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ABSTRACT

Fractional slot (FS) vernier permanent magnet (PM) synchramacgkines (VPMSMsffer

higher torque/poweoutput capabilityunder ratedoad conditionsIn particular, a compact
structure andhigh torque/power density can be achiewdten combined with concentrated
winding (CW), consequent pole (CP) rotor, and muidtoth stator structuresThis thesis
systematically investigates the effects of end windings, rotor topologigi-6outh pole ISP)

and CP, andmulti-tooth stator structures on the electromagnetic performance, unipolar end
leakage flux caused by the CP structure, asymmetric PM loss and temperature distributions,

and corresponding hotspot locationgonventional FS PMSMs and R®MSMs

Theelectomagnetic performange.g., torque, torque density, power facébec. under arious
machinedesignoptimization scenariobave been investigated and compai@dSPMSMs
with different slot/pole number combinations and rotor topolodikdP(@and CP) accainting

for the effects oend winding, coil pitches, and iron loss under different speeds

Sinceunbalanced magnetic circuits the north and south poles tiie CP structuréead to
unipolar end leakage flya simple and effective comgite rotor, consiting of a normagnetic
shaft and a nemagnetic ring inside the rotor cofehich could be integrated into a single
shaft) is proposed to reduce the end leakage without sacrificing torque capakigy.

proposed structure cagnificartly mitigatetheadverse effects of end leakage.

To further enhancdorque and power densitighe FSCWis combinedwith the multi-tooth
stator. The effect of muftiooth numbers on the electromagnetic performances of NSP and CP
VPMSMs is investigatedndcompared The optimal multtooth number, in terms of torque

characteristics, PM utilization, efficiencgmnd unipolar endebkageis determined.

A finite element analysis (FEA) based harmonic restoration method is utilized to evaluate and
quantify the aymmetric PM eddy current loss density amednperaturedistributions in
SPMSMs which are found to be caused by the interatteween the armature reaction and

PM fields. The resultant PM local hotspots are also investigated. Furthermore, the effect of
amature reaction on asymmetric PM eddy current loss and temperature distributions in

IPMSMs is also investigated and companeth SPMSMs.

All investigations have been carried out by electromagnetic and thermal FEA simulations and

experimental verification
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CHAPTER 1
GENERAL INTRODUCTION

1.1. Introduction

The devabpment ofAlnico magnetdn the 1930snd ferrite magnets the 1950spromotel

the industrial applications of PM machines. The inventioBraCo magnets ithelate 1960s

and NdFeB magnets ithe ealty 1980s accelerated the development of PM machines and
improved machine performance significantly. The development ofgegbrmance PMs is

still ongoing, aiming to improve the remanence, resistance to demagnetization, and resistance

to corrosion and temperature.

In generalelectrical machines can be dividlento brushed and brushless machines. The major
differencebetween them is that brushed machines hgeommutatorand brusheswhile
these mechanical contacted components are replaced by electronically comveltes in

brushless machines withelilevelopment of semiconductor technology.

Tablel.1 compares the main advantages and disadvantages of brushed and brushless machines.
Brushless machines can be divided into synchronous and asynchroachisesdepending
onwhether he rotational speed of the rotor is synchroniz@l the rotating magnetic field of

the stator as shown Fig. 1.1.

( Electrical machines )

v v

Brushless machine Brushed machine
v v
Synchronous Asynchronous ¥ Induction machine
v v
PM machine Non-PM machine | Reluctance machine
v v v
Rotor-PM Stator-PM Dual-PM

Fig. 1.1. Classification of electrical machines



Tablel.1 Advantages and Disadvantages of Brushed and Brushless Machines

Brushed machines Brushless machines
Lifetime Short (brusksand commutator) Long
Maintenance High Low
Speed Medium High
Torque Medium High
Efficiency Medium High
Electrical noise High Low
Acoustic noise High Medium

Weight and size Large More compact

Cost Low High

The induction machina Fig. 1.2 (a) isanasynchronous machirend has the advantages of
high reliability, low cost and selstartingcharacteristics [DEP88Even though the induction

rotatingmagnetic fields betweehe stator and rotor

Synchronous chines can be divided into two categories: -Rivh machines and PM
machines. The reluctance machine shownFig. 1.2 (b) is a typical type of no#M
synchronous machine with the feature of high raiest andsimple structuremaking it
suitable for harsh operation environments. However, this kind of machine has common

drawback of low torque density, low poweattor, andhigh torque ripple [BIAOS].

