low, medium or high speed operation. All the pmdace difference
between IPM and SPM can be concluded as the following six points:

(@) The backEMF of SPM machine is more than 50% higher than the IPM machine,
which shows IPM machine is better in fault withstandliasussedn Chapter3.6.3.
Fig. 411(a) ad (b) shows the baekMF profile of IPM and SPM machine at
10,000rpm and the difference is obvious.

(b) Flux-weakeningrange increased in SPM machine desigig. 4.11 shows that the
field weakening range of Nissan Leaf IPM is from 6000 rpm to 10,000 rpme\idhil
SPM machine, the flux weakening range is enlarged to 4000 rpm to 10,000 rpm.
However, he excitation current for SPM machine is much larger than the IPM

machine.

(c) The rotor active material mass for SPM machine reduced by 45.35%. However, the
SPM roto needs a sleeve to maintain enough mechanical strength. The stator active
material mass for SPM machine increase by 28.48%. But the total iron mass of SPM

is still 8% less.

(d) The excitation torque ripple of SPM machine is less than the IPM machine. Fig.
4.12(c) and (d) shows the torque profile of IPM and SPM machine at 10,000rpm.
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(e) An interesting observation is the reduced peak pleaseent requirement (600 to

480A) for the SPM designyhich is a significant reduction in power electronics

(H Even though Fig4.12(e) and (f) shows no demagnetization, the IPM and SPM
machine suffers different demagnetization if the permanent magnet material is not
proper selected. Figl.13 shows the torqueurrent relationship if the covercivity of
the permanent magnet is véoyv, assuming811kA/m at 180C. The demagnetization
starts at around 400A for SPM machine while 500A for IPM. As mention in Chapter

3.5, this torquecurrent curve is used to judge if the magnet is demagnetized in

experiments.

Table 4.9 Performance infortan of Nissan leaf IPM over whole speed range.

Speed (RPM) 2100 | 3000 | 4000 | 5000 | 6000 | 7000 | 8000 | 9000 | 10000
BackEMF (Vrms) 3461 | 4944 | 6592 | 8240 | 98.87 | 115.35 | 131.83 | 14831 | 164.79
BackEMF (Vpeak) 49.92 | 71.35 | 95.10 | 118.96 | 142.67 | 166.44 | 190.31 | 213.95 | 23787
Torque (Nm) 280.70 | 255.09 | 191.47 | 153.29 | 127.30 | 108.40 | 9549 | 8505 | 7584
Torque ripple (%) 10.65 | 15.16 | 13.72 | 16.42 | 1655 | 15.78 | 20.06 | 23.23 | 26.40
Vphase_RMS 62.70 | 7953 | 101.25 | 112.73 | 132.82 | 160.48 | 15592 | 158.08 | 159.57
Vphase_peak 96.86 | 132.89 | 166.31 | 19255 | 218.06 | 247.02 | 246.03 | 25659 | 271.01
Iphase_peak (A) 615 600 425 365 300 245 250 250 251
Current excitation angle | 50 492 | 4335 | 47.88 55 48 585 | 63.25 67
(Sgt)atoriron loss (W) 277.00 | 437.23 | 60155 | 789.80 | 988.69 | 1228.24| 1368.30| 1576.47| 1759.95
Rotor iron loss (W) 52.60 | 104.11 | 147.98 | 168.98 | 188.34 | 199.86 | 244.93 | 298.89 | 34238
Iron loss (W) 329.60 | 541.34 | 74953 | 958.78 | 1177.03| 1428.10| 1613.23| 1875.35| 2102.33
Copper loss (W) 4657.84| 4433.40| 2224.40| 1640.67| 1108.35| 739.21 | 769.69 | 769.69 | 775.86
Mechancal loss (W) 17.15 | 35.00 | 6222 | 97.22 | 140.00 | 190.56 | 248.89 | 315.00 | 388.89
Total loss (W) 5004.59| 5009.74| 3036.15| 2696.67 | 2425.38| 2357.86| 2631.81| 2960.04| 3267.08
Efficiency (%) 9250 | 9412 | 9635 | 96.75 | 97.06 | 97.12 | 96.81 | 96.44 | 96.05
Peakpeak Tcogging 2.61

(Nm)
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Table4.10 Performance information ahodified Nissan leaf IPM over whole speed

range.

Speed (RPM) 2100 3000 4000 5000 6000 7000 8000 9000 10000
BackEMF (Vrms) 33.53 47.89 63.86 79.82 95.79 111.75 | 127.72 | 143.68 | 159.65
BackEMF (Vpeak) 48.93 69.89 93.23 | 116.57 | 139.87 | 163.22 | 186.60 | 209.88 | 233.18
Torque (Nm) 283.01 | 254.89 | 190.56 | 152.70 | 127.85 | 109.42 95.61 84.87 75.15
Torque ripple (%) 8.54 7.63 9.76 9.49 10.26 17.12 23.18 29.37 38.13
Vphase_RMS 65.49 93.04 | 114.67 | 141.02 | 162.85 | 144.02 | 134.62 | 126.78 | 116.65
Vphase_peak 99.88 134.94 | 159.21 | 187.60 | 216.38 | 212.48 | 217.12 | 214.67 | 216.76
Iphase_peak (A) 600.00 | 532.50 | 395.00 | 319.00 | 271.00 | 273.00 | 290.50 | 314.00 | 353.5
Current excitation anglg) | 50.00 45.00 45.00 39.60 38.20 58.30 66.80 72.40 77.25
Stata iron loss (W) 259.25 | 439.37 | 620.00 | 849.70 | 1067.51| 1144.86| 1305.93| 1536.38| 1881.76
Rotor iron loss (W) 38.92 62.81 86.33 | 116.87 | 135.22 | 167.47 | 209.17 | 269.46 | 364.29
Iron loss (W) 298.17 | 502.17 | 706.34 | 966.57 | 1202.73| 1312.33| 1515.09| 1805.84| 2246.06
Copperloss (W) 4433.40| 3492.00| 1921.45| 1253.19| 904.43 | 917.82 | 1039.27 | 1214.21| 1538.91
Mechanical loss (W) 17.15 35.00 62.22 97.22 | 140.00 | 190.56 | 248.89 | 315.00 | 388.89
Total loss (W) 4748.72| 4029.17| 2690.01| 2316.97| 2247.15| 2420.71| 2803.25| 3335.05| 4173.86
Efficiency (%) 92.91 95.21 96.74 97.18 97.28 97.07 96.62 96.00 94.96
Peakpeak Tcogging (Nm) 1.26

Table4.11 Performance information of SPM design candidate over whole speed range.

