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ABSTRACT

This thesisanalyses the electromagnetic performance and mechanical stress qihtésee
permanent magnet (PM) motors faltra-high-speed (180krpmapplication together with

investigation on the influence of rotor eccentricity and winding circulating current.

Firstly, 6-slot/2pole (6s/2p)high-speed permanent magnet (HSPM) motors with 1, 2, and 3
slot-pitch windings are dsgned, optimized, and compared, accounting for their different
winding factors, endvinding lengths, and endinding axial lengths. It shows that for high
speed applications, compared with 1 and 3-giteth windings, the motor with 2 slgitch
windings has a good tradeff between winding factor and ewdnding axial length, and is
attractive for improving torque density. In additi@s/2pHSPM motors with alternate layouts

of 2 slotpitch windings are analyzed and compared withsto82-pole (3s/2p)HSPM motor

with nonroverlapping windings due to same winding factor. It indicates that compared with the
3s/2pPM motor, the6s/2pPM motors with 2 slepitch windings have advantages, e.g. high
torque, small phase inductance, low rotor loss, and no umglamagnetic force (UMF),

which are desirable for higépeed operation.

Secondly, the influence of rotor eccentricity on electromagnetic performances cptie 2

PM motors is investigated. F@s/2p motors, static rotor eccentricity leads to unbalanced
magnitudes and phase angles of fundamental back electromotive force&klskof three
phases, while dynamic rotor eccentricity results in asymmetric positive and negative half
periods in the phase ba&VIF waveform. For6s/2p motors with 1, 2, and 3 apitch
windings, when strong magnetic saturation exists, the static rotor eccentricity leads to slight
unbalanced bacEMFs of three phases. In addition, the circulating currents in the parallel
connected windings due rotor eccentricity are analgd. It is shown that with the circulating
currentsthe various loss componerdee increased, and the average torque and torque ripple

remain almost unchanged, but the average UMF and cogging torque are reduced.

Finally, several prototype motors haleen manfactured andsuccessfully operated up to

180krpm, and particularly, the influence of rotor eccentricity is experimentally validated.
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CHAPTER 1

GENERANTRODUCTI ON

1.1. Introduction

In the last few decadesigih-speed electrical machindave been intensively and extensively
researched and are popular in industrial and domestic applicai@hsling compressors,
vacuum pumpgurbine generatorsnachine tools, flywheel energy storagasd so on [BIAO4]
[BOR12] [GER14] [SHE18].Compared with lowspeed and moderagpeed conventional
electrical machines, higspeed electrical machines offadvantages such as high power
density, small size, and light weight. More importantly, hépleed electrical machines can be
directly connected to higbpeed loads, and conventional gear boxes are no longer needed,
which avoids complex gear box systemspioves system efficiency and reliability, and
reduces system vibration, noise, and ¢BsA04] [ARKO5] [LIS16] [GER14] [SHE18]. With

the revolution in the field of power electronics converters, the problem of high frequency
caused by higispeed operatiois no longer a restriction. Meanwhile, the development of-high
speed electrical machines is also supported by the development-Gpleigth bearing systems

with high robustness, less loss, and long lifetime.

In general, there is no specific speed that lba a widely accepted standard for hageed
electrical machines [ SHE18]. Howevespeeda 0Ogu
electrical machines in [MIL91] [GER14], which is a product of the rated rotating speed and the
square root of rated outppower, i.e. rpr@ k W. This value can al so ¢
degree for the design of higdpeed electrical machines. Since the dynamic problems can be
neglected when the electrical machines operate below 100,008 kpiv, the elect
machines witha value of more than 100,000 fgnk W coul d be -speeli ned
machines. In [LIS16], the tip speed, i.e. the rotor surface line speed, is presented as a better
way to define the higlspeed electrical machines since the rotor surface speeds canl laes use

the critical speeds under different design considerations, such as the constraints of rotor

mechanical stress and rotor dynamic characteristic.

This thesisinvestigates zpole ultrahigh-speed (180 krpm) permanent mag@egHSPM)
motors with differentvinding configurations for domestic appliance applications, e.g. vacuum

cleaners, focusing on electromagnetic performance with due account for rotor eccentricity.
This chapter reviews the development of heggieed electrical machines, especially for three
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phase permanent magnet machines. Section 1.2 analyses the characteristics of different high
speed electrical machine technologies, i.e. induction machines (IMs), switched reluctance
machines (SRMs), and permanent magnet machines (PMMs). The stator es;ueinding
configurations, and rotor constructions of thpgese higrspeedpermanenmagnet machines

are summarised in sections 1.3 and 1.4. Then, section 1.5 discusses several parasitic effects due
to highspeed operation, such as stator iron lossyradting current (AC) copper loss, rotor

eddy current loss, windage loss, rotor dynamics, vibrationtterdnology Finally, the scope

and contribution are shown in section 1.6.

|t is worth -aspeeéechgeldatr iichalghmaaé i fispeed h wi | |

machineso throughout this thesis.
1.2. Various Machine Types

In general, three machine types are often employed fordughd applications, i.e. IMs, SRMs,
and PMMs. In this section, their advantages, disadvantages, and applications wilkkbedevi

and compared.
1.2.1. Induction Machines

With simple rotor structure and high mechanical strentifs are potential candidates for
high-speed applications, especially for the IMs with solid rotarcsures [ARKO05] [GER14],
Fig. 1. 1.

In general, with convaional laminatedrotor structures, the highest surface speed of IMs is
around 185 m/s [ZHA16b]. Beyond 185 m/s, the high strength laminatiosolid rotor
structure, Fig. 11 (a), should be used to improve the rotor structural integrity. Due to the
inherent robustness of solid rotor structure, the limitation of the tip speed can be larger than
400 m/s [ARKO05]. [PYR10] designs anN8W 6.6-kV 12 krpm IM with a slitted solid rotor
strudure for gas compresss Fig. 1.1 (b). Slitting can increase the flumto the rotor and
decrease the rotor eddy current loss, but it increases friction coefficients of the rotor surface,
which leads to large agap friction loss, especially for higgpeed operation. In addition, the
mechanical strength of the rotor is desed due to slitting, which results in a relatively low
critical speed, e.g. 204 m/s. In [SHA96], a copper layer is employed to improve the mechanical
strength of the solid rotor, Fig. 1. 1 (c). Compared with the smooth solid rotor, the copper layer
not anly improves the rotor stiffness but also increases the efficiency since it is equivalent to

rotor bars and endngs. However, the copper layersults in large aigap and smalkir-gap

2



flux density, which leads to relatively low power factor and povesrsdy. In [LHAOZ2], the

slitted solid rotor with a squirrel cage is proposed to balance the power density and mechanical
strength, Fig. 1. 1 (d). Compared with the solid rotor with a copper layer, the squirrel cage rotor
has higher power density and eféiocy but less mechanical strength. In [FOD14], an induction
machine, a switched reluctance machine, and a permanent magnet machine are designed and
compared for higtspeed applications under the same output performance, i.e. 20 kW @ 26
krpm. However, the anclusion in [FOD14] is doubtful since it shows that the IM has the
highest power factor, while the IM has the lowest power density and efficiency compared with
both SRM and PMM.

@ @

(a) Smooth [BUMO06] (b) Slitted [PYR96] [HUPO4]
(c) Coated [SHA96] (d) Caged [LAHO0Z2]

Fig. 1. 1. Four solid rotazonstruction®f IMs.

1.2.2. Switched Reluctance Machines

Due to simple structure, high robustness, low cost, and high temperature resistance, the
switched reluctance motors have received much attention inshigdd applications. In
literature, the highest power of higipeed SRMs is 250 kW @ 22 krpm [RIC97]dahe
highest rated speed is 200 krpm with 1.0 kW rated power [MORO0Q]. In [FOD14], compared
with IM and PMM, theSRM with the longest stack length has the largest stator iron loss, and
its efficiency and power density are lower than those of PMM. Howévertotor of SRM
without copper and magnets play an important role for several specific applications, especially
3



for high temperature highpeed operation. [BOR14a] designs a 45 kW 32 l&gipswitched
reluctance machine with a novel rotor geometry fmoapace applications, which is a harsh
environment with high temperature and strong radiation, Fig. 1. 2 (a). [IKA14] designs a 100
kW 20 krpm 36slot/2-pole synchronouseluctance machine with a novel rotor construction

including CuAl alloy and iron bas, Fig. 1. 2 (b).

Iron bars

Cu-Al alloy

(a) [BOR144] (b) [IKA14]

Fig. 1. 2. Novel rotoconstruction®f reluctance machines

1.2.3. Permanent Magnet Machines

Compared with IMs and SRMs, PMMs have the highest power density and efficiency, lowest
mass, and shortest stator aetigngth. In [ARKO5], the solidotor IMs are compared with the
PMs, and the results show that under different operation points, i.e. 30 krpm @ 540 kW, 60
krpm @ 95 kW, and 100 krpm @ 30 kW, and similar constraints, the permanent magnet
machines always hawhigher efficiency and almost 50% larger torque density than the solid
rotor induction machines. Meanwhile, compared with IMs and SRMs, PMMs are much less
sensitive to akgap length, which is desirable for higpeed operation. Therefore, tAMMs

are tle most attractive machine type for higbeed applications.

In general, he highspeed permanent magnet (HSPM) machines include sihgise and
threephase HSPM machines. The former has been employed iwpdawer household
applications due to simple motor structure and low cost. HoweVesself-staring issue and
needsspecial design for starting. The latter has high power density, high power factor, and
large output torque, which can be employed in industrial and domestic drives. In this section,

the singlephase and threghase HSPM machines are reviewed in detail.



A. Single-phase

Based on the conventional singlbase induction motor, the singdyase capacitestart
permanenimagnet (PM) AC linestart motor is designed and analyzed in [MIL85]. The stator
remains the same structure as that of the conventional induabitm, rand the rotor structure
consists of permanent magnets and cage windings, Fig.1. 3. The permanent magnet can
improve the efficiency, power factor, and power density, but it may decrease the starting torque.
Therefore, the cage windings are used twigsufficient starting torque. Although the single

phase capacitestart PM AC linestart motor can be employed for pumps, air conditions, and
fans [KURO4],the complex rotor design and low mechanical strength results in low critical

speed.