To improve torque output capability and increase torque/power density, PM mactanes a
widely investigated. PM machines can be divided into ¥Btdrmachines, statd?M machines,

and dualPM machines according to Plglcations. According to PM configurations, rotétM
machines can birtherdivided into SPM and IPM machines as showfim 1.2 (c) andFig.

1.2 (d) [CHAO08].

Owing to high torque density, high efficiency, gil@ structure, and easy control, PM machines
have been extensively employed in various applicationsa@gspace, domésiappliances,
electricor hybrid electric vehicles, wind power generation, etc. [ZHUOQ7] [PEL12] [POL13]
[HE22]. Due to climateharge governments are paying more attention to B¥sause¢hey

emitfewergreenhouse gases over their lifetime than convealttigasolingoowered vehicles.



PM machines are one of the most preferred motor types in EVs and have attracted significant

attentionin recent years.

To save the overall cost of machineesjucePM volume, and increase PM utilization, CP PM
machines, as stwn inFig. 1.2 (e), also attract significant attention [AMEO5].

The flux reversal PM machine [WANO1] and sefied flux PM machine [HOA97], illustrated
in Fig. 1.2 (f) andFig. 1.2 (g), aretypical typesof statorPM machines. Movinghe rotor-PM
to the stator side makes the thermal management of the machine systersiaasboth PMs
and armature winding are placed on the stator side [CHRAIU]L5a] [WU15b].

Fig. 1.2 (h) shows the dug?M machine. The dual PM and bidirectional field modulation effect
effectively improve torque output capability and torque density [NIU14]. However, the dual
PM machine haa complex structurecosts a large amount of PMad hagooreroverload
capability.

This chapter will review the state of the art of re®W synchronous machines, especially the
FS PMSMs and VPMSMs, which will be the primary focus of this thesis. Section 1.2 will
introduce the machine topologies in terms of winduogfigurations, rotor topologies, and
stator structures. Afterward, Section 1.3 will review the challenges of FS PMSMs and
VPMSMs, including torque enhancement, unipolar end leakage flux in CP structure, thermal
management of PMs, etc. Finally, the reskaeope and major contributions of this thesis will

be illustrated in Section 1.4.



(a) Induction machine. (b) Reluctance machine

(c) SPM machine

(e) Consequent pole PM machine. (f) Flux reversal PM machine.

(g) Switched flux PM machine. (h) DuatPM machine.
Fig. 1.2. Topologies of brushless electrical machines



1.2. Permanent Magnet Synchronous Machines

This section will introduce the topologiesrotor-PM synchronous nthinesin terms ofrotor

topologieswinding configurations, and stator structyras shown irig. 1.3.

—p North-south pole SPM
—P ROtm: > Consequent pole PM
topologies
—> Interior PM

Non-overlapping concentrated winding

Overlapping distributed winding
Rotor-PM Windin
g . A
e —> SR TR Overlapping concentrated winding
—>

Open slot stator

—P L p| Semi-closed slot or closed slot stator
structures

—> Multi-tooth stator

Fig. 1.3. Classification of otor-PM synchronousnachinesn terms ofrotor topologieswinding

configurations, and stator structures
1.2.1. Rotor topologies

From the perspective of PM positeaf rotor-PM machines, the PMs can be placed on the

surface of the rotor iron core or embedded into the core.
1.2.1.1. Surfacemounted PM

There are tree common structures when the PMs are placed on the rotor surface as shown in
Fig. 1.4, including SPM, surface inset PM, and Halbach PM. The SPM rotor has a simple
structure for design and manufacture, as well as high efficietayever, it has no reluctance
torgue and requigea retaining sleeve when used in high speed applications [PIL91] [BIAO4].