Speed (RPM) 2100 3000 4000 5000 6000 7000 8000 9000 | 10000
BackEMF (Vrms) 6442 92.04 | 12273 | 153.39 | 184.07 | 21472 | 24543 | 269.95 | 306.83
BackEMF (Vpeak) | 76.97 | 109.96 | 146.64 | 183.28 | 219.94 | 256.60 | 293.26 | 322.56 | 366.60
Torque (Nm) 28259 | 25461 | 19202 | 152.93 | 12867 | 109.73 | 9525 8477 | 76.21

Torque ripple (%) 5.51 5.40 4.70 5.56 6.80 8.94 11.19 1279 | 15.85

Vphase_RMS (V) 85.75 | 11654 | 14128 | 127.98 | 130.10 | 12559 | 121.84 | 117.76 | 112.89
Vphase_peak (V) 126.34 | 171.09 | 207.08 | 20436 | 216.16 | 216.74 | 216.68 | 21451 | 210.74

Iphase_peak (A) 480.00 | 428.00 | 316.70 | 306.00 | 305.00 | 326.00 | 345.00 | 362.00 | 39200
Current excitation 0 0 0 35 46.3 56.35 63 62 71.36
angle

Stator iron loss (W) | 189.88 | 299.47 | 397.60 | 354.32 | 386.07 | 411.12 | 449.37 | 48822 | 558.73
Rotor iron loss (W) | 0.28 0.27 0.53 0.43 0.33 0.47 0.53 0.99 0.64
Iron loss (W) 190.16 | 299.74 | 398.13 | 354.75 | 386.39 | 41159 | 449.90 | 489.21 | 559.37
Copper loss (W) 4079.77 | 3243.70 | 1776.02 | 1658.04 | 1647.22 | 1881.86 | 2107.61 | 2320.44 | 2720.98
Mechanical loss 17.15 35.00 62.22 97.22 | 14000 | 19056 | 248.89 | 315.00 | 388.89
Total loss (W) 4287.07 | 3578.44 | 2236.38 | 2110.01 | 2173.62 | 2484.01 | 2806.40 | 3124.65 | 3669.23
Efficiency (%) 93.55 95.72 97.29 97.43 97.38 97.00 96.60 96.24 | 95.60
Peakpeak Tcogging 0.27

(Nm)
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Fig.4.11. Flux weakening range comparison of SPM design and Nissan Leaf IPM.

Table 4.2. Mass comparison betwedPM and SPM at base and at top speed.

Unit (kg) Si:ﬁtnor Rotor iron | Total iron Copper Magnet Total machine
Nissan LeafPM 16.35 10.55 26.90 5.12 1.96 34.01
Modified Nissan| g 55 10.55 26.90 5.12 1.99 34.04

Leaf IPM

SPM 194 5.6 24.9 7.71 1.92 34.53
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Fig.4.12. Performance results comparisons between IPM and SPM machines
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Fig.4.13. Torguecurrent comparisons between IPM and SPM machines with
311kA/m coercivity permanent magnet at 2100rpm, €30

4.3.4 Manufacturing Comparison of Two Example Machines

The Nissan Leaf machine has been commercialized and mass produced. Comibared to
IPM rotor, the SPM rotor has simpler rotor lamination structure with radially magnetized
arc magnets and carbon fiber sleeve. So it is not easy to judge which rotor is easier to be
fabricated. But the good news is that both the arc shape permanergtmaiip radial
magnetization and SPM rotor with carbon fiber sleeve have been widely applied in
industry before 122-124].

Much is claimed of IPM topologies in terms of their saliency torque contribution,
minimum magnet mass, demagnetization withstandeMlux-weakening capability and

high operational efficiencies. These attributes are assessed and compared for well
documented IPM design and a SPM design. The study illustrates and concludes that both
the IPM and SPM topologies have very similar capadslitvith only subtle differences
between the design options, subtleties that may be exploited when considering the
traction application requirements, for example predominant low, medium or high speed

operation, and power train integration.
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4.4 Rotor Stress Analysis

The hoop stress is the force exerted circumferentially (perpendicular both to the axis and
to the radius of the object) in both directions on every particle in the cylinder wall.

The von Mises hypothesis, also called maxiradistortionenergy lypothesis, assumed
that the materi al state becomes <critical
material element (volume remains unchanged) reaches a critical value and the equivalent
stress is called von Mises stress. Since the von Misess stgeees well with experiments

on ductile materials, it is preferably used to characterize the onset of plastic flow. In this
case, a material is said to start yielding when its von Mises stress reaches a critical value

known as the yield strength.

In order to understand how the stress operates on the rotating rotors, an SPM rotor is
taken as an example to initially calculate stress analytical and then confirm via more
detailed FEA studies. One general element of the rotor is considerefbrdé® actingpn

the elemenareshown in Fig4.14.

(CIH'H ) r)(r'er){ S

Fig.4.14. Forces acting on general element in a rotating solid disc.
Because of the symmetry of the rotor structure and forces, the deformation will not twist
the rotor and there is rahear force on both cofff sections. The tangential tensile stress

on each cubff section is given byl[25], which is

Tensile strength per unit axial lengths,, @ (4.12)
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The radial tensile stress acting on the inner surface of the raspr &d S, + d,:on the

outer surface of the rotor. The volume of the element per unit length is

V,=r &q r (4.13)
The element mass per unit length is

m=r O dyr (4.14)
Therefore, the centrifugal force acting the element is

F=mw'r =n dg & w?’ *r (4.15)

From the equilibrium of the radial forces acting on the element,

r

2d, a’sin%qk 5 d@g 45 )tds) dZ ¥gr (4.16)

if d cis small,

sind @ ¢ (4.17)
2 2
andasar- 0,ds- 0

so the EquatioA.17 can be reduced to

a,- s = s, L > (4.18)
dr
| f there is a radial mo v e me n ts, the radiafi tr&in f t o
can be expressed as:
ds 1
e=—" =— - (4.19)
"odr E( ’ /;;7)5

Thediametric strain is equal to the circumferential strain, so the strain can be presented as

s 1 r
F:E(SH 'mrs)’ \s _E:( HS 'r)7 (4-20)

The differential of deformation s is:
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ds_1 rads, m s
—== -my —+ (4.21)
dr E( N ESdr dr

Simplifying Equation4.20 and Equatior.21, we can get

(s.- §)( + r+dj—rH F%ri 0 (4.22)

Substituting for(s,,- §) from Equatior.19, we can get

% A5, 4 pr2 i @ + )'nr+—d %8S 0 (4.23)
¢ dr 4 dr dr
After simplification, the Equatiod.12 will be
ds, . dg =F B P (4.24)
dr dr
The integration of Equatiof 13 will be
2
s+g =] 'ﬁ/fz(1+ PN (4.25)
where2Ais the convenient constant of integration.
Subtracting Equatiod.9 from Equatiord.14 leads to
2
P AR L CL LD (4.26)
' dr 2
Since
25 +r ds. 1 G2 s) (4.27)
dr r dr
Equation4.26 can be rewritas
d , & ds, g€ rr* w @
d2gy=8 s 95 0 € 3 WA K (4.28)
A e L AR

After integration,
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s, = rs Y3 o A B (4.29)

and

s,=A 5 (3 ,}7# (4.30

r

Substitute Equatiod.19 to Equatiord.14, the tangential tensile stress can be got.

2
s.=A S (@ sl Y (431

r

For a solid rotor, whenr =0, if B, 0, from Equatior4.30 and4.31, the stress will be

infinite, which is not real in practice. $has to be zero.