Fig. 1. 3.Rotor structure of singiphase capacitestart PM AC linestart motor [MIL85].

[MAY89] develops a singlphase brushless direct current (BLDC) motor with a bifilar stator
winding and asymmetric stator pole faces, and [HUA99] designs a-gihgte BLDGspindle

motor for digital versatile disc (DVD) and hard disk drive (HDD) applications. In those single
phase BLDC motors, the salient poles of the stator are reshaped to reduce cogging torque, and
an automatic phase adjuster is used to increase torqedfisrehcy. Compared with the three

phase motor, the singfghase motor offers advantages in terms of low cost and simple
manufacturing. However, in [MAY89] and [HUA99], the singlbase BLDC motor employs

an outer rotor structure, which has a large retofface speed and lisnited for high-speed

applications.

In [BEN99], a universal motor, a thrgghase PM BLDC motor, and a singlbase PM BLDC
motor are designed and compared for vacuum cleBuerto theselfstarting problems caused
by the nullpoints in the torque waveform, various asymmetric stators, i.e. asymmety@zsr
including tapered air gap, stepped air gap, asymmetric auxiliary slot, asymmetritigepth
are designed to provide a sufficient starting torque and a smooth torque wasta®tmlow
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cogging torque [BENOQ], Fig. 1. 4. The results show that compared with the universal motor,
both PM BLDC motors have better torque/speed and efficiency/speed performance and less
noise and electromagnetic emissiofbhoughthe singlephase mair with lower cost is more
suitable for consumer products which are extremely sensitive to theéhmosiregophase motor

with larger torque and higher efficiency is more attractivee to the inner rotor structutee

PM motors with low rotor surfacgeed aralesirablefor high-speed applications [ZHOB].

For highspeed=SPMmotors [WONO06] [JANO5] [CHEO6], the asymmetric rotor, i.e. tapered
air gap, is also employed to meet the requirement of large starting torque. In [CHEOG6], the rotor
pole-arc and aymmetric rotor pole surface are optimized to improve the starting torque and

decrease the cogging torque of a higpieed singlphase FSPM motor, Fig. 1. 5.

It is worth noting that the mentioned singlbase PM motors employ cylindrical stator and
cylindrical rotor, while the singlphase PM motors with idhape stator and cylindrical rotor
are also developed to ease manufacturing and reduceEf®0ED], Fig. 1. 6. In higtspeed
applications, Dyson Company designs a 105 krpmolké singlephase PM BLDC matr with
double Ushape stators and cylindrical rotor for vacutleanersnd hair dryers [DYS11], Fig.
1. 7, which is a welknown stator structure for singghase HSPM motor due to light weight,
low cost, and high efficiency. Due to easy manufacturing, Hehdpe stator structure is
employed in a 200 krpm thrgghasdUHSPM motors for drilling applications where the space
in the tool head is limitefTUY14], Fig. 1. 8.

Overall, although the singlehase PM motor has several advantages, especially low cost, it has
lower power density and efficiency compared with the tmege PM motorin addition the

nortuniform airgap distribution may lead to vibration and noise under-Bgged operation.

(a) Tapered air gap (b) Stepped air gap



Asymmetric
auxiliary slot

Asymmetric
tooth-tips

(c) Asymmetric auxiliary slot (d) Asymmetric tootkips

Fig. 1. 4 Different stator structuretor seltstarting[BENOQ].

Fig. 1. 5. Singlephase=SPMmachine topology [CHEO6].
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Fig. 1. 6. Singlephase PM motor with t$hape stator structureRTO0S.
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Fig. 1. 8. Thregohase PM motor with 8hape stator structure [TUY14].
B. Threephase

As mentioned beforehteephase PM BLDC motorsffer advantages in highower density

high efficiency,and no selktarting issueFor the statef-the-artvacuum cleaners, e.g. Dyson
V15™ Midea Z7M, and Philips SpeeBro Max, etc., the requirements of higiheed motor
mainly focus on high power density, high efficiency, low vibration and noise, small size, and
lightweight. Therefore, threphase PM BLDC mtors may be moreompetitivethan single

phase motors for statd-the-art vacuum cleaners.

Besides?M BLDC motors,PMSMsare strongly recommended foigh-speedapplications. In
general, the main differences between the BLDC motor and PMSM include cjegtiex
current waveforms, square waveform is essential for BLDC motors and sinusoidal waveform
for PMSMs, and (b) the baaectromotiveforce (backEMF) waveforms, i.e. trapezoidal
waveform is desirable for BLDC motors and sinusoidal waveform for PM&Msder to
reduce torque ripples. However, employing-pde parallel magnetized rotor structure, the

PM BLDC motor has sinusoidal agap flux density and baekMF waveforms [ZHU97].

Threephase HSPM motors have various machine topologies and windimiggwerations.
Firstly, for highspeed operation,-gole and 4pole rotors are widely employed to limit the
fundamental frequency and reduce the stator iron losses and switching losses in the power
electronics converter. Secondly, the slotted and slosksdser structures are selected to meet
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the design requirements. In general, for higlwer, largesize HSPM machines, the slotted
stator is appropriate, while the slotless stator structure is more suitable fpoveev, small
size,UHSPM machines. Therefe, the slot/pole number combination should be considered,
which affects the winding factorptor loss,and UMF. Thirdly, the overlapping and nen
overlapping winding configurations have different characteristics when combining with
different stator strucires. The overlapping winding configurations include-fuithed and
shortpitched windings, Fig. 1. 14, while the nomerlapping windings can be divided into
concentrated, toroidal, and skewed slotless windings, Figs. 1. 18 and 1. 19. All the winding
configurations can be employed in slotted and slotless stator structures, except for the skewed
slotless windings, which can only combine with the slotless stator. Fourthly, witfséggu
operation, the centrifugal force leads to huge mechanical stréss iotor and may destroy

the magnets and rotor laminations. Therefore, various rotor constructions in interior PM (IPM),
surfacemounted PM (SPM), and solid PM are designed to withstand the centrifugal force, Fig.
1. 21. For IPM machines, a solid staisiasseel rotor [ARU16] or a combination of silicon

steel and stainlessteel [ZHA15d] is employed to improve the rotor mechanical strength. For
SPM machines, a nemagnetic higkstrength sleeve is employed tmprove therotor
mechanical strengtfizHU97] [BIA04] [SHIO4], and the materials include nomagnetic

stainless steel, Inconel, Titanium, glass fibre (GF), and carbon fibre (CF). The maximum

surface speed of the GF sleeve is 150 m/s, but that of the CF sleeve can reach 210 m/s [BINOG].

The soid PM rotor structure can be classified into the solid PM with sleeve [HES87] [WANO3]
[ZWY05] and the solid PM with hollow shaft [ZHEO5]. It is worth noting that both sleeve and
hollow shaft increase the effective-giap length, decrease the-gap fluxdensity, and affect
the output performance. Therefore, the rotor design should consider theffradaveen the

electromagnetic performance and the constraint of mechanical stress.

Table 1. 1 lists several thrgnaseHSPM machines, including rated powispeed, slot/pole
number combination, winding configuration, rotor structure, and applications. They are all
published on IEEE/IE Electronic Library and sorted by the rated power. It can be seen that
the rated power of the thrgghase HSPM machine in [Z418b] is the highest, 2000 kW @ 20

krpm, whose valueofrp@@ k W i s al so t he | ar ges-phaseddidPM t he
machine in [ISM18] is the highest, 1200 krpm. In general, psldti stator structure, i.e. the

number of slots larger than Blfot > 6), is employed in highhower machines, while for low

power machines, minimailot, i.e. the number of slots less than or equal tNs6t© 6 ) |, and

slotless stator structures are widely used.
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Table 1. 1

Threephase Higkspeed Permanent Magnet Machines in Literature

Reference | Power (kW) [Speed (krpm Slot/pole Winding Rotor Application
[ZHA18D] 2000 20 48s/8p Overlapping (Fulpitched) SPM -
[ZHA15a] 1120 18 27sl4p Overlapping(Full-pitched) SPM Pump Drive
[ZHA164a] 1120 18 27sl4p Overlapping (Fulpitched) SPM Compressor
[CHE19] 800 2.5 24s/4p Overlapping (Fulpitched) SPM Prototype
[DUG20] 400 10 48s/4p Overlapping (Fulpitched) SPM Prototype
[DON16a] 300 13.3 12s/14p Concentrated IPM Aircraft Gas Turbine
[FAN17] 200 40 24s/2p Overlapping (Fulpitched) SPM -
[DON14b] 150 24 24s/2p Toroidal Solid PM Turbo Blowers
[ZHA174a] 150 17 36s/4p Overlapping (Fulpitched) SPM Prototype
[DON16c] 140 24 24s/4p Overlapping(Full-pitched) /ISn;t)?)KZIIDDI\IC/I -

[LEE20] 124 36 24s/2p Overlapping (Fulpitched) SPM Generator
[LIW14] 117 60 36s/2p Toroidal SPM Micro Gas Turbine
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[ZHAl6C] 117 60 36s/2p Toroidal Solid PM Prototype
[ZWYO05] 100 500 Slotless/2p Toroidal Solid PM Mesoscale Gas Turbines
[BEN18] 100 50 36s/4p Overlapping (Fulpitched) SPM Turbo Generator
[HUA16b] 100 32 24s/4p Overlapping (Fulpitched) SPM Centrifugal Air Blower
[JAN18] 82 12.5 24s/2p Overlapping (FuHpitched) SPM Centrifugal Pump
[DON14] 75 36 24s/2p Toroidal Solid PM Prototype
[JAS17] 57 30 6s/4p Concentrated SPM/InsetPM |Pumps, Compressors, Blov
[JUM14] 50 100 Slotless/2p | Concentrated / Toroidal /Skewg  Solid PM -
[JANO7] 50 70 12s/2p Overlapping (Fulipitched) SPM Ceggir‘;‘]’grg:gfs‘}
[MUN10] 40 40 36s/4p Overlapping (Fulpitched) SPM Prototype
[DAM16] 40 30 18s/2p Overlapping (Fulpitched) SPM Light Duty Electric Vehicle
[ZHA15€] 30 96 18s/2p Overlapping (Fulpitched) SPM Prototype
[JAN11Db] 30 20 36s/6p Overlapping (5/6 shomitched) IPM Compressor
[BER16] 25 30 18s/2p Overlapping (Fulpitched) SPM Prototype
[WAN103a] 22 120 6s/2p Concentrated SPM Prototype
[FOD14] 20 26 18s/2p Overlapping (Fulpitched) SPM Electric Vehicle
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[LIU18] 15.7 125 12s/2p Overlapping (Fulpitched) IPM Prototypes
[GIL16] 15 150 6s/2p Concentrated SPM E&ﬁgglchﬂ%zfs(gf_%
[GIL16] 15 150 Slotless/2p Toroidal SPM EAT