The drawbacks of SPM can be improved by using the surface inset PM rotor as the salient iron



core helps to generate reluctance torajuefix the PMs,but the flux leakage will inerase and
sacrifice the torque output capability. Halbach PM rotor has inherently sinusotdajpdield
distribution, leading to negligible cogging torque, essentially sinusoidal back EMF, and lower
iron loss[HAL80] [ZHUO1]. However, the Halbach structuleads to complex magnetization

and assemblingrocesss
1.2.1.2. Interior PM

The IPM structureBRA52] [STR57 can utilize the reluctance torque component to improve
the ratio of torque per PM volume, elimindte heedo retainPMs, andachievehigh withstam

to demagnetizatiorkig. 1.5 illustrates typical IPM rotor structures, includingype inFig. 1.5

(a), V-type inFig. 1.5 (b), U-type inFig. 1.5 (c), deltatype inFig. 1.5 (d), spoketype inFig.

1.5 (e), and multilayertype in Fig. 1.5 (f). Compared with the-type, other structures,
especially the spoktype, have better flueoncentrated effects, which can enhance thgagr

flux density and improve the torqueitput capability BIN75]. Generally, the Mype has a
higher salient rate and generates higher saliamrqué, which offers a wider constant power
region [BIN78]. The multiayertype can provide higher reluctance torque and has the

potential to generataigher torque [HON97].
1.2.1.3. Consequent pole PM

The CP structure is attractive and has been employed in SPM and IPM machines to reduce the
PM volume and increase the PM utilization [CHU12] [WU14b] [CHU15] [LI18a] [ZHA19]
compared with conventional NSP structuiiustrated in the previous section. Medmile, iron

poles in CP structures act as modulators, enhancing the field modulation and magnetic gearing
effects, thereby increasing the torque density. The CP structure can be applied to almost every

SPM and IPMopology as shown iRig. 1.6.



(a) SPM.

\4

(b) Surface inset PM.

A

\4

(c) Halbach PM.
Fig. 1.4. Common surface PM rotor structures






(3

(a) SPM CP. (b) Halbach CP.

P
¢

(c) I-type CP. (d) V-type CP.

'
3,

3
¢

(e) U-type CP. (f) Deltatype CP.

A}
4

(g) Spoketype CP. (h) Multi-layertype CP.

x

L g
>

&

Fig. 1.6. Common CP rotor structures.



1.2.2. Winding configurations

From the perspectivef winding configurationsPM machines can be configured with
overlaping winding and noroverlappingwinding. On the one handyverlappinglISDW, as
shown inFig. 1.7(a), having integral slot numbers per pole per phase, can achieve high winding
factors by using the DW configuratianbhis allows tlem toachieve the largestindamental
harmonic winding factor for maximum average output torque. Si8BP& machineshave
more sinusoidal winding MMF wavefosmwith fewer higter order harmonicsthey are
beneficial for reducing iron and PM eddy currensks[RED12] [REF10Most importantly,
ISDW can utilize the reluctance torque to achieve high torquBMevolume and thus reduce
the usage of PM©n the other hanahonroverlappingF<SCW PM machines, as shownHig.

1.7 (b), which haveFSnumbers per pole per phase have been extensively investigededy
Comparedio ISDW PMSMs due to shorter end windings and lower copper use§&wW
PMSMshave the advantages of higbwer and torque densities, high efficiency, lower torque
ripple, arl enhanced flux weakening capabiliBHUO7] [REF10]. However, FSCWMSMs
result in significantly reduced reluctance torque and abundartiasutonic field contents,
leading to higher iron and PM losses [BIA09b] [WU14Hhe two coil pitcheswinding, as
shown inFig. 1.7 (c), can achieve a trad#f between ISDW and FSCW.