There is a shaft hole in our rotor with radiusRf so the integration constaBtis not
zero. But the stress at both inner and outer surface without shaft is zero. The outer radius

of the rotor isR,. The stress at inner and outer surface is

se=h S @ HRY o
R 8
2 3 (4.32)
S :A—B2 (3 /a:zL 0
2 Rz 8
Both A andB can be solved as
A(smrMR+%)
(4.33)

— =) ——> (D:

= (3 )RR

Equation4.19 and4.20 can be rewritten as
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e rowe >+ R? 2
isr :(3 +,)7 8 éR12 @2 Ri rZRZ r2_l\J
! € u (4.34)
~ r ﬁ/é é 2+ 2 =~
Is =l +ipR R? SR § 397
% 8& ¢ oo
so the maximum hoop stress occurs at the inner surface of the rotor,vehigre
rw,
S Hmax :T§3 +I)R22 (t 'yﬁiz (4.35)

So for the case considered:

R=465mmR =61.2mny .65 ¥0 kg mO/m 0.3;w 10,600pm 125ad ™ ,

Hences =48.38VPa.

H max

whenr =R,, S, .., =29.438MPa

To find the maximum radial stress, we need to m%ie =0, the result is ;/RlRZ.
r

The maximum radial stress is:
_ rw 2 (4.36)
S max = (3 +/)7?(R2 R)” 187572VPs :

Thus, ompared with hoop stress, the radial stress can be ignored.

The researcher J. Jung, ett2§] statedthat the maximum centrifugal forde reached

when the rotor suffering high angular momentum, instead of the constant speed.
However, there is no else paper considering the stress caused by the angular momentum
during rotor stress analysi$g7-130. So the stress produced by the angutaekeration

is calculated to verify if the angular momentum needs to be considered.

According to [L30], the maximum shear stress occurs at the inner radius and can be

expressed as:

4_ R4
S = -WRS B & 24818 pa (4.37)
AR’R
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Compared with the hoop stress and radiegss generated by centrifugal force, the shear

stress caused by the angular momentum is negligible unless the angular acceleration can
reach the level 010°rad & ?, which is impossible for the machine operation.

T=2 Y i Al g k) 4.3

The calculated maximum stress of single rotor is at inner surface, 48.38MPa, the
minimum stress is at the outer surface, 29.438MPa.
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4.5 Zero Magnet Machine Designs

As an aside to the IPM and SPM studies, a malgsstmachinéopology was considered
based on the same stator active axial length of the Nissan Leaf machine (151mm), the
same rotor outer diameter and stator inner diameter anepate 8otor configuration. To
maximize the machine saliency ratio, a concentrated imgntbpology was considered.
Hence,the 12slot and 15slot reluctancemachines with zero magnets are designed and
excited withthe winding connections are shown in Ta#l# and4.14. In order to obtain

higher torque, the 12 degree choice is selectedetdoth the SPM and IPM 15 slot
machine because of the highest winding factor among all the possible conndnitns.
3-phasesinusoidal and square wave current applied to the 13lot synchronous
machine The 5phase sinusoidal currens used to exd¢e the 15slot synchronous

machine.

The 12slot machine is also simulated as excited via a conventiephh8e asymmetric

SR machine converter, as illustrated in Fig. 8.showing the machine geometry (a),
asymmetric inverter (b) and applied phase migdc). Fig. 4.8 shows the resulting
torgue waveform for the three configurations considered. Although the average torque are
all lower than that of the Nissan Leaf machine (for the same peak inverter current) the
sinusoidally excited machines show ateetiverage than the asymmetrically driven SR
machine. The synchronous machines have an average torque of 200Nm compared to the
280Nm of the Nissan Leaf machine (71.4%). However, the machines have zero magnet
content and the -phase implementation has ettrely good electrmagnetic torque
ripple, far superior to the 12 topologies and comparable with the IPM and SPM designs
considered throughout this thesi&ctually, the torque ripple for the 1% 5phase
synchronous reluctance machineli®.35% withoutskew, which iscomparable to the

Nissan Leaf IPM machine, which is 10.65% after skew and 29.00% without skew.

In order to make the torque at constant torque region meet the torque requirement of
Nissan Leaf machine, the stack length of8l%-phase synalonous reluctance machine
is increased to 213.6 mm. The structure comparison of new synchronous machine and

Nissan Leaf machine is shown in Fig. &.RAlthough the total enavinding length of
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synchronous machine is 9.75 mm less than that of Nissan Lehineathe total length is
52.85 mm longer.The design parameters comparison of Nissan Leaf machine and

synchronous reluctance machine are shown in Table e curb weight of Nissa

Table4.13 Threephase concentrated winding connection foslii2 madine.

3-Phase, 2 teeth 0 degree choice
Tooth Mech angle| Elect angle Tooth Cail
1 0 0 1 Al
2 30 120 2 Bl
3 60 240 3 C1
4 90 0 4 A2
5 120 120 5 B2
6 150 240 6 Cc2
7 180 0 7 A3
8 210 120 8 B3
9 240 240 9 C3
10 270 0 10 Ad
11 300 120 11 B4
12 330 240 12 C4

Coils are wound in the same sense, 1+2%, 2, 3+, 3, etc.

Leaf S vehicle is 1481 kg. The mass of Nissan Leaf IPM and thedofiSynchronous
machine are just 2.30% and 3.07% respectively of the total vehicle mass. So the mass
increase 0fl5-8, 5phase synchronous reluctance machine is acceptable. In conclusion,
the nonpermanent magnet synchronous machine wigih&se voltage source inverter is
potential to be applied for traction machines when the magnet prices or the supply

becomes an ssie.

Further work on this topology is time limited and hence reported in Chapter 7 as future
work. However, an invention disclosure of this topology has been made and reported as

an outcome of this thesis study.
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Table4.14. Fivephase connections fdneé 15 slots.

5-Phase, 15 teeth (12) 12 Degrees choice 24 Degree choice

Tooth | Mech angle| Electangle| Tooth Coil Tooth Coil
1 0 0 1 Al 1 Al
2 24 96 2 B3 2 B2
3 48 192 3 -A2 3 C3
4 72 288 4 E1l 4 El
5 96 24 5 A3 5 A2
6 120 120 6 -E2 6 B3
7 144 216 7 D1 7 D1
8 168 312 8 E3 8 E2
9 192 48 9 -D2 9 A3
10 216 144 10 C1 10 C1l
11 240 240 11 D3 11 D2
12 264 336 12 -C2 12 E3
13 288 72 13 Bl 13 Bl
14 312 168 14 C3 14 Cc2
15 336 264 15 -B2 15 D3

Coils are wound in the same sense, 1+2%, 2, 3+, 3, etc
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Fig.4.15. 12slot SR machine with sine wave current excitation
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(a) Geomay of 15-slot machine
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Fig.4.16. 15slot SR machine with square wave current excitation
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(a) Geometry of 1:3lot machine
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(b) 3phase Asymmetric inverter;ghase, deadout connected winding
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Fig.4.17. 12slot SR machine with square wave current excitation
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Fig. 4.18. Torque comparison of SR machines
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Total length 1925 mm
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(a) Nissan Leaf machine
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(b) 158 synchronous reluctance machine

Fig. 4.19. Structure comparison between Nissan Leaf machine and synchron
reluctance machine.
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Table4.15. Design parameters comsam between Nissan Leaf machine and

synchronous reluctance machine.