[HONO9] 15 120 12S/2P Overlapping (5/6 shotpitched) Solid PM Air Blower
[CHE11] 15 30 24s/2p Toroidal Solid PM Prototype
[ZHA21] 15 120 12s/2p Toroidal Solid PM/SPM Gas Compressor
[MIROS] 11.8 15 36s/4p Overlapping (FuHpitched) IPM -

[HON97] 11 50 36s/2p Overlapping (Fulpitched) IPM Spindle Machine Tool
[UZH16] 11 31.2 6s/2p Concentrated Solid PM Generator
[JUN18] 10 70 18s/2p Overlapping (Fulpitched) SPM Electricturbo
[SHE13] 10 70 12s/2p Overlapping (Fulpitched) SPM Prototype
[XUE12] 7.5 30 24s/2p Overlapping (4/6 shomitched) SPM -

[OYAO03] 5 240 6s/2p Concentrated SPM -

[SHI04] 5 240 6s/2p Concentrated SPM Electrical Drive System
[LIM17] 4 150 6s/2p Concentrated SPM Electric Turbocharger
[GIL17] 4 75 6s/4p Concentrated SPM -
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[GIL17] 4 75 Slotless/2p Toroidal SPM -
[BOR14] 3.7 240 Slotless/2p Toroidal SPM Gasturbine Generator
[UZH16] 3.5 45 6s/2p Concentrated Solid PM Gas Blower
[HUY15] 3 150 24s/2p Overlapping (Fulpitched) Solid PM Prototype
[ZHOO06] 3 150 6s/2p Concentrated SPM -
[HON18] 3 100 12S/2P Overlapping (Fulpitched) SPM Electric Turbocharger
[GIL15] 3 80 6s/2p Concentrated SPM Compressor
[ZHA15H] 3 80 6s/4p Concentrated SPM Prototype
[11D20] 2.5 100 6s/2p,4p Concentrated SPM Prototype
[PFI10] 2 200 Slotless/2p Overlapping (Fulpitched) Solid PM Prototype
[ZHEOQ5] 2 200 Slotless/2p |Overlapping (15/18 shogitched) Hollow shaft Cryogenic
[NOGO5] 2 120 6s3s/2p Concentrated SPM Turbocharger
[NOGO09] 15 150 6s/2p Concentrated SPM Automotive Supercharger
[HWA14] 15 60 3s/2p Concentrated SPM Spindle Machine Tool
[JANO9] 15 20 slotless /2p Overlapping (Fulpitched) SPM Flywheel
[ZHA15d] 1.5 18 36s/4p Overlapping (Fulpitched) IPM Prototype
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[KRA17]

15

12

3s/2p

Concentrated

SPM

Small Prototype Urbaiiype

Vehicle
[ZHUO1] 1.3 120 3s/2p Concentrated SPM Prototype
[BIAO4] 1.3 20 Slotless/2p Overlapping (Fulpitched) SPM Friction Welding Unit
[ZHU97] 1.3 20 3s/2p Concentrated SPM Electric Drives
[BIAOS] 1 40 3s/2p Concentrated SPM Handtool
[BIAO5] 1 40 Slotless/2p Overlapping (Fulpitched) SPM Handtool
[WANO9] 0.75 60 24s/2p Toroidal Solid PM Prototype
[XUJ11] 0.5 100 12s/4p; 2p Overlapping (Fulpitched) SPM Miniature Turbojet
[HON13] 0.4 200 6s/2p Concentrated Solid pm | Micro T“(r,\"/I’iT”g)Ge”erator
[ISM18] 0.15 1200 Slotless/2p Toroidal Solid PM Prototype
[BOR14] 0.15 200 Slotless/2p Toroidal SPM Micro-milling Spindle
[BUR19] 0.1 500 Slotless/2p Concentrated SPM Micro Gas Turbines
[LUOO09] 0.1 500 Slotless/2p Overlapping (Fulpitched) Solid PM Prototype
[BIAO4] 0.05 150 3s/2p Concentrated SPM Handtool
[BUR19] 0.04 400 Slotless/2p Concentrated SPM Micro Gas Turbines

14



[BOR14] 0.03 90 Slotless/2p Toroidal SPM Air Compressor
[HES87] 0.01 150 3s/2p Concentrated Solid PM Handtool
[SCH17] 160 Slotless/2p Toroidal Solid PM Electrical DriveSystems
[WALOQ9] 40 Slotless/2p Overlapping (Fulpitched) SPM Handtool
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1.2.4. Summary

In this section, IMs, SRMs, singfghase and threghase PMMs have been introduced for high
speed applicationg.heir applications, advantages, and disadvantages have been summarized
in Tablel. 2.

In general, the higlspeed induction machines employing solid rotor structures with copper
sleeves or copper cages have significant copper losses and rotor eddy oss&st Which

leads to low efficiency and power factor. The switched reluctance machines with simple and
robust rotors have high temperature capability and can withstand harsh environments. However,
low power density due to large @eap, high windage lossue to salient pole rotor structure,
high iron loss due to nesinusoidal magnetic field distribution, large vibration and consequent
noise, low efficiency, ashlow power factor result ithe limitation of high speed operatiorhe
singlephase PM machinasith an inherent selétarting problem have lower power density
lower efficiency, and higher torque rippkaan the thre@hase PM machines. With a lexost

and simple rotor structure, singdhase PM machines are suitable for applications with the
low-cost requirement. Thrgghase PM machines with the highest power density and efficiency,
highest critical sped, and lowest vibration and noise are the best choice foipligbrmance,
high-speed applications. Therefore, th®seHSPM machines will be researched in this

thesis.
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Table 1. 2

Comparison of Various HigBpeed Machines

Advantages Disadvantages
1 Large copper loss
1 Low efficiency
Low cost 1 Low power factor
Induction 1 Low strength of laminated roto
machine Sensorless opelnop speed
control core
9 Large eddy current loss in soli
rotor
1 High windage loss
Switched 1 Highiron loss
reluctance Simple and robust rotor 1 Low efficiency
machine High temperaire capability 1 Low power factor
9 Large vibration and noise
1 Additional design for self
starting
Low cost 1 Demagnetization risk
. Higher power density and Lower power density and
Single-phase tHici than threeh
: efficiency than universal efficiency than threphase
PM machine
motors motors
1 Simple rotor structure 1 Constraints of mechanical
stress and thermal
1 Sleeve design for highpeed
1 High power density
- - Relatively high cost
Three-phase T High efficiency .
. 1 High power factor Demagnetization risk
PM machine . .
1 Low vibration anchoise Sleeve design for highpeed
1 Sensorless control
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1.3. Stator Structures and Winding Configurations

In this section, the stator structures and winding configuratadinslSPM machines are
reviewed. The stator structures can be classified into slotted and slotless topologies, and the
winding configurations can be divided into overlapping and-owerlapping layouts. The

outline is illustrated in Fig. 1. 9.

| Stator Structures |
I

' ¥
| Slotted | | Slotless |

Full-pitched
Short-pitched

Non-overlapping I———| Toroidal

Skewed slotless|

Fig. 1. 9. Outlineof stator structures and winding configurations.

Overlapping

Winding
Configurations

__________ . Existent
O Non-existent

1.3.1. Stator Structures

In HSPM machines, the slotted and slotless stator structures are employed for different

applications.
't 1 s wor t-blot/fpatl ierog wtiHdt bfei si mpl i thess.d as i s/
A. Slotted

In general, the slotted HSPM motors can be separated intesiaili®™>6-slot) and minimal
slot (6-slot; 3slot) HSPM motors [WANO3], Fig. 1. 10. The muidiiot stator structure is widely
used for high power (>10 kW) requirements.

[ZHA18b] designs a 488p high-speed SPM machine with a rating of 2 MW @ 20 krpm by
multi-physics and mukobjective optimization. The optimal goal is the maximum torque per
loss per mass, with a tradéf between power density and efficiency. For aircraft turbo
generator applications, the $8p stator structure is employed for two higbheed SPM
machines, and their rated power and speed are 150 kW @ 17 krpm [ZHA17a] and 100 kW @
60 krpm [BEN18]. The former mainly analyses the various loss components, anddhe latt
focuses on thermal analysis by the FE method. With toroidal windings, @&#p 36SPM

machine [ZHA16c] and three 82p HSPM machines are designed and analyzed, including
18



various loss components, mechanical stress, temperature distributions, andymatoicd
[DON14] [CHE11] [WANO9]. In [ZHA15e] [BER16] [FOD14] [JUN18], E®p HSPM
machines are researched for different applications, such as electric vehicles andtetbotric
compounding systems. In addition, 2> HSPM machines are employed in induat
applications. For centrifugal turbmmpressors, a 50 kW, 70 krpmsiZb HSPM machine is
designed and analyzed by an analytical approach [JANBQNO09] shows that thsleeve
thicknessaffects the performances of a 15 kW, 120 krpm 12s/2p HSPM médohiaie blower
cooling fuel cells, such aotor loss, vorMises stress, unbalance vibratiogsponse, and
critical speed Then, [HON18] proposes a 3 kW 100 krpm HSPM machine for electric
turbochargers (ETC), and the influence of the rotor length/diarfigi2y ratio on the response
time of the ETC is analyzed.

(a) Multi-slot (12slot)

(b) Minimalslot (6-slot) (c) Minimal-slot (3slot)
Fig. 1. 10. HSPM machines with mugtiot and minimasklot stator structures [WANO3].

Overall, for various applications and requirements, the slot number should be optimized for
different optimization objectives in the design of HSPM machines. [ZHA&6alyses the

performances of high power HSPM machines with different slot and pole naorbbmation,
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including 12/24-/27-/36-slot and 2/4-pole. The results show that compared with the machine
with a 2pole rotor, the machine with apble rotor has larger stator iron loss but smaller copper
loss due to shorter emdinding length. In additin, the 4pole rotor can reduce the motor axial
length and improve the rotor dynamic characteristic. Witkpald rotor structure, the 25iot

is selected due to the lowest cogging torque and small PM eddy current loss.