1.2.3. Stator structures

From the perspective of stator tooth structures, stators can be divided sedstti stator,
semiclosedslot stator, opesslot stator, and muktooth stator as shown Fig. 1.8. Different
stator structures have their advantages and disadvantages [TOB99] [LIB06] [WU12] [VU13]
[Z2IV13] [zOU17a] [LI18a] [LI18b] [LI19a] [TANZ20].

The closeeklot stator has higher equivalent aigap permeance but also produces higher slot
leakags. It reduces the permeance pulsation which is beneficial to reduce the airgap harmonics.
The closesslot structure also has better mechanical support for coils but it creates di$iculti

in manufacturing and putting coils into slots. On the contrary, the-sipt stator, with the slot

fully exposed to the aigap, is easier to manufacture and put coils into slots. However, it will
reduce the equivalent egap permeance and cause mdiféculties for supporting coils. The
semiclosedslot stator, as a compmise between the closstbt and opersslot structures,

offers some mechanical support for coils and provides slightly higher equivalayapair
permeance compared with the oot stator. The stator teeth of the mutioth stator are

split into severedummy slots to produce the multipole effect. Therefore, the +tadth stator
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is widely used in vernier machines together with -ogarlapping FSCW, offering the
advantages of shbaxial end winding and high torque/power density. However, the slots
betveen theteeth create large dead spadeading to less area awable for the armature

winding [TOB99].

(c) Two coil pitcheswinding.
Fig. 1.7. lllustration of different winding configurations.
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(a) Closeeslot stator. (b) Semiclosedslot stator.

e

(c) Openslot stator. (d) Multi-tooth stator

Fig. 1.8. Common stator structures.

1.2.4. Fractional slot and vernier PM synchronous machines

Although there are various machine topologies, this thesis focuseseentional FS PMSMs

and FS VPMSMs with NSP ardP rotor structures. For convenience, the conventional FS
PMSMs will be designated as FS PMSMs, while FS VPMSMs will be simply designated as
VPMSMs. Fig. 1.9 shows typical machine topologies of FS PMSMs and VPMSMs analyzed
in this thesis, including VPMSMs with ISDW/FSCW, singteth/multitooth stators, and
NSP/CP rotas. The state of the art for FS PMSMs and VPMSM¢ kel reviewedn the next

section.
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(e) FSCW andnulti-tooth stato NSP VPMSMs. (f) FSCW and multtooth statoiCP VPMSMs
Fig. 1.9. Typical machine topologies of F8VISMsand VPMSMs analyzed in this thesis.
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1.3. Challenges of Fractional Slotand Vernier PM Synchronous

Machines

1.3.1. Machine topologies

Vernier motorsarefirst proposed in [LEE63] withreluctancetype rotor as shown irig. 1.10.
The concept othe modulated field is alsintroduced into cageless induction machines in
[BRO7]. The advancement of PM materials and PM machi@ssdrivenresearch on PM
vernier machinesnd further enhancd the torque desity [ISH95] [TOB99] [TOBOQ]. Fig.
1.11 shows the PMM proposed in [ISH95]. Due to tirelow-speed and hlgtorque
characteristics, VMs are promisingrdidates for dectdrive applications such as wind

turbines and inwheal motors.

The working principle of VPMSMs, i.e., the field modulatieifiect, is illustrated inKIM14]
[LI18b]. The magnetic gearing effect and the gear ratio in FSCW PMSMs with different phases
and slot/pole number combinations are revealed 2RU18a] [LIU19]. Conventional
VPMSMs are opesslot ISDW as shown ifig. 1.12, which have high average torque but low
torque density due to long axial end winding length [TOB99] [XU15]. Various machine
topologies are proposed to improve the penance of VPMSMs.

Fig. 1.10. Vernier motor proposed in [LEEG3].
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Fig. 1.11. PMVM proposed in [ISH95].

Fig. 1.12. Conventional pen-slot 12-slot/2Gpole overlapping windiny PMSMs.