Description Nissan Leaf Machine 15-slot synchronous machine
Active stack length (mm) 151 213.6
Total length of end winding (mm) 41.5 31.75
Total length of machine (mm) 192.5 245.35
Number of turns per coil 8 8
Phase resistance atZD ( mq ) 5.67 10.11
Phase resistance at 18 ( mq ) 8.21 14.64
Total slot area (mn) 3703.87 3800.71
Machine mass audit (kg)
Stator iron 16.35 23.03
Stator Active length 3.09 7.27
copper End winding 1.77 1.36

Interconnections 0.27 0.20
Total stato copper 5.12 8.83
Total stator 21.47 26.61
Rotor iron 10.55 13.54
Rotor magnets 1.99 0
Total rotor 12.54 13.54
Total iron 26.90 36.58
Total machine 34.01 45.41
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4.6 Comparative study of IPM with conventional and BDP Magnet

Grain boundarydiffusion processed magnets provide advantages when applied in
permanent magnet machines subject to high load and high temperature operating
scenarios by preventing or reducing the onset of demagnetization. To investigate how
grain boundary magnets affetlte performance of interior permanent magnet (IPM)
machines, one of the challenges is to model the magnet with grain boundary
characteristics, in this case by assigning different material properties to individual magnet
pieces within a discretized magntle. In this paper, scripts using commercial magnetic
simulation software have been created to automatically generate the grain boundary
magnets and define the material properties accordingly. Then, the performance of an IPM
machine having a dekshape otor topology was analyzed with conventional and grain
boundary magnets and results were compared. Further, demagnetization of the magnets
was analyzed to verify the advantage of grain boundary magnets, illustrating that IPM
machines with grain boundary greets can realize torque and maintain efficiency at high
loads while being less prone to demagnetization.

Since they were developed in 19843%], Neodymium Iron Boron (NdFeB) based
magnets have attracted tremendous research focusing on improving treienes and
coercivity, so that the NdFeB based magnets can be downsized with lower cost while
enhancing the machine performance. Adding HRE material such as Dy and Tb can
enhance the coercivity because of the increase of magnetic anisotropy field. Holeever,
remanence is lowered at the same time, since the uniformly distributed HRE increases the
magnetic anisotropy field of grain boundaries and inner grain ev&g8].[In 2005, a

new method named AGrain Boundary Diffusio
Nakamura et al134]. This process coated the HRE oxide or fluoride powders to the
NdFeB sintered magnet. Then, heaatment is applied, so that Nd replaced HREs in
Nd-rich phase and HREs diffused into the grain boundaries to form-fitREshells
aroundNd-riched phases. Fig.20 (a) illustrates the GBDP with Dy source. In addition,
Nagata employed vacuum technology to generate metaldpprin a vacuum and

diffused Dy to the crystal grain boundarydf].
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GBDP has two distinct advantages compared toveational binary alloy method. First,

it can effectively improve the coercivity of NdFeB magnet without lowering the
remanence. For example, the magnet produced by GBDP with TbF3 improves the
coercivity by more than 400kA/m and almost has the samamene, as shown in the

Fig. 4.20.(b). The specializestapor deposition/diffusion technology invented by Hitachi

metals can even increase remanence by 40mT while presehengaime intrinsic

coercivity [13]. Second, GBDP reduces the amount of HREs used imgremt

magnets. Nagata reports that, the amount of Dy in his process is jtsintmef the Dy

used in conventional magnet s. Hi daka al so
Anisotropy field Layer HHAL) 0 process achieve 20% | owe
coercivity no less than 2.4MA/m BY.

Dy sourceis
coated on the
surface
e . TbE without 077 E
Dy diffuses 3 GBDP o0
during heat |
treatment
o EBE R
y segregates 15 -1. 05
along grain o
boundaries Magnetic field, H (MA/m)
(a) Nustration of GBDP (b) Demagnetization curves of magnets after

GBDP with different HREs and without GBDP
Fig.4.20. GBDP and demagnetization curves cangbnbetween GBDP and
without GBDP[13%.

4.6.1 Design process of PM machines with GBDP magnets.

GBDP permanent magnets can improve on the demagnetization limits provided by more
conventional magnet grades. The machine design process is shown #&2EigThe

original design isnmodeledwith conventional magnets first and then analyzed to confirm
whether the design can meet the performance requirements. Then the demagnetization

analysis is performed and the maximum magnetic field strength, H, is redordati
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working conditions, especially extreme conditions like the heaviest load and highest
magnet operating temperature. Next, the GBDP magnets are selected based on the
maximum H, with a tolerance to ensure the coercivity of the GBDP magnets isthenger

the conventional magnets when the magnets work in thedewmagnetization region.

Finally, the GBDP magnet design modeledto verify that it meets the design

requirements.

C
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)

Conceptual design

Machine Structural | Estl_m _atlon of
configuration | | topology | | _Mmum
| | coerciveforce
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I
Structura design Magneticdesign ~ _ Flectrical design | Electromagnetic design
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Rotor . . O |
shape material |} location connection| of turns |
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Fig.4.21. Flow chart for the design procedgpermanent magnet machines usint

GBDP permanent magnets.
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4.6.2 GBDP Magnet Modelling Process and Specification

Finite element analysis (FEA) is usedawalysesan example automotive IPM machine

with grain boundary and standard magnets. In the modgtlingess, all the machine

parts except for the magnets can be created through drawing commands in the geometry
editor while the grain boundary magnets need to be modelled with a certain scripting
procedure. This section shows the grain boundary magnetllimgdand material
definition process in detail.

The magnetic characteristics of permanent magnet materials in the second quadrant
reflect how they operate in an electric machine and, hence, determine machine
performance. Fig4.22 illustrates typical maggtic characteristics of a higimergy

density rareearth NdFeB permanent magnet. The intrinsic curve stands for the total
magnetic flux potential that can be produced by the magnet material while the normal
curve represents the magnetic flux which can leasured and used in the magnetic field

of the electric machine. When selecting permanent magnets, one would choose materials
that have high remanence and coercivity at the same time. However, froft2Ejgt can

be observed that the magnetic charadierisurves are sensitive to temperature for
NdFeB magnets higher temperature degrades the magnetic performance in terms of the
remanence and the coercivity which typically change-@y.1 and-0.6% per °C
respectively. If the magnet encounters strong etenagnetic fields or is exposed to

high temperatures, the magnet will work below the knee point of the magnetization curve
and operate in its nonlinear region. Hence, magnetic performance will be lost and the
performance of the machine would degradessithe recoil permeability lines have lower
magnetic flux desty for the same coercivity [13.