For low-power HSPM machines, the minalslot stator structure is employed to simplify the
winding process and avoid the physics limitation of small size. In literature, three typical
slot/pole number combinations are selected infmwer small size HSPM machines, 6s/4p

6s/2p and392p, Fig. 1. 11, which will be reviewed as follows.
1) 694p

As mentioned before, thegble rotor is adopted to reduce the-svidding length, copper loss,
and stator yoke thickness in several msilbt HSPM machines [MIR08] [ZHA16a] [DUG20].
With the same design considerations,-pode rotor is selected for-€lot HSPM machines
[ZHA15H] [GIL17] [WAN18] [IID20].

[ZHA15H] designs a 3 kW 80 krpras/4ApHSPM machine with concentrated windings for
generators. The tooth shoe shape is optimipedhe minimum sleeve lossand maximum
efficiency. [WAN18] optimizes a 6sfd HSPM motor considering stator iron loss and
mechanical constraint#t found that both stator iron loss and mechanical constraints decrease
the optimalsplit ratig, i.e. the ratio of stator inner tuter diameterin [11D20], the 6s/4pand
6s/2pHSPM motors with a rating of 2.5 kW @ 100 krpm are compared to enhance output
power density. With the same loss density, cooling capability, packing factor, and motor axial
length (including endvinding), the 4pole motor can increase 1.5 times the oufpuiver
density by decreasing the motor dige33%(stator outer diameter), compared with thedle

motor. However, this research neglects the switching loss in the power electronics converter,

which has a close relationship with fundamental frequendyshould be considered.
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(c) 6s/2pwith semiclosed [ZHOO06] (d) 3s/2p[ZzHU97]

Fig. 1. 11. Lowpower small size HSPM machine topologies with minisiat stator

structures.

2) 6/2p

For low-power, smallsize HSPM machines, the frequency of thgofe motor is twice that of

the 2pole motor, which leads to large stator iron loss and switching losses in the power
electronic converters. More importantly, for uitrigh-speed operation-gole magnets can be
designed as a magnet ring or a solid PM, Fig. 1. 21, which have high mechanical strength and
simple manufacturing processes. Therefore, thel@ rotor is widely employed in loywower,
smallsize HSPM machines [WANO03] [NOGO05] [NOGOTNOGO09] [NOG15] [ZHOO06]
[WANZ1O0K] [NIU12] [HON13] [UZH16] [GIL15] [GIL16] [LIM17]

[WANO3] analyses several design featuredH&PM machines for microturbines, including
stator structures, winding configurations, rotor constructions, and bearing systshmsw#
that compared with the muisiot structure, thés/2p motor with fulkpitched overlapping

windings has the | argest winding fa@sRmpr ,
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UHSPM motor with concentrated windings. The Incoi @B sleeve isdoptedo protect the

rotor, and the magnet rings are magnetized radially. Although the winding factor decreases
from 616 to 60.506 due t o t h-eindngpaxial ength lkeads ed wi
to the decreased motor axial length and imprawgdr dynamic characteristic. In [NOGO05],

for turbocharger applications, tbs/2pand3s/2pnumber combinations are compared for a 2

kw HSPM motor with a rated speed of 120 krpm and the maximum speed of 220 krpm.
According to the loss analysis, theslet motor with significantly smaller overall motor losses

is more suitable for higbpeed applications. Therefore, [NOGO07] [NOGO09] desi§e/apl.5

kw 150 krpm HSPM motor with parallel magnetized magnets for automotive superchargers
a n d -shiaped coppdrar windings are employddr ease omanufacture. [NOG15] analyses

the eddy current losses in copfiiar windings due to proximity effect caused by kegpeed
operation and reduce the AC copper losses by different-tposihapes and segmentation of

the ®onductors.

In [GIL15], for compressor applications, a 3 kW, 80 kips'2pHSPM motor is optimized for

the highest efficiency by the FE method. Then, for a 15 kW 150 krpm electrically assisted
turbocharger (EAT), [GIL16] compares thrétSPM motor topologis, i.e. 2pole slotless
motor with toroidal windings, Fig. 1. 13 (l§s/2pmotor with straight teeth, Fig. 1. 11 (a) and
6s/2pmotor with semiclosed slot, Fig. 1. 11 (bJhe result indicates that the 6s/2p slotted
motors have a better compromise betwefitiency and torqueMore importantly, in terms

of rotor dynamic, thé&s/2pmotor with a semclosed slot is the best choice due to the shortest
motor axial length. [UZH16] designs twe&s/2pHSPM machines with a rating of 11 kW @
31.2 krpm for gas blowepplications and 3.5 kW @ 45 krpm for migsgganic Rankine cycle
(ORC) power plants, respectively. Meanwhile, a multidisciplinary design process is proposed,
and it indicates that considering the constraints of electromagnetic, mechanical, thermal, and
dynamic, the design of higgpeed machines cannot have a single optimum solution but can

have different solutions for different requirements.
3) 392p

3s/2pnumber combination is the simplest structure for tiplegse slotteéHSPM machines.
[HES87] designs 8s/2p10 W 150 krpm HSPM motor for a precision handpiece (or ‘taok)

and analyses several challenges and constraints ospagd operation. [ZHU97] designs a
1.3 kW 20 krpm HSPM motor for a friction welding unit, and the stator iron loss is analyzed

under different maximum stator iron flux densities and lamination materials. In [ZHUO1],
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considering the sensorless operation based on the detection of tlwassiong of the baek
EMF waveform, the design criteria of a 1.26 kW 120 k@st2pHSPM motor isnvestigated.

It shows that under the same overall size (includingveinding) and the similar efficiency,

the motor with a lower stator iron flux density has smaller inductances and lower diode
conduction angles, which is more suitable for kégleed sesorless operation. In [EDEOQ1], a
3s/2pHSPM motor is optimized by finite element method for maximum efficiency considering
stator iron loss. [BIAO5] analyses and designs two 1.0 khlé2 HSPM motors with a speed
range of 2040 krpm. One is 8s/2pslotted HSPM motor, and the other one is@ok slotless
HSPM motor. In [BIAO4], based on tl8s/2pslotted and zole slotless motors, the potentials
and limits of low poweHSPMmotors are discussed in terms of electromagnetic, mechanical,
and thermaaspects.

However, compared with thés/2pPM motor, thebs/4p and3s/2pPM motors have inherent

UMF due to the diametrically asymmetric stator structure. In [PAN14], the influence of motor
dimensions on ndoad UMF is investigated, and the method of g the neload UMF is
proposed, i.e. adding extra notches in the middle of each stator tooth, Fig. 1. 12 (a). Then, in
[MAJ18] and [MAJ1%, the extra notches are optimized to reduceldh- considering ne

load condition Fig. 1. 12 (b), and rotor eddvrcent losses d3s/2pPM motors, respectively,

Fig. 1. 12 (c). It shows that thated oAload UMF is removed and the rotor losses are reduced
significantly. However, the elimination and reduction highly depend on load conditions, and

the electromagnetitorque is decreased slightly.

(a) Extra notches for reducing the-lo@ad UMF [PAN14]
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(b) Extra notches for reducing the-trad (c) Extra notches for reducing the eddy
UMF [MAJ18] current loss [MAJ1§

Fig. 1. 12. Exta notches for reducingo-loadbn-load UMFs and rotor eddy current loss.
4) Optimal design of slotted machines

As mentioned before, there is no single optimum design with multidisciplinary designs, and

thus this section only shows the optimal design in terms of electromagnetic performance.

For high-speedslotted sttor structurethe split ratio can be optimizethse it affects not only

the electromagnetic performance but als@mechanical stress of the rotor due to high rotor
surface speefHES87] [ZHU97] [PANO6][WAN18]. For the maximum torque, the optimal
split ratio depends on the remanence of the madhetafd the maximum stator iron flux
density Bmay [ZHU97]. For the maximum efficiency considering the stator iron loss, the
optimal split ratio depends on the stator active length, output torquB,at&DEO1].[BIA05]
focuses on two design variables the maximum torque, i.e. the stator inner diameter and the
open circuit maximum stator iron flux density. With the fixed stator outer diameter, the first
design variable is equivalent to the split ratio. In addition, the stator thermal limitation is
introduced to avoid the thermal issue of the stator, which meatetab&tator losss restricted,
including iron core loss and copper lo€onsidering the stator iron loss and mechanical
constraints, [WAN18] investigates the optimal split ratio ods#dp HSPM motor for the
maximum torque by the influence of-gjap length and rotor pole pairs. The results show that
the considered mechanical constraints decrease the optimal split ratio. Furthermore, the
limitations of stator total loss and rotiossare onsideredn [MAJ19b] since the rotor losses

in smaltsize HSPM motors are difficult to reduce, and the cooling capability of the rotor is

relatively poor.

For the minimum torque ripple and maxi mum
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[HWA14] accouring for various loss components The &éTanguchi & met hoc

version of the global optimization, and different design variables with different suitable
variation ranges are adopted. This method can avoid the calculation of maximum stator iron

flux density but can only be used by FEM.
B. Slotless

The slotless stator structures with largegap and flux leakage have relatively small output
torque, which is rarely seen in conventionaldspeed and moderagpeed PM machines. For
high-power, largesize HSPM machines, although the high speed carase the power, the
critical speed is limited by the rotor mechanical strength and dynamic characteristics. Therefore,
the relatively large torque is required in higbwer largesize HSPM machines, and thus the
slotless stator structure is not the sugathoice. For lowpower, smalsize HSPM machines,

the critical speed is higher than that of hgwer, largesize HSPM machines due to smaller
rotor diameter. Therefore, the slotless stator structures with relatively small torque can be

accepted in lowpower, smallsize HSPM machines, Fig. 1. 13.

Stator core Stator core

Windings Windings

(a) Air-gap windings [BIA04] (b) Toroidal windings [ZWYO05]

Fig. 1. 13. SlotlesslISPM machines.