FSCWis introduced to achieve higher torque density and optimalleakening capability
due to its short axial end winding length and increasing phasetarsie [REF05] [REFO06].
The torodalwinding is also used to improve the torque densitya afuatrotor axiatflux
VPMSM [ZOU17b]. The hybrid excitation VPMSMs with DC current or Eased sinusoidal
current excitation are proposed with thexibly adjusted exciting field, fluxveakening
capability, enhanced torque output capability, and improved power factor [CHI16] [WAN17b]
[LI17] [JIA17] [JIAL8]. Fig. 1.13 shows the FSCWM in [REFO05],toroidatwinding VM in
[L115a], hybrid excitation VM with DC current exctian in [WAN17b], andVM with DC-

biased sinusoidal current excitation in [JIA17].
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rmature
Winding

DC field
Winding
(c) Hybrid excitation VM with DC current (d) VM with DC-biased sinusoidal cume
excitation in [WAN17b] excitation in [JIAL17].

Fig. 1.13. VMs with different winding confjurations

Multi-tooth stator stictures areinvestigatedn [LI10] [YAN13] [OKA13] [ZOU17a] [LI18c]
Combired with FSCW, multi-tooth statorVPMSMs can have the advantages of short end
winding and highmodulation pole numbers simultaneousfome special stator tooth
structures are proposed in [FAN22] [DU22] [FANZ23], which could introduce specific
permeance harmonidsr achievng better fieldmodulation effectFig. 1.14 shows the muli

tooth stator VM in [LI10] andhe codingshaped tooth stator in [FAN22]
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(a) Multi-tooth stator VM in ZOU174. (b) Codingshaped tooth stator in [FAN22].
Fig. 1.14. Multi-tooth stator and codirghaped tooth stat®fMs.

Various rotor topologies are proposed and investigaiedPMSMsapart from conventional

NSP rotor VPMSMs [REFO05] [REFO06] [LI110] [YAN13] [OKA13]rhe CP rotorcan beused

to save PM volume and improtteefield modulation effecfCHU11] [LI15a] [YAN20a]. The
flux-memoizableconcept and vernier structure are combined in vernier memory machines to
achieve flexible fluxcontrollability and expand highpeed constasgower region [LIU14]
[YAN14]. In addition,the Halbach array PM, with the advantages of enhancing main flux and
reducing flux leakage, is used to improve torque capability, power factor, and efficiency [XU16]
[YAN21] [JIN22]. Moreover,the V-type and spoké&ype PM rotors are used to achieve better
flux-concentrated effect [KIM16] [LI15b] [LIU1 [XIA22]. Furthermore, thelaw-pole rotor

can be used to enhance the field modulation effects and increase the torqueddAgIR}
[LIU23]. Fig. 1.15 shows the NSP rotor VM in [REF05], CP rotor VM in [CHU11], vernier
memory machine in [LIU14], Halbach array VM in [XU16], speiee VM in [KIM16], and
claw-pole rotor VM in [ZHAZ22].

The PMscan be moved to the stator side to form flux reveosawitched flux VPMSMs,

which can utilize the simple salient rotor structure for easy thermal management. Meanwhile,
higher magnet utilization and torque density can be achieved [WU15a] [EVA15] [GAO16]
[YAN20a]. The PMs can be placed on both stator atat sides to form the dud@M structure

and improve torque density and power factor [ISH95] [TOB99] [NIU14] [JAN14] [XIE17]
[ZHA16]. Fig. 1.16 shows the statePM VM in [GAO16] and duaPM VM in [ISH95].
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(a) NSP rotor VM in REF03. (b) CP rotor VM in CHU11].

agnetic
gear

(d) Halbach array VMn [XU16].

(e) SpoketypeVM in [KIM16]. (f) Claw-pole rotor VMin [ZHA22].
Fig. 1.15. VMs with different rotor topologies
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(a) StatorPM VM in [GAO1§. (b) Dua-PM VM in [ISH95.
Fig. 1.16. StatorPM and duaPM VMs.