In grain boundary magnets, the coercivity varies through the magnetseigm and,
hence, the magnets areodeledin a piecewise fashion. The segmentatiohthe magnet
is a tradeoff between accuracy of the analysis and computation time. Is¢hign each
rotor pole is comprised of three magnet pieces arranged in a delta configuration, as
illustrated in Fig.4.23. For FEA, each magnet piece is slibided into 0.5mrdl.0mm

rectangular pieces. The N48H GBDP magnet is selected from magnet manufacturer and
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the coercivity distribution for each magnet piece is defined based on the manufacturing

properties, as illustrated in Fig.22. The coercivity distributin in the modelled N48H
GBDP magnet is at 18Q.

As discussed, coercivity distributes unevenly in the grain boundary méatgrete each
magnet is divided into smaller sections, and coercivity and direction of magnetization are

assigned for each section.

LS " nrinsca 120°C | | ! !
"""""""""" Normal at 120°C
- === Intrinsic at 180°C
- —  Normal at180°C
E A T
m 17 ' T
- '____.- - -t /
B . 7 —
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.'C 05 [ o l_' |
B /4\\'\(\6 b
e — ?\@'0\ l;
I
i
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0 : 1 1 1 ll 1 1
-600 -500 -400 -300 -200 -100 0

Coerciveforce, H [KA/m]

Fig. 4.22. Intrinsic and normal curves for a permanent magnet at 120 and 180 d
centigrade and an example recoil permeability curve.
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Fig. 4.23. Coercivity definition of grain boundary magin(Unit: KA/m, 180C).
127



Ph.D. Thesi$ Rong Yang McMaster Univergitpepartment of Mechanical Engineering

Fig. 4.24 shows the flowchart for the programming process of the grain boundary magnet
model. A coercivity distribution table that defines magnet coercivity distribution,
typically provided by a grain boundary magnet manufactisesieated in a spreadsheet.
Then a conventional electric machine geometry is created in the FEA solver geometry
editor. After the geometmnodelingprocess, the electric machine with segmented magnet
model is imported into the FEA solver, the main projedterface for material and
conditions preprocessing. The defined magnet characteristic curves are then assigned to
each magnet piece with a name based on the magnet coercivity. The material defining and
assigning process are then repeated until all thgnet pieces are defined. The remaining
steps are assigning materials to other parts of IPM machines and assigning simulation

conditions as is the case in conventional machine simulations.

The specification and finite element model fepdle of the exampl IPM machine are
presented in Figd.25 [91]. The machine is an 8 pole, 48 slot IPM machine with 151 mm
active axial stack length. The rated base speed of 3,000 rpm is selected as an example for
comparison. Both the conventional and GBDP sintered NdFei@siwere modeled.

Thus, the only difference between the two machines is their magnet coercivity

distribution.

The coercivity in the conventional magnet is at the minimum value in each magnet in Fig.
4, which is-250kA/m for all three magnets. The demagration effect due to the stator
winding is investigated to compare the performance of the two machines. The
demagnetization analysis is composed of three stages: before current excitation, during
current excitation, and after current excitation [102]e €hrrent is applied in the winding

only in the second stage, while in the first and third stages the machine is working under
open circuit conditions. After completing the three steps, both the magnetic flux density
and field strength are recorded and idesal on the BH curve of the magnet. The
demagnetization ratio, permeance coefficient distribution, induced voltage waveforms,

etc. can be obtained and compared for each of the three stages.
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Fig. 4.24. Grain boundary magnptogramming flowchart.

4.6.3 Results and comparison

In order to study the performance of grain boundary magnets comprehensively, torque
analysis, loss and efficiency calculations, demagnetization analysis, magnetic operating
point analysis and magnetftux-density analysis have been conducted in FEA. Each

aspect will be discussed in this section.
(a) Torque, loss, and efficiency study.

The comparison between the conventional and grain boundary magnet machines has been
investigated for winding peak excitati@urrents ranged from 100A to 200A, as shown in

Table 4.16. When operating i n t he-Hlcharacesistics ate gi o n
180°C, which is 100A current amplitude, the grain boundary magnet does not provide
obvious advantages when comparedch® ¢onventional magnet. However, the advantage
becomes more apparent at higher currents as shown in Fdble When the peak

winding current increases above 140A, the GBDP magnet machine shows better

performance than the conventional magnet machinernmstef torque performance, iron
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loss, and efficiency, while it performs nearly equivalently as the conventional magnet

with higher coercivity.

(b) Operating Points Study.

After projecting fluxdensity and field strength into the magnetization direction of the
magnets, the magnet operating points can be plotted on the matetriau®e. Fig. 4.24
shows the operating points with 100A and 200A peak current excitation. In Fegal,2

all the magnetic operating points stay on the magnetization characteristieefopen

circuit working conditions. No point goes into the Horear region of the Bd
characteristics; hence there is no demagnetization at this load current and operating
temperature. On the contrary, under 200A peak current excitation, the mageeétry

points cross the knee point of theHBcharacteristics as shown in Fig. @.@). After
removing the load current, the operating points cannot go back to their original
characteristic and instead operate on the recoil permeability line, whialaitep but has
smaller magnetic flixdensity values. This phenomenon shows that the magnets are
demagnetized when the peak phase excitation current value is at 200A and the rotor
operating temperature is 1&D. For the design considered, 140A is deented geak

rated current at 18C.

(c) Demagnetization ratio study.
The demagnetizing ratio is defined as the amount of demagnetization from the standard

specified magnetization as given Bguation(3.4) in Chapter 3.5.

The demagnetization ratio results for thenventional and grain boundary magnets
machines at 100 and 200A peak phase current are shown id.Fgother conditions

being the same as in Tablell. It can be observed that the grain boundary magnets
prevent demagnetization on the corners and difethe magnets, compared to the
demagnetization experienced by the conventional magnets. For conventional magnets, the
whole magnet shares the same coercivity. Demagnetization happens where the magnetic
field is strong, typically in the corners and edgéshe magnets. Nevertheless, the grain
boundary magnets have different coercivity distribution, where the corners and outer

edges exhibit higher coercivity, than the center part. Therefore, the higher coertivity i
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Number of turns per phase 8
Number of poles 8
Stack length 151mm
Rated speed 3,000 r/min
Excitation Three-phase AC
Current 300A at 100° C
Power 140A at 180° C
supply | DC-link voltage 375V

Fig.4.25. Geometry and specifications of the IPM machines model [91].
Table 4.16: Performance comparison between grain boundary magnet motor a

conventional motors.

Performance Conventional magnet GBDP magnet

Peak phase excitation current, 100A

Average torga (Nm) 205.76 206.06
Iron loss (W) 436.93 451.20
Efficiency (%) 97.38 97.37

Peak phase excitation current, 140A

Average torque (Nm) 243.60 250.37
Iron loss (W) 528.03 516.74
Efficiency (%) 96.17 96.28

Peak phase excitation current, 200A

Average togue (Nm) 244.94 254.88
Iron loss (W) 641.26 643.52
Efficiency (%) 93.04 93.29

the corners and outer edges counteract the strong external magnetic field, preventing
demagnetization in these regions.