[HES82] proposes a-pole slotless PM motor for speeds in excess of 100 krpm, and it is
compared with a sleed HSPM motor with the same external size. The analysis shows that the
slotless stator structure with a simple construction is extremely attractive, especially for ultra
high-speed operation. The toroidal windings are employed in this slotless moMtANJ3],

the multislot, minimailslot, and slotless motors are discussed. It shows that compared with the
slotted motor, the slotless motor has a sm&jetue to larger flux leakage and lower rotor loss
due to the uniform air gap. To compensate for the reduction of flux density, the stator active

length of the slotless motor is relatively long.
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The comparison in [HES82] and [WANO3] mainly focuses on edeatignetic performance.
However, in [BIAO4] and [BIAO5], the comparison of3a/2pslotted HSPM motor and a 2
pole slotless HSPM motor includes electromagnetic performance, temperature distribution,
mechanical stress, and PM demagnetization. The resulis ttad for slotless motors, the
effect of armature reaction is restricted, and the PM demagnetization is avoided due to the

reduced rotor eddy current loss.

[GIL17] compares &s/4pHSPM motor and a-pole slotless motor for the reduction of noise
emissims. It shows that the slotless motor has 38% smaller-oipauit power loss and 12dB

lower noise due to significantly less armature reaction.

In literature,the slotless stator structurepopular for ultréhigh-speed applications, such as

1200 krpm microsize machines [ISM18], 1000 krpm starter of gas turbine [ZWY09], 500 krpm
mesoscale gas turbines [ZWY05] [LUOOQ09], 400 krpm centrifugal compressor [BUR19]
[AHN17]. Most importantly, the sitless stator may be the only solution for misoale HSPM
machines. [SCH17] presents a millimeseale 2pole slotless bearingless HSPM motor with

a rated speed of 160 krpm for electrical drive systems. The measured overall motor losses at

160 krpm arébelow 1W and the measured temperature below 45°C.

The 2pole slotlestJHSPMmotors are designed and optimized for the minimum power losses
by analytical methods in [LUOOQ9], [PFI10], and [BUR19]. However, their constraints are
different, theBmaxin [LUOOQ9], the dimensions of the rotor in [PFI10], and dhexin [BUR19].

C. Summary

In this section, the applications, advantages, and disadvantages of slotted and slotless stator
structures are summarised in Table 1. 3. The main consideration for the selestutedfor

slotless stator structures is the requirement of large torque, low rotor loss, -drightspeed,
respectively. In this thesis, théHSPM motor is designed for a vacuum cleaner application,
which has a extratorque requirement due to tteag force of the blades. Therefore, the slotted

stator structre is a more suitable solution.
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Table 1. 3

Applications, Advantages, and Disadvantages of Slotted and Slotless Stator Structures

Slotted Slotless

1 All power classes and size T Low power and small size

levels, except millimetescale | T Especially for low rotor loss

Application r -
1 Especially for large torque equireme
requirement T Ultra-high-speed application
Large airgap flux density Simple stator structure
High overall thermal heat Uniform air-gap distribution
transfer coefficientwith f Low rotor loss without slotting
Advantages forcedair cooling effect

1 Small current density or short| T L€ss PM demagnetization

stator active length T Small windage loss

9 Low vibration and noise
1 Largerotor loss due to slotting T Small airgap flux density
effect and large armature T Low output torque
reaction harmonics 1 Large AC winding copper loss
Disadvantages| ¢ pM demagnetization T Poor overall thermal heat

With special slot/pole number transfer

combination, e.g3s/2p UMF

exists

1.3.2. Winding Configurations

With slotted and slotless stator structures, various winding configurations can be combined for
different applications. In general, the winding configuration can be divided into overlapping
and noroverlapping windings, hich have a close relationship with the winding factor-end

winding length, and motor axial length.
A. Overlapping winding

For integerslot motor, the overlapping winding includes {fpltched and showitched

windings according to the coil span angtg),(i.e. ds =p elec. deg. andls * p elec. deg.,
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respectivelyWhen the coil span angle equals to the pole pitch, i.epiidhed winding, the
winding factor(kw) is equal to the distribution factokif), which can be calculated by 2]..
When the coispan angle is less than the pole pitgl)(i.e. shortpitched windingthewinding
factor is equal to the product of distribution factor and pitch faatiich can be calculated by
(1.3).

Ky = Ky 3kpk (1.1)

Ky = ——— (1.2)

Ky = cosae7S (1.3)

wherek is the harmonic ordem, is the number of fulpitch coils connected in seridsis the
electrical angle between adjacent-jpiich coils Us is the shortened angle of the span angle of

a coil compareavith the pole pitch
1) Slotted motor

In high-power multis | o t-slof) HSPBI machines, the fytlitched overlapping winding is
widely employed, Fig. 1. 14 (a), [BEN18] [BER16] [DON16c] [FOD14] [HONO9] [HON18]
[HUAL16b] [HUY15] [JANO7] [MUN10O] [ZHA15e] [ZHA17a]. Although the fullpitched
overlapping winding has a long emdnding length and axial length, the output torque is

usually large since the winding factor 1is

In [JAN11b], a 3&/6p 30kW 20 krpm higkspeed interior permanent magnet machine eyl

a 5/6 shorpitched overlapping winding to reduce the space harmonic components of
magnetomotive force (MMF) and minimize the rotoss However, thedecreased winding
factor(from 0.966 to 0.933)esults inthe reduction othe fundamental componeahd output
torque. [HES82] [HONO09] also employs 5/6 shpitched windings for a 2p HSPMmotor

to reduce the rotor los§ig. 1. 14 (b)In [XUE12], a 24/2p HSPM motor with4 slotpitch
windings, i.e. 4/12 shoyitched windingsjs designed andnalyzed. The 4/12 shepitched
windingscan not only reduce the rotor loss but also decrggsendwinding lengthin axial

direction whilethewi ndi ng factor is only 060. 486.

For low-power minimalslot HSPM machines, the fyitched overlapping windig can only
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be used in &lot motors.In general the 6s/2plow-power smalsize HSPM motowvith full-
pitched overlapping windirghas long endvinding length and axial length, whideads to
long motor axial length, low torque density, and low rotor meiciad natural frequency. In
[ZHOO07], the3s/2pHSPM motor with concentrated naverlapping windings and tw@s/2p
HSPM motors with fulpitched overlapping and concentrated Howerlapping windings are
compared for the rotor loss. With sim&ve currentsand unmagnetized magnets, i.e. only
considering stator MMF space harmonics, 3s8&pmotor has the largest rotor eddy current
loss, and two6s/2p motors have almost the same rotor loss. The influence epitaled
overlapping and concentrated roverlgpping windings under citoad condition is not

discussed, which will be investigated in this thesis.

For 6s/2pHSPM motors, 3 slepitch (full-pitched) windings [WANO3] [ZHOO07] and 1 slot
pitch (concentrated) windings [OYAO03] [SHI04] [NOGO05] have been eygaldor highspeed
applications, Figs. 1. 15 (a) and (c). However, 2-gitth (shortpitched) winding isttractive
for improving the power densisince ithas a good tradeff between winding factor and end

winding axial lengthwhich will be the maimesearch of this thesis, Fig. 1. 15 (b).

(a) Fulkpitched [HON18] (b) 5/6 shorpitched [HES82]

Fig. 1. 14. Fulpitched and shotpitched overlapping windings for #2p HSPM
machines.
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(b) 2 slotpitch winding MB (c) 3 slotpitch winding [WANO3]
Fig. 1. 15.6s/2pHSPM motors with 1, 2, and 3 sipttch windings.

2) Slotless motor

For slotless HSPM machines, the overlapping winding is widely employed since the large
winding factor can compensate for the low flux linkage caused by larggpirFig. 1.16 (a),
[CHE99] [BIA04] [BIAO5] [WALO9] [CHEO9] [KOL13] [AHN17].

(a) Fulkpitched [BIAO4] (b) Shortpitched [ZHEO5]

Fig. 1. 16. 2pole slotless HSPM motors wittifferentwinding configurations
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[CHE99] compares the overlapping and fawerlapping windings for slotless PM brushless
motors. It shows that the conventional overlapping windings can offer large power density and
are more suitable for medium and large motorsre/tiee power density is an important criteria.
However, it also points out that the overlapping windings may be difficult to wind, and their
relatively long enedwinding may not be acceptable for higbeed applications. [WALO9]
designs a -pole slotless HBM motor for haneool applications. With fulpitched
overlapping windings, the axial leakage is analyzed yDaahalytical model and aB FE

model. It shows that at the axial ends of the motor, the reduction of flux density is substantial,
but that inbackEMF is minor due to the motor dimensions for haodl applications. In
[LUOOQ9], a 100W 500 krpm slotless HSPM machine adoptsitdhed overlapping widings,

and its winding factois calculated by

6 . ap
k, =—sin (1.4)
p-Ed
Compared with the slotted motor with fylitched overlapping windings, i.kw=1, the slotless
motor with fulkpitched overlapping windings has a relatively lower winding factor, i.e.
knw=0.955.

However, although the fuppitched overlapping winding has a large winding factor, the long
endwinding length and axial length may decrease the torque density, increase the copper loss,
and reduce the rotor mechanical natural frequency. Therefore, thiepgbbed overlapping
winding with a relatively large winding factor and relatively short-emcding axial length is
attractive for improving torque density. In [ZHEO5] and [ZHAOQ7],-pd?e slotlessJHSPM

motor with a rating of 2 kW @ 200 krpm is desaginfor cryogenic compressor applications.

The motor employs 15/18 shepitched overlapping windings to reduce the -aidding

length and copper loss, Fig. 1. 16 (b).

B. Nonoverlapping winding

In this section, different neaverlapping winding configurationare discussed, including

concentrated windings, toroidal windings, and skewed slotless windings.
1) Slotted motor

In high-power multis | o t-slotf HS®M machines with-2l-pole rotors, the concentrated

winding results in a low winding factor. Takepdle notors with 12/18-/24-slot as examples.

31



The fundamental winding factors of three motors with-futthed overlapping windings are
0.966, 0.960, and 0.958, respectively, while those of three motors with concentrated windings
are 0.5, 0.5, and 0.5, respeety. Therefore, the concentrated rawverlapping winding is not

desirable for higipower multislot HSPM machines.