Dual stator structures are also used to improve the power factor and torque [d€)BA9]
[ZHA144a] [LI14a] [LI14b] [LI15b] [WAN17a] [HUA24], as well adual rotor structures
[NIU10] [ZOU17Db]. Fig. 1.17 showsthe dual stator VM inLI15b] andthe dual rotor VM in
[NIU10].

QOuter rotor

stator

(a) Dual stato’VM in [LI15b]. (b) Dud rotor VM in [NIU10].
Fig. 1.17. Dual stator and dual rotor VMs.

Fig. 1.18 shows themachine structure anagfrrangement oPMs in VMs. Various VPMSM
topologies are psmted. There are still many issues that require further investigation,
including torque output and torque density enhancement, unipolar end leakage flux in CP rotor
structures, thermal managementPMs, etc. The arrangement of the research topics of this

thesis is illustrated ifrig. 1.19.
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Fig. 1.19. Research topics in this thesis.
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1.3.2. Torque output and torque density enhancement

The torque and torque density can be improved by carefully choosing proper winding

configuratiors, rotor topologies, and stator structures.
1.3.2.1. Rotor topologies

From the perspective of rotor topologies, the CP rotor is attractiveasnoeen employed in
PMSMs, such as CP VPMSMs and CP FS PMSMs, to reduce the PM volume and increase the
utilization of PMs[TOBO00] [HEN94] [CHU12] [ZHU1&] [LI18a]. Especially for CP
VPMSMs, the CP structure can increase the torque density as the iran gmieg as
modulators, can enhance the armature reaction field, large winding inductance, field
modulation and magnetic gearing effects. The field modulation effects between NSP and
structures are compared in [GAO16] [LI20] [LI21], which shows thatGP structure can
generate higher modulated torque. The field modulation effect and torque component of CP
VPMSMs with 2 multiteeth are investigated in [XU17] [JAN19] [ZHOC49ZHA20] [LI22],

which shows that the torque output capacity can be enhanegiuiea with conventional NSP

VMs and singletooth stator VMs.

For FSCW PMSMs, the CP rotor structure can reduce aroud@®%0of PM volume, but the
average torque will bslightly reduced [CHU15] [LI18a]Fig. 1.20 shows the NSRnd CP
PMSMs in [CHU15].

For VPMSMs with higher rotor pole numbers, the CP rotor structure can generate higher
modulated torquegnhance torque output capacity, and have the potential to generate higher
torque than the NSP rotor [JAN19] [ZHCH49Fig. 1.21 shows the NSP and CAPMSMs in
[JAN19].

For IPMSMs, the CP rotor structure helps to reduce PM volume and increase the average torque
simultaneously, resulting in higher efficiency at lower speed conditions [WU14b] [ZHA19]
[ONS19g. The CP rotor IPMSM has better demagnetizatiotihhstand capability compared

with their SPM counterparts [ZHO19b]. An asymmetric modular CP rotor is proposed to
improve the flux-weakening capability and wide constant power operatiospoketype

IPMSM [L119b]. The hybrid excited machines with CP rd® and stator DC field winding

are proposed to achiewan extended operation range with flweakening field excitation
[CAI21].
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(@) NSP. (b) CP.
Fig. 1.20. NSP and CP PMSMs in [CHU15].

(a) NSP. (b) CP.
Fig. 1.21. NSP and CP VPMSMs in [JAN19].

1.3.2.2. Winding configurations

From the perspective of winding configuratiorBMSMs are normally configured by
overlappng DW or nonoverlapping CW. On the one hand, PMSMs having integral slot
numbers per pole per phase, could achieve high winding factors by using the DW
configuratons, i.e., they could achieve the largest fundamental harmonic winding factor for
maximumaverage output torque. Since an ISIRMSM has more sinusoidal winding MMF
waveform with fewer higér order harmonics, it is beneficial for reducing iron and PM eddy
current losses [RED12] [REF10]. On the other hand, FS PMSMs whichH&awembers per

pole per phase hze been extensively investigated. In comparison to ISDW PM$@EW
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