Grain boundary diffusion process increases the cogrcfi permanent magnets in
regions subject to high demagnetization field while reducing the amount edaxhe
materials (Dysprosium). In this paper, the grain boundary magnets havenbeefed

automatically by running both MATLAB and FEA scripts. Therfprmance of delta

shape rotor topology IPM machines with conventional and grain boundary magnets have
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been analyzed and compared based on the results of parallel FEA simulations. It is
concluded that GBDP magnets have similar characteristics with camaninagnets in

the linear region. However, in the nonlinear magnét Begion, grain boundary magnets

have better demagnetization performance thanks to their higher coercivity distribution on
the corners and edges of the magnets. So IPM machines opembatelevated rotor
temperature with grain boundary magnets can achieve better performance, such as higher

average torque and higher efficiency, than machines with conventional magnets.

— B-H curve of grain boundary diffusion processed magnet | ----B-H curve of conventional magnet
O Before excitation current iz Before excitation current
O Under excitation current > Under excitation current
x__After excitation current < After excitation current
12 12
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(a) Permandmmagnet working points when peak current value is 100A
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(b)Permanent magnet working points when peak current value is 200A
Fig. 4.26. Permanent magnet working points when current peak value is 100A and
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4.7 Summalry

In this Chapter, different machine topologies and permanent magnet materials for traction
machines are proposed. The redesigned Nissan Leaf machine rotor can achieve the
performance specification for whole operation range by supplying sinusoidal phase
current. The IPM and SPM machine comparative study shows that the SPM machine can
obtain the IPM machine performance with the same permanent magnet material and 7%
more stator OD but 20% less silicon usage in power electronics. Then tipemoanent
magnetsynchronous machine is proposed to study the potential of its application for

traction machines.

In the last section, the electric machine with grain boundary magnets are analyzed and
exhibits that the grain boundary magnets are more capable to withstend
demagnetization in high temperature or high load condition than the conventional

permanent magnet material.
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(a) Conventional magnet at 100A.
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(c) Conventional magnet at 200A.
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(b) GBDP magnet at 100A.
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(d) GBDP magnet at 200A.

Fig. 4.27. Demagnetization ratiovhen current peak value is 100A and 200A.
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5.1 Introduction

In this Chapter, various stators are designed and compared in terms of performance and
manufacturing. Both IPM and SPM rotors are compared fesldiBdistributed and-9 10,

12- and 15slot concentrated 8 pole winding schemes. The results are compared for the
same performance specification in terms of supply (voltage and current), material

requirements, and manufacture cost for prototype and volume production.

5.2 Fundamentals of Stator Windings

The object of winding is to produce a magnetic field in the machateig used to create
torqgue. As a designethe goal is to control the magnetic field by managing the winding,

i.e., position, shape, movement etc.

According to different winding construction, winding can be classified to distributed and
concentrated windg. Each type of winding can have different layers, i.e. single layer,
double layer, and even multiple layers. The more layers a winding has, the harder to
manufacture it. Distributed windings are mainly used in the stator of AC machines,
including inducion and synchronous machines. It can create a sinusoidal rotating
magneto motive forceMMF) distribution and magnetic field in the @ap. Distributed
windings are common oall machines while, concentrated windings can be machine

wound and widely adopd in low power or low cost machineSurther multi-phase
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windings are applied to improve the harmonic content of thgaggMMF. i.e. make it

more sinusoidal

Specific winding has its particular characteristitss reported that &r-wound windings

usually have larger fill factor than the stranded windings, which meansvdand
windings can provide higher torque. However, the eddy current induced in the inductor of
the bar increase the copper loss and the temperature of the machine, which will be more
severe in the high speed regid87]. Compared with the distributed windings,
concentrated windingare claimed tdhave shorter end windin®5]. If the axial stack
lengths are the same, short end windiesults inlower copper material and less copper
loss. In addition, concentrated winding is easier to be automatic wounded while the slot
fill factor will be lower if automatized138]. The number of winding layer is not only
determined by the manufacturability, but the performance. The babkhows dferent

performance between single and dodblger concentrated windings.

Winding
I
I I
Distributed winding Concentrated winding
I I
[ ] | | |
Stranded Bar-wound Single Double Multiple
layer layer layers
I I
i I ] I I 1
Single Double Multiple Single Double Multiple
layer layer layers layer layer layers

Fig.5.1. Stator Winding classification.
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Table5.1. Comparison between single and dotdaler concentrated windings

[46][85].
Description Singlelayer Doublelayer
Fundamental winding factor higher lower
Endwindings longer shorter
Slot fill factor higher lower
Mutuakinductance lower higher
EMF more trapezoidal more sinusoidal
Harmonic content of MMF higher lower
Eddy current losses in the PM higher lower
Overload torque capability higher lower

The concentrated winding can be classified to two major kinds. One is overlapping
concentrated winding, also denoted as fractional slot concentrated winding. The other is
nortoverlapping concentrated winding, whicheams the coil is wound on each tooth
separately. Single and double layer windings are populaoweriapping concentrated
winding, shown in the following figure. And the winding factors are different in these two

types of winding for the same slot/polendnination.

To study the magnetic performance affected by the winding, the field solution is studied
and the results are shown in Fig2. In this case, the rotor is set up as a solid cylinder
with same dimension and magnetic material property. The 48sstajle layer distributed
winding has evenly distributed magnetic field for both stator and rotor side. The
penetration of the magnetic field on rotor is relatively deep compared with other
windings. The field solution of 9 sk@&pole combination exhibitthe unbalanced pull,
which is not favored. The 12 slot machine has the strongest localized magnetic field on

the rotor side which leads to higher rotor loss among those five designs.
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Magnetic Flux Density Magnetic Flux Density
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(a) 48 #ots, 600A peak phase current, 3  (b) 9 slots, 340A peak phase current, 3

phases. phases.
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(c) 12 slots, 350A peak phase current, 3 (c) 15 slots, 200A peak phase current, 3
phases. phases.
Fig.5.2. Filed solution at 2100 rpm of different slot numbers with 8 poles, 8 turns
coil, 151mm stack length at the edge of demagnetization.
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5.3 Winding Layout procedure

5.3.1 Terminologies Needs for Winding Layout

(a) Coil span, also known as coil fih, is the circumferential width of a coil, should be
as close to 18 as possible but seldom exceed it to maximize the flux linked to the
coil and therefore maximizes the back EMF induced in the coil. Coil span can be
defining by the number of slot paragnet pole aBquation 6.1).

N (5.1)

Nsm = >
N

m

whereNs is the number of slots, Nm is the number of phase. The nominal coil span in

slots is the integer portion of tl#uation b.1), or the equatiorb(2)

S = ma>? fi>gp1‘\|—s
[

m

- @ol

1
|
where the max(A, A) returns the maxi mum
returns the integer portion of its argument.

(b) Pole pitchis the distance that a magnetic pole covers in thgagr It can be defined
as a function of the bore diameter,dD the number of slots per pole as shown in
Equation 6.3)

[p

5.3

:@Or g —NS ( )
Y p

where p is the pole number.