Compared with fulpitched overlapping windings, toroidal windings with the same winding
factor have shorter endinding axial length, whichmproves the rotor stiffness and avoids
rotor dynamic issues. More importantly, the airspace of outside slots can be used as cooling
channels, which increases the motor cooling capability. Therefore, the toroidal winding
replaces the overlapping winding high-power multislot HSPM machines to reduce the end
winding axial length [DON14] [CHE11] [WANO9]. However, the outside conductors of
toroidal windings cannot produce the bdekF but can be a part of the emdhding length

and consequently increase tbepper loss. In addition, the flux leakage caused by outside
conductors leads to eddy current loss in the motor frame [BOR14], which may account for
about 50% of overall losses in a particular design and decreases the motor efficiency. Although
the heat @sipation in the frame is not difficult, the eddy current loss in the frame caused by

toroidal windings decreases the efficiency and should be paid attention in design.

In [WANOQ9] and [XIN10], the windage losses and aiéimagnetization of the 75 kW 6Qokn

2492p HSPM motor with toroidal windings are studied by 3D FE method, Fig. 1. 17. The
predicted windage losses and rotor temperature are verified by the measured results. It also
shows that the toroidal winding can reduce windage loss, which has aea&dgmship with

the rotor axial length-or antitdemagnetization of PM, i.e. protecting the PM from overheating
demagnetization, two strategies can be employed, one is the reduction of rotor losses, and the
other one is the improvement of the coolingn@ibion of rotor. In [XIN10], a 24slot stator
structure is employed to reduce the rotor eddy current loss and a low roughness height of rotor
surface is used to decrease the air friction loss of rotor. In addition, the stator core with outer
and inner coling vents can improve the cooling condition of rotor and reduce the maximum
temperature of PM[CHE11] proposes a design method of HSPM machines considering
electromagnetic performance, mechanical strength, rotor dynamic characteristics, and
temperaturedistributions. Then, a 15 kW 30 krpm 22p HSPM machine with toroidal
windings is designed and prototyped. [DON14] designss&@4ir-cooled HSPM motor with
Gramme ring windings, i.e. toroidal windings. The electromagnetic performance is analyzed
by theFEA model, and the thermal properties with@oling are analyzed by computational

fluid dynamic (CFD) thermal model and LPTN model. By optimising the stator dimensions,
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especially outer slot, the loss density is reduced, and cooling capability ivedgiON14a].

Outer vent

Fig. 1. 17. 24/2p HSPM motor with toroidal windings.

Therefore, in multslot HSPM machines, toroidal windings are more suitable than
concentrated nenverlapping windings. However, both toroidal windings [WANO3] [XU20]

[FER20] ancconcentrated windings [NOGO09] [GIL15] [GIL16] [HON13] [LIM17] [MAJDD

[NIU12] [UZH16] [NOGO7] [SHI04] [OYAO03] [WAN1O0K] [ZHOO06] are widely used in-6

slot HSPM machines, Fig. 1. 18. [UZH16] shows that although the fundamental winding factor
ofthe concenttaed wi nding is 060.56, doubling the nur
loss compared with the long emdnding of the fultpitched overlapping winding. In addition,

the short endvinding axial length of the concentrated raverlapping winding leds to the

short rotor axial length, which increases the first mechanical natural frequency and critical

speed of the rotor.

(a) Concentrated winding [NOGO05] (b) Toroidal winding [XU20]

Fig. 1. 18.Different noroverlapping windings
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In 3s/2pHSPM motors, the concentrated winding is a conventional winding configuration
[BIAO5] [BIAO4] [EDEO1] [HES87] [HWA14] [KRA17] [ZHUO1] [ZHU97], while the
toroidal winding is rarely mentioned. [XU20] analyses the electromagnetic performance of 2
pole HSPMmotors with toroidal windings and different slot numbers, includirgdo8, 6slot,
9-slot, and 1zlot. It shows thatompared with concentrated windinds~0.866), toroidal
windings result in a smaller winding factor for 3s/2p motQr~=0.5). In addition the 3s/2p
motor with toroidal windings cannot eliminate tH& Barmonic in the flux linkage waveform
caused by the associatefl @r-gap field harmomi or local magnetic saturatioRlowever, the
corresponding3™ harmonic will disappear in the line haEMF waveform and has no
influence on the torque. Therefore 3sYy2pHSPM motors, the concentrated winding is a better

solution than the toroidal winding with a smaller winding factor.
2) Slotless motor

In slotless motors, three narverlapping windingconfigurations can be used [CHE98]
[CHE99], such as concentrated windings [BUR19], toroidal windings [ZWYO05] [BOR14],
skewed slotless windings [MAX] [JUM16a] [JUM16b], Fig. 1. 19.

In [HES82], a multilayer basket winding, i.e. skewed slotless winding, aing avinding, i.e.
toroidal winding, are compared for a 50 W 150 krpm slotless HSPM motor. It shows that the
skewed slotless winding has almost no-ernddings and all conductors are in the-g@p and
magnetic field caused by PMs, which means the windiigl length is almost the same as the
stator active length. However, this kind of winding with a relatively complex structure requires
specialist equipment and a special manufacturing process. In literature, there are three skewed
slotless winding configrations, i.e. helical windings, rhombic windings, and diamond
windings, Fig. 1. 20, [KEN85] [MAX [JUM16b]. [LOO10] investigates the 3D torques and
forces of two skewed slotless winding configurations, i.e. helical windings and rhombic
windings, and theipotential for highspeed applications is also analyzed. For skewed slotless
windings, thregphase coils are overlapped radially, which increases the winding thickness in
the airgap, but almost no endinding, which decreases the rotor axial length amdeimses

the rotor mechanical natural frequency. However, since the coil is skewedldy. deg., the

current direction is not ideal and may lead to extra undesired transverse torque and force.
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(a) Concentrated winding [CHE99 (b) Toroidalwinding [CHE98][ZWY05]
[BUR19]

(c) Skewedkslotless winding [KEN85] [MAX

Fig. 1. 19. 2pole slotless HSPM motors with different rRowerlapping windings.

(a) Helical (b) Rhombic (c) Diamond

Fig. 1. 20. Three skewed slotless winding configurations [JUM14].

By 2D and 3D analytical and FE modelglUM14] comparesthree slotless winding

configurationsin a 2pole slotless HSPM machinsuch asoncentrated windings, toroidal
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windings, and helical winding3.he results show that with the same power and phase current,
the motor with concentrated windings has the highest rotor loss due tecthler8tational
asymmetric winding distribution, and the motors with helical and dafowindings have
almost the same rotor loss. Although with higher rotor loss, theweriapping windings with

3 coils per 2 poles are employed in g@ode 400 krpm slotless HSPM motor due to their
simplicity [BUR19]. [CHE98] and [CHE99] review the wimdj topologies for slotlesBM
machines and investigate the influence of winding topologies on the optimal desigow

that the winding configuratiordightly affectthe optimal ratio of magnet thickness to winding
thickness for minimum copper lossnee it only changes the coefficient in the calculation of
copper loss. Several slotless motors with toroidal windings have been mentioned before and
are widely employed inHSPMmotors due to the simple winding process, shortweinding

axial length, modlar design, and improved cooling capability, such as 150 W @ 1200 krpm
in [ISM18], 100 W @ 500 krpm in [ZWY05], 150 W @ 200 krpm in [BOR14], 15 kW @ 150
krpm in [GIL16], and 160 krpm in [SCH17].

C. Summary

In this section, the applications, advantages, disddvantages of overlapping and fion

overlapping are summarised in Table 1. 4.

As mentioned before, the overlapping winding includes-gdithed and shopitched
windings, while the noverlapping winding includes concentrated, toroidal, and skewed
slotless windings. They have their own suitable stator structures and applications, which

depend on the design requirements and motor dimensions.

1) For highpower, multislot HSPM machines, overlapping winding and toroidal-non
overlapping winding are employed. The main difference between the two winding
configurations is the erdlinding axial length.

2) For lowpower minimalslot HSPM machines, the camtrated notoverlapping
winding is a dominant winding configuration due to short-esuding axial length.
With the same advantagéettoroidal windingneeds additional volume radially for the
outside windings, whiclincreases the endinding copper los$ut offers additional
cooling channels

3) For slotless HSPM machines, both overlapping and-awemlapping windings are
employed. The fulpitched overlapping winding with the largest winding factor can

offer the maximum output torque but has the longegdtvanding axial length, while
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4)

5)

the shorpitched overlapping winding with a relatively small winding factor not only
decreases the rotor losses but also improves the rotor mechanical stiffness.

The toroidal noroverlapping winding with short endinding axal length and the
simple winding process is popular for slotless stator applications.

The skewed slotless winding, i.e. helical, rhombic, and diamond windings, with
compact structure, sedupport construction, and no ewihding, is an attractive
solution for slotless HSPM motors. However, the fidealized skewed current
direction leads to undesirable torque and force. In addition, the skewed slotless winding

needs a 3D model to analyse and requires a special manufacturing process.
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Tablel. 4

Applications, Advantages, and Disadvantages of Overlapping anebatapping Windings

Overlapping Non-overlapping
Full-pitched Shortpitched Concentrated Toroidal Skewed
Applications Multi-slot; . i
PP Multi-slot; Slotless Multi-slot; Slotless Minimal-slot; Multl-slgt, Minimak Slotless
slot; Slotless
Slotless
Advantages Large winding 1 High torque density | 1 S_hor_t end 1 Short ena\Nino_Iing 1 Al_mo_st no end
factor 1 Relatively large wmdlng length length and axial winding
Large torque winding factor and axial length _ 1 Seltsupport
1 Reduced space length 1 Improved cooling structure
harmonic and rotor | Low copper capability
losses. loss 1 Modular design
1 Less copper loss 1 Modular design
Disadvantages Long endwinding i S!mi[ar to fulkpitched | Low winding 1 Low winding 1 Complex structure
length and axial windings factor factor ! Undesired axial
length 1 Low torque 1 Large copper loss torque and force
9 Large rotor losg 1 Frame loss due to

Long rotor shaft
axial length

Low rotor
mechanical nature
frequency

Large copper loss

external leakage o]
outerslot windings
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1.4. Rotor Structures

In general, HBM machines mainly employ threariousrotor structures, i.dPM, SPM and
solid PM, Fig. 1. 21. Those rotor designs affect ¢tectromagnetic performance, thermal
aspect, mechanical strength, and dynamic characteristic of HSPM machines.

(a) IPM [BINO6]

N

(b) SPM [BINO6]

(c) Solid PM [HES97]

Fig. 1. 21. Highspeed PM machines with IPM, SPM, and solid PM rotor structures

1.4.1 IPM

In conventional PM machines, IPM rotor structure can offer reluctance torque and reduction of
PM amount. The limitation is the contradiction between the rotor flux leakage and the stress of
IPM rotor iron bridges [BINO6] [DON16c].

Although the sotl steel rotor may be used to withstand high centrifugal fduesto high rotor
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surface speedhe edges of magnets and rotor slots suffer high mechanical stress, which may
destroy the PMs and rotor iron core [MIR0O8] [DON16c]. Therefore, the mechaniess str
high-speed IPM machines should be computed carefully. [HIP92] proposes an IPM rotor
design for a 2¢4p HSPM machine, which consists of a solid steel rotor, four rectangular
samariumcobalt magnets, and four flux barriers to reduce the leakageThex.optimized

rotor structure can operate at 40 krpm considering mechanical constraints. [BINO6] compares
two 40 kW, 40 krpm higtspeed machines with SPM and IPM rotor constructions. Fig. 1. 21.

For IPM rotors, the magnets are inserted into the rotas sWithout interference fit and no
prestress between the rotor iron and magnets. Therefore, duringp@g operation, the outer

iron bridge suffers not only its own centrifugal forces but also the force from the magnet. In
addition, compared with SPMhé magnets are distributed unevenly in radial direction in the
rotor, leading to local peak stress in the irons at the edges of rotor slots. Therefore, the critical
speed of the IPM machine is limited by mechanical stress and is far less than thatRiflthe S
machine if it has a carbefibre retaining sleeve. To reduce the PM volume and save the cost,
[MIR08] analyses one SPM rotor and two IPM rotor constructions for$pged applications.

With the same speed (15 krpm) and torque (7.5 Nm), the IPM rotbrtwi-layer magnets

has a larger reduction of PM volume and a higher safety factor for mechanical stress compared

with the IPM rotor with one layer magnet.

In [DON16c], two 24/4p HSPM motors with SPM and IPM rotor structures are compared with

a rating of140 kW @ 24 krpm and the same key dimensions, Fig. 1. 22. Both of them are not
the conventional SPM and IPM rotors, the compared SPM rotor having four-direpe
magnets and four intgrole fillets, which are bandaged by an alloy sleeve (Inconel 718) to
withstand the centrifugal force, while the compared IPM rotor having a Sgp&dPM rotor

with the Gshaped iron laminations and trapezoidal PMs. The results show that the SPM rotor
structure has higher mechanical strength and efficiency, but the IBMcest offer a relatively

low cost.
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Sleeve

Steel Sheets

v
Magunet

(a) SPM (b) Spoketype IPM

Fig. 1. 22. Highspeed PM machines with SPM and spojk®e IPM rotor structures
[DON16c].

In literature, several methods have been proposed in IPM rotor structures to improve the
mechanical strength for higdpeed applications. In [ZHA15d], a retaining shield rotor
construction is proposed to improve the mechanical strength ofspegd IPM rtors. This

novel rotor structure is a combination of siliesteel sheet and stainlesteel plate, Fig. 1. 23.

The former with a small flux iron bridge can reduce the flux leakage, and the latter with large
tensile yield strength can withstand the ceog#l forces. The research focuses on the
influence of the axial proportions of stainledsel plates on the mechanical stress and
electromagnetic performance, especially on the torque and rotor losses, aneodf shdald

be satisfied.

[ARU16] employssolid semimagnetic stainless steel to improve the mechanical strength of
the highspeed IPM rotor rather than the combination of silisteel and stainlessteel in
[ZHA15d]. Without rotor lamination, the large rotor loss is a challengesddid rotordesign,
and thus the axially segmented and circumferentially slitted solid rotors for reducing the rotor
losses are proposed, optimized, and compared in [ARU16]. The results show that with the same
condition, the circumferentially slitted rotor structurgshsignificantly smaller eddy current
loss than the axially segmented solid rotor. In addition, foipal@ rotor, [HON97] employs
the 6 iron ribs between magnets to reduce the rotor maximum stress and protect the rotor core
and magnets, Fig. 1. 24. Meamle, the radial, Halbach, and parallel magnetized rotors are
compared in a 32p high-speed IPM machine. The results show that the Halbach magnet
array can not only produce the sinusoidalgaip flux density waveform but also reduce the
torque ripple ad roughlyremain the output torque.
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—f—Shaft

Magnet
Silicon-Steel Sheet

Stainless-Stecl Plate

(a) Retaining shield rotor construction

12

(b) Siliconsteel (c) Stainlesssteel

Fig. 1. 23. A retaining shield rotor construction for hggeed IPM machines [ZHA15d].

Fig. 1. 24. 2pole rotor structure with iron ribs between magnets [HON97].
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1.4.2 SPM

As mentioned before, compared with IPM rotor constructions, the SPM rotor constructions
with retaining sleeves have better mechanical strength and higher critical speed. In general, the
SPM rotor design for higkpeed applications mainly focuses on the t@ifle of

electromagnetic performance and mechanical, thermal, and dynamic constrains.
A. Sleeve design

For highspeed applications, the sleeve is the most important part and has a close relationship
with motor peformance. Firstly, although the increased sleeve thickness improves mechanical
strength, the increased effective-gap length leads to the decreasdgfnd output torque

due to nommagnetic material sleeve. Secondly, fwmmductivity material sleevesith high
mechanical strength have higher critical speed. However, their low thermal conductivity may
lead to high maximum temperature concentration in the rotor and thus increase the
demagnetization risk. Therefore, the sleeve thickness and sleeve naatewaely researched

in the rotor design for HSPM machines.

[LIW14] compares 382p HSPM machines with different sleeve materials for a 117 kW 60
krpm micro gas turbine application, such as stainless steel, carbon fibre, copper iron alloy, and
copper. The comparison focuses on the electromagnetic performance and temperature
distribution. The results show that the copper iron alloy sleeve increases the flux leakage, and
three noAmagnetic sleeves have the same flux linkage. More importantly, although the rotor
with a carborfibre sleeve has the smallest rotor losses, the rotor with a celgese has the
lowest maximum temperature due to high thermal conductivity and relatively small eddy
current losses. In [BINO6], the carbon fibre and glass fibre sleeves for SPMgegh motors

are compared. It shows that the glass fibre sleeve catihstand the centrifugal force when

the rotor surface speed is larger than 150m/s, and the carbon fibre sleeve can allow higher
critical speed. With different materials of magnets and sleeves, the rotor mechanical stress is
computed by the analytical mddend verified by the FEM model in [DAM16]. The results

show that the combination of Titanium sleeve and NdFeB magnet has high mechanical strength.

Apart from the sleeve material, the sleeve shape can also be designed to reduce the rotor loss.
[SHE13] promses a new sleeve design, i.e. grooving retaining sleeve, Fig. 1. 25. The
circumferential, axial, and comprehensive grooves are compared, and the results show that the

Titanium sleeve with circumferential grooving has the lowest eddy current losses and the

43



smallest maximum stress in the sleeve. In [JUN15], a new sleeve design is enfipcjeelve
loss reductiorby decreasing the sleeve volume and splitting the eddy current loop, Fig. 1. 26.

However, the mechanical stress is significantly reduced anddshewdhecked carefully.

) Gr ove] gy Groove

i

“Slepve

Sleeve

(a) Axially grooving (b) Circumferentiallygrooving

Fig. 1. 25. Sleeve design with axial and circumferential groovings [SHE13].

Sleeve opening

I
I
I
I
l‘_-‘_ikcw U=t Sleeve

Fig. 1. 26. A new sleeve design for reducing eddy current loss [JUN15].

In [ZHOO06], a copper shield between the retaining sleeve and magnets is employed to reduce
the total rotor eddy currents due to the shielding effect, which is proposed by [VEE97]. The
results show that with the increase of shield thickness, the totallos®decreases due to
stronger shielding effect. In addition, according to the thermal analysis, with a copper shield,
the maximum rotor temperature is reduced from 240 °C to 70 °C. Howevé isheeduced

due to the increased effective-gamp. With the increase of the copper shield thickneks,

sleeve loss decreases firstly and then remains almost the same since the thickness is beyond
the skin depth of the copper shig®HAQ9]. In addition, with and without copper shield, the
effect of sleeve axlssegmentation on sleeve losses is investigated. The results show that the
sleeve without segment and with a copper shield is the most effective solution to reduce sleeve
losses. [FAN17] employs a radial multilayer sled¢wedecreasdahe rotor losses andMP
temperature under the same output performance and mechanical strength. [ZHA15a] proposes

a hybrid protective measure consists of Titanium alloy and carbon fibre. The Titanium alloy
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shield can not only improve the mechanical strength but also reduaessies lof the carbon
fibre sleeve and magnets. Although large losses exist in the Titanium alloy shield, the
maximum temperature of the sleeve with Titanium alloy is almost the same as that of the sleeve

without Titanium alloy due to the high thermal conthity of the Titanium alloy shield.
B. Pole arc to pole pitch

[ZHA16a] investigates the influence of the ratio of pole arc to pole pitch, i.e. pole arc
coefficient (b), on electromagnetic performance. With the increase of pole arc coefficient, the
PM loss, cogging torque, and -t@ad current increase [ZHAL17a). The increased pole arc
coefficient results in the increased magnetic flux and the decreased stator activéoletite

same baclEMF. Therefore, a tradeff should be satisfied based on the requirements.