(c) Number of slot per pole per phasedenominated as q, is definedEguation 6.4):

N (5.4)
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A very high valueof g means a more sinusoidal current linkage, but it also leads to a
higher number of coils and higher manufacturing cost. In practice, two to four coils per

pole per phase are usually desirable in meesira machines.

(d) Winding factor contributes a lot tdhe torque production and can be expressed as
Equation B.5).

. amngb § (5.5)
SNe™> .9 anpl
kwn :kdn(k pn & Q - @OS& 2
msinaa(;’ﬁn|0b 8 ¢
¢ 2 =+
. amnpb
SN snpl
where, k,, = Jn—pbm is distribution factork,, =cosge7 is short pitch factorb is
msin%o ¢
¢

slot angle.b = %) mis the phase band, whichtise group of adjacent slots thie same

S

phasen is the nth order of harmonic field is an integer multiple of the slot angk,

a=k & k:N%L p is the number of pole pairs

S

If magnitude of the #th harmonic mmf progced by concentrated fulyitched winding

is Fn, the magnitude ofthh harmonic mmf produced by distributed shaitthed winding

is Fn kdn kpn= Fn kwn. The effect of distributing the winding is to modify the magnitude
of n-th harmonic produced by our lasconcentrated winding b , which would
increase the torque in electric machines. Shich can be used to reduce the length of

the end windings, which can be particularly significant-pofe machines.

(e) Phase offsetThe phase offset d¢ slotsleads to a 12@ offset between phase A and
phase B, shifting the coils in phase C lpyslots from those of phase B produces
another 12(E offset, thereby creating a balanced winding. The angkd" aflot is

shown a€quation 6.6).
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qs,(k)=k%%60 k%lSO e fork 1,2;-, N,

(5.6)

or g, (k) =rem(( k%lBO_e, 360e) 2 e

S

There will be multiple solutions and any solution works equally welEguation 6.6),

so the smallest is usually chosen. Huogiation £.6) can be simplified to equatioB.7).

3 5 (5.7)
remgég 3Nm,3 81
¢ 2Ny =
wherek, = , Is a valid phase offset if the equation for an integer valugro
h 32’55 148q),i lid ph ffset if th ion f ' lugirof

m

aN :
the range 1 tcge?m- 1 produces an integer results.
¢

5.3.2 Assumptions for the Winding Layout Procedure

(1) Three phases
(2) All slots are filled

(3) There are two coil sidein each slot. That is, the winding can be classified as a double

layer winding
(4) Balanced winding
(5) The numbers of slots per pole per phase is less than or equal to 2

(6) All coils have the same number of turns and all span the same number.of slots

5.3.3 Integer Slot Winding Layout Procedure

The integer slot winding layout procedure is shown asF8).The phase offseteeds
to be found first and then the nominal coil spanrBmber of coils per phase Nph will be
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calculated. Then the first coil will bglaced in phase A and angular offset will be listed.
Next choose a minimum total angular spread gf dils to be the coils for phase A and
phase B and phase C will be determined by the coil offset right after. An example of 48
slots, 8 poles, 3 phaseswding layout demonstrates how this procedure work.

Find the phase offset Kq

A 4
Find the nominal coil span Y

\ 4
Determine the number of coils per phase Ny,

A 4
Place the first coil in phase A

A 4
Find the angular offset

) 4

Reverse the coil direction and change the offset for each
coil whose angular offset magnitude exceeds 90° E

A 4
Choose a total of Ny coils such that the angular spread
among the coils is minimum

\ 4
Using the coil offset determine the winding layout for
phase B and C

A 4
| Check the validity of the winding |

Fig.5.3. Flowchart of integer slot winding layout procedure.
For example

N=4 8 = 8p= 3 .

Phase (kof:f?ZJ—l\llgiélth) 8

. g 4N, & f
gin the rangieli1§ﬁlﬁax‘|3flxag\Ts, s ol o=t
f Qm+?

Number of coNpL:s4BéB=thase i s
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Angul ar squo%lﬂfaOiet_m i s

| f the angl esl8eyOedd ftimal rtehregeri nci pl e
EquatS8opn (
g=rem( g480,360) 48C (5.8)

So the angle, in and out direction for each coll are listed in Table

Table5.2. Colil angle, in and out direction for each coil.
Coil |1 2 3 4 5 6 7 8 9 10 [11 |12
Angle | 0 30 |60 |90 |120 |150 |180 |-150 |-120 |-90 |-60 |-30
In 1 3 4 5 6 7 8 9 10 [11 |12
out |7 8 9 10 |11 12 13 14 15 16 17 |18
Coil [13 [14 [15 |16 |17 18 19 20 21 22 |23 |24
Angle | 0 30 |60 |90 [120 |150 |180 |-150 |-120 |-90 |-60 |-30
In 13 |14 [15 [16 |17 18 19 20 21 22 |23 |24
Out [19 |20 |21 [22 |23 24 25 26 27 28 |29 |30
Coil [25 |26 |27 [28 |29 30 31 32 33 34 |35 |36
Angle | 0 30 |60 |90 [120 |150 |180 |-150 |-120 |-90 |-60 |-30
In 25 |26 [27 |28 |29 30 31 32 33 34 |35 |36
Out [31 [32 [33 [34 [35 36 37 38 39 40 |41 |42
Coil [37 [38 [39 [40 |41 42 43 44 45 46 |47 |48
Angle | 0 30 |60 |90 [120 |150 |180 |-150 |-120 |-90 |-60 |-30
In 37 |38 [39 |40 |41 42 43 44 45 46 |47 |48
Out |43 |44 [45 |46 |47 48 1 2 3 4 5 6

Changing the coil angle by 18and the coil direction is reversed as listed in Tate
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Table5.3. Colil angk, in and out direction for each coil after applyigation 4.8.

Coil 1 2 3 4 5 6 7 8 9 10 11 12
Angle | O 30 60 90 -60 -30 0 30 60 -90 -60 -30
In 1 2 3 4 11 12 13 14 15 10 11 12
Out 7 8 9 10 5 6 7 8 9 16 17 18
Coil 13 14 15 16 17 18 19 20 21 22 23 24
Angle | O 30 60 90 -60 -30 0 30 60 -90 -60 -30
In 13 14 15 16 23 24 25 26 27 22 23 24

Out 19 20 21 22 17 18 19 20 21 28 29 30
Coil 25 26 27 28 29 30 31 32 33 34 35 36
Angle | O 30 60 90 -60 -30 0 30 60 -90 -60 -30

In 25 26 27 28 35 36 37 38 39 34 35 36
Out 31 32 33 34 29 30 31 32 33 40 41 42
Coil | 37 38 39 40 41 42 43 44 45 46 47 48
Angle | O 30 60 90 -60 -30 0 30 60 -90 -60 -30

In 37 |38 |39 |40 |47 |48 |1 2 3 46 | 47 | 48
Out |43 |44 |45 |46 |41 |42 |43 |44 |45 |4 5 6

Choose those coil angles closest tof@ phase A ad minimizing the total spread of
angles will generally maximize motor performance. The chosen coils and angle is listed
in Table5.4.

Tablés.4. Chosen coils for phase A.