When the pole ar c c oef-poleaiigapmexists,iFig. 1.128 (8)swhithh a n
may lead to large local stress in the sleeve due to #heeardistribution of magnets [BEN18].
Therefore, [ZHA15a] compares different materials of kgele filler to reduce the sleeve stress

and improve the rotor stiffness, Fig. 1. 27 (b), such as plastics, carbon fibre, and Titanium alloy.
In [BEN18], the magrials of interpole filler are PMs, i.el=1, air, glass fibre, and iron. The
results show that the Titanium alloy and iron inpete fillers have the lowest sleeve stress.
However, thehigh electrical conductivities of Titanium alloy and iron inpere fillers result

in highrotor eddy current loses Therefore, [ZHA15a] [ZHA16a] employs nanagnetic non
conductive plastics intgpole filler and [BEN18] [BINO6] [LIW14] [WAN21] adopt SPM
without pole gap, i.elb=1, for their different design requirertenin addition, the iron inter

pole filler, i.e. the inteiPM rotor, is employed by [DON16c] and [JAS17]. It is worth noting
that without pole gap, [WANZ21] analyses the rotor stress for a HSPM motor with segmented
magnets retained by a carbflore sleeve It shows that magnet edging effect caused by
segmentation leads to sleeve stress concentration but reduces the magnet tangential stress, and

thus the number of PM segments should be optimized to avoid stress concentration.
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Pole gap - Carbon Fiber Pole Filler _Carbon Fiber

Segmented PM Segmented PM

(a) Magnets with air pelgap (b) Segmented magnets with pole filler
[ZHA15a] [BEN18]

Fig. 1. 27. Two SPM rotor structures with different pole gap materials.

1.4.3 Solid PM

There are two solid PM rotor structures, i.e. solid PM with sleeve and solid PM with hollow

shaft. The mechanical stress is ttiesign consideratioof solid PMrotor structure
A. Solid PM with sleeve

The solid PM with sleeve iwidely employedin the HSPM motors witlsmall size rotor
[HES87] [ZWYO05] [CHE11] [AHN18]. In [WANO03], the Zoole solid PM is usk and
magnetized in whole, leading to the symmetry of mechanical strength and electromagnetic
performance. In addition, the solid PM is segmented axially to reduce the rotor loss and
simplify the assembly process of magnets. Meanwhile, the high rotor meahstrength and
electromagnetic performance are remained [CHE11]. [AHN18] compares different materials
of magnets and sleeves for a 500 W 400 krppo slotless HSPM motor with a solid PM
rotor. The magnet materials are NdFeB and Sm2Col7, and thes siesterials include
Titanium alloy, SUS304, Inconel718, and carbon fiber. The results show that the combination
of Inconel718 sleeve and NdFeB (N42SH) magnet has high mechanical strength and the largest
rotor dynamic safety factor. In addition, the SUS3@kve is the worst since it cannot meet

the mechanical stress requirement.
B. Solid PM with hollow shaft

In [ZHEO5], a 2 kW 200 krpm slotless HSPM motor is designed for a centrifugal compressor
drive application. This design employs a solid PM rotor stre¢ctand the magnets are located

inside a hollow shaft (Titanium), Fig. 1. 28 (a). This rotor structure can improve the rotor
stiffness and significantly increase the first critical speed. [HUY15] modifies the equation of

natural frequency calculation codsring the solid PM with hollow shaft, and the analytical
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prediction shows that the first natural frequency is well above the rated operation frequency.
[LIU18Db] proposes a novel solid PM rotor design with a hollow shaft, which consists of an
amorphous ratr core, solid PM, and a hollow shaft, Fig. 1. 28 (b). It should be noticed that
epoxy is employed in the gaps between PMs and rotor core to improve the rotor mechanical
strength. The advantage of the novel rotor structure is that since the PM is inser i

rotor core, the manufacture and assembly are simple. However, this rotor structure will lead to

large shaft loss, which may increase the rotor temperature and demagnetization risk.

Hollow shaft _-Rotor core

Shaft

S em

(a) Conventional hollow shaft [ZHEO5] (b) Novel hollow shaffLIU18b]
Fig. 1. 28. Solid PM with hollow shaft rotor structure.
1.4.4 Summary

In this section, the applications, advantages, and disadvantages of IPM, SPM, and solid PM
rotor structures are summarised in Table 1. 5. The selection of rotor structure depends on the
constraints of mechanical stress and motor size. In general, th@8btiwtor structure has the
highest mechanical strength, and the IPM rotor structure has the lowest mechanical strength,
while the cost is the lowest. The SPM with sleeve rotor structure has a betterftiaetsveen
electromagnetic performance and medtanstress, which is widely employed HSPM

machines and is also selected in this thesis.
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Table 1. 5

Applications, Advantages, and Disadvantages of Different Rotor Structures

IPM SPM Solid PM
1 Large torque 1 AlHSPM 1 Ultra-high-speed
requirement machines PM machines
Application _
1 Low cost ! Small size rotor
requirement
1 Large output 1 High mechanical | High mechanical
torque strength strength
High critical speed| 1 Ultra-high critical
Advantages | | oW cost

Low rotor loss speed
1 Simple structure

for small size rotor

1 Low mechanical | 1 Low thermal 1 High cost

strength conductive sleevey 1 Large effective

Disadvantages| 1 Low critical speed

Large rotor loss

lead to high air-gap
temperature
1 Demagnetization

with solid rotor
risk

1.5. Parasitic Effect

The highspeed operation results in an increased number of parasitic effects which do not exist
or are not important in the logpeed and moderaspeed operation, such as stator iron loss,
AC copper loss, rotor loss, windage loss, rotor dynamic charstaterotor vibration, and

thermal aspect.

1.5.1 Stator Iron Loss

Compared with lowmoderatespeed conventional machines, the stator iron loss becomes the
dominant loss irHSPM machinesTherefore, the calculation of stator iron loss should be
included in theanalysis and design of higdpeed machines. In general, the Bertotti model

[BERS8S8] is employed in the analytical computation of stator iron loss. There are three losses
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included in the classic Bertotti model, namely, hysteresis RB3s€ddy current los&Pe), and

anomalous los$%), as shown by

Pe=p . B KB, kFB kK¥B (15)

In this thesis, the lamination material is JFE_Steel 20JNEH1200, whose hystejesiddy
current ko), and anomalous loss] coefficients are 173.296, 0.086, and 2.068 W/m

respectively.

[ATA92] develops a method to predict the iron loss in a PM BLDC motor undéwaoh
condition. It indicates that the doad iron losses is markedly higher than opeouit iron
losses. In addition, [ATA93] calculates the rotational stiator loss caused by the angle of lag
between magnetic field strength (H) and flux density (B), i.e-cuaular flux density loci. In
[ZHA17b], the magnetic flux variation at each point of the iron core is obtained, and meanwhile,
the fundamental and haonicsof flux densityare analged by Fourier analysis. Moreover, the
additional iron loss due to rotational magnetic flux in the iron core is considered. The results
show that foHSPM machines, the stator iron loss is affected not only by the altegrifui

effect but also by the rotational flux effect. In [DON14a], the skin effect is considered when
the frequency is above 2 kHz, and the accuracy of analytically predicted results is improved.
In [BER16], the additional losses due to magnetic anomatesufacturing processes, and

rotational fields are considered
1.5.2 AC Copper Loss

The copper losses in HSPM machines include two basic components, DC and AC copper losses.
The DC copper loss component lmslose relationship with output torque, and its thermal
dependence is well understood. The AC copper loss caused by the skin effect and proximity
effect should be analyzed due to the high frequency current and large slot leakage flux in HSPM
machines [MEO06].

Skin effect is a tendency for alternating current to flow mostly near the outer surface of the
conductor. The effect becomes more and more apparent with the increase of frequency, and
thus it should be consideredit8PM machines. Proximity effect &tendency for alternating
current to flow in a smaller region due to the magnetic field caused by nearby conductors. In
general, the skin effect can be eliminated when the conductor diameter is smaller than the skin
depth under the rated frequency. [UZH flivides each winding turn into several parallel wires

to reduce the diameter of each conductor and avoid the skin effect. The proximity effect can be
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reduced by using Litz wire [TANO3], which is constructed using hundreds of-draaiketer
strands diviéd into many bundles. The strands in each bundle are twisted. [GIL17] measures
the nceload power losses of the slotless HSPM machines with and without Litz wires. The
results show that under the rated speed (75 krpm), the power loss with Litz wiresr ithiwe

100 W, but the power loss without Litz wires is higher than 400 W. However, the Litz wire

also has its own drawback, such as high cost and inferior thermal performance.

In addition, the proximity effect can also be affected by the conductor dispssilt is found

that the proximity effect can be significantly reduced when the conductors are located at the

bottom of slots since the additional losses are concentrated at the conductors at the top of the
slot due to the influence of the magneticdiehused by the PM [MELO6] [POP13]. However,

it is worth noting that for higispeed slotless machines, the magnetic field generated by the PM

is much larger than the field caused by the nearby conductor, and thus the proximity effect can
be neglected [ZWYH.

1.5.3 Rotor Eddy Current Loss

In HSPM machinesalthough rotor eddy current lessarerelatively small, the poor cooling
capability may result in overheating in the rotor and demagnetization of magnets. Therefore,
rotor losgsshould be considered and reduced. In general, two factors lead ttossegi.e.

one is the space harmonics due to the armature MMF and slot opening, and the other one is the
time harmonics of armature current caused by pulse width modulation (PWiMevdr, in

HSPM machines, the large air gap reduces the effect of space harmonics, and the time

harmonics play the dominant role in generating the rotor losses [ZHU04] [ZHOO06].

As mentioned before, compared wik/2pHSPM motors, the8s/2pHSPM motor haghe
largest rotor loss due to the space harmonics from the armature MMF, which significantly
increases with the increases of speed. In [JUM14], tpel® slotless HSPM motors with
toroidal, helical, and concentrated windingsdersquare/sinewavescurrent waveformsby

PWM inverters are compared. The results show that machines fed by-s@vard>\WM
voltage have higher rotor lossisnthe ones fed by sin@ave PWM voltage due to the larger
time harmonics of armature current. In addition, slotless mashiith concentrated windings

have the largest rotor losses due to the space harmonics from the armature current.

In [JANO4], the 24/4p HSPM motors with Halbach and parallel magnetized rotors are

compared in terms of rotor losses. According to the tinte space harmonics analysis, the
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motor with a Halbach magnetized rotor has smaller rotor losses than the motor with a parallel
magnetized rotor. However, the segmentation of the Halbach magnetized rotor is not
mentioned in this paper, which may have a ificgmt effect on the reduction of rotor losses.

In [MAJ17], for a 3s/2p PM motor with the constant output torque, the increased magnet
thickness decreases the rotor loss due to the reduced phase current and armaturé feastion
beenproved that the auxiliary slotsan decrease the rotor loss in the 3s/2p PM motors
[MAJ19a], which has been mentioned in section 1. 3

Except for reducing