Coll 1 2 7 8 13 14 19 20 25 26 31 32
Angle | O 30 0 30 0 30 0 30 0 30 0 30
In 1 2 13 14 13 14 25 26 25 26 37 38
Out 7 8 7 8 19 20 19 20 31 32 31 32

So the winding layout of the 48ots, 8poles, 3phases machine is shown as Tdbte
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Table5.5. Winding layout of the 48lots, 8poles, 3phases machine.

Slot Phase A Phase B Phase C
1 In & In

2 In & In

3 Out & Out

4 Out & Out

5 In & In

6 In& In

7 Out & Out

8 Out & Out

9 In & In

10 In & In

11 Out & Out
12 Out & Out

Note: 13-48 slot repeat the winding layout irlP slot for four times.

The harmorgs produced by conductor density can be used to judge the quality of winding
layout. The fundamental harmonics needs to be maximized to get the larger output torque
and the summation of other harmonics excluding the fundamental should be as small as
possile to minimize the loss.

During Fourier transform, both positive and negative frequencies will be obtained. Since
the negative frequency does not exist, this part will be converted to the negative region by
the complex conjugate. When the frequency donsagnals are converted to the time
domain, the negative frequency will be considered to reproduce the original time domain

signals.
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5.4 Comparative Study between Concentrated and Distributed
Wi ndings for EVOs

In this section, various winding types araliscussed and compared in terms of
performance and manufacturing. Both IPM and SPM rotors are compared-$tot 48
distributed and 9 10- and 15slot concentrated pole winding schemes. The results are
compared for the same performance specification maef supply (voltage and current)

and material requirements.

5.5.1 Winding Connection Design

Similar with distributed windings, the connection of concentrated windings affect the
machine performance significantly. In order to get the maximum torquemmwitimum

loss, the connections with maximum winding factor is selected. Ealend Table 5.7
show the concentrad winding connections for-&nd 15slot 8pole combinationThe
winding connection for 12lot 8pole combination has been shown in TaBl&0 in
Chapterd.5.

Table5.6 Three phase concentrated winding connection for 9 slot mac

3-Phase9 teeth 0 degree choice
Tooth | Mech angle| Elect angle Tooth Cail
1 0 0 1 -Al
2 40 160 2 A2
3 80 320 3 B3
4 120 120 4 -B1
5 160 280 5 B2
6 200 80 6 C3
7 240 240 7 -C1
8 280 40 8 c2
9 320 200 9 A3
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Table5.7 Three phase concentrated winding connection fesl@bmachine.

3-Phase, bteeth 0 degree choice
Tooth | Mech angle| Elect angle Tooth Cail
1 0 0 1 Al
2 24 96 2 B4
3 48 192 3 -A2
4 72 288 4 -B5
5 96 24 5 A3
6 120 120 6 B1
7 144 216 7 C4
8 168 312 8 -B2
9 192 48 9 -C5
10 216 144 10 B3
11 240 240 11 C1
12 264 336 12 A4
13 288 72 13 -C2
14 312 168 14 -A5
15 336 264 15 C3

5.5.2 Preliminary Design of Concentrated Winding Machines

This is the primary step to have a rough idea of how the performance of IPM with
concentrated winding. For all the concentrated windings machines, the same slot area
with Nissan Leaf machine is adopted although there is a slight difference among Nissan
leaf machine, 9 12-, and 15slot stator during the specific cases. So in this step, the stack
length, number of turns and phase resistance are kept the same with the Nissan leaf
winding. The stack length for-8lot and 12slot are all 151mm, the numbertofns is 8,

and the phase resistance is 0.00821q- One
slot and 1zlot IPM concentrated winding machine are all on the edge of
demagnetization and the peak phase current is limited by the demagnetizagsrthe

maximum output torque.

The performance of-Slot and 12slot IPM machine with concentrated windings at base
speed (2100rpm) is shown in Tad8. From Table5.8, we can see that the-sfot

machine generates lower torque with lower cogging toamaketorque ripple compared to
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12-slot machine. However the most severe problem of these two machines is that there is
a high spike in the phase voltage, which means these IPM concentrated winding machines
cannot provide required torque performance wite Bame inverter of Nissan leaf

machine.

Then the SPM rotor is introduced to the 92-, 15slot concentrated winding and
preliminary performance tests are also done with 151mm stack length, 8 turns per coil,
and 0.00821q phase rslownisTadenoc e termimakevoltage s ul t s
of those SPM machines is much smoother than the IPM5FKg5.6,and 57 shows the

phase voltage waveforms of, d2-slot and 15-slot IPM and SPM machines and their
corresponding flux density distribution. It che seen that the local saturation on stator

and rotor causes the high spike on the phase voltage. From machine design side, this issue
can be solved by change the design parameters. It has been noted in this thesis that the
SPM rotor help get rid of thergblem in this situation. Meanwhile, Zhuadtalso pointed

out that the change of slot and pole humber combination can also reduce the distortion in

the phase voltage waveform B341].

Table5.8. Performance comparison amonglét, 12slot and 15slot IPM machine

with concentrated winding at base speed (€20

Description Base speed 2100rpm

9-slot 12-slot 15-slot
Open circuit back RMS 51.857 61.923 63.73
EMF (V) Peak 84.106 93.754 91.48
Maximum average torque (Nm) 169.664 185.116 166.92
Excitation torque ripple* (%) 4.637 18.310 6.57
Vphase RMS (V) 119.514 126.108 117.16
Vphase peak (V) 300.798 217.297 174.43
[ phase Peak (A) 300 230 200
Current excitation angle (Electrical) 25 35 35
Peakpeak Togging(NM) 0.392 3.972 0.13
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Table5.9. Performance comparison among@t, 12slot and 15slot SPM machine

with concentrated winding at base speed (€20

Description Base speed 2100rpm

9-slot 12-slot 15-slot
Open circuit back RMS 61.997 76.959 78.76
EMF (V) Peak 77.484 102.955 125.04
Maximum average torque (Nm) 197.110 250.564 225.79
Excitation torque ripple* (%) 3.038 7.985 2.59
Vphase RMS (V) 90.272 116.094 106.76
Vhase Peak (V) 134.108 175.838 146.98
I phase_ PE2K (A) 340 350 310
Current excitation angle (Electrical) 0 0 0
Peakpeak Togging(NmM) 0.873 7.221 0.63
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Fig. 5.4. BackEMF of 9-, 12, 15slotIPM and SPM machine at 2100rpm.
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Fig.5.5. Phase voltage and magnetic flux density distributib®slot IPM and SPM
machine at 2100rpm, full load
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Fig.5.6. Phase voltage and magnetic flux density distribution edld2IPM and SPM
machine at 2100rpm, full load.
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Fig.5.7. Phase voltage and magnetic flux density distribution esl@6IPM and SPM
machine at 2100rpm, full load.

5.5.3 Concentrated Winding SPM Machine Design and Performance

The SPM machines with concentrated dwrgs are selected as design candidates t
redesigned to meet the requirements of Nissan leaf machine. The design par¢

including stack length and number of turns, are adjusted The final design parame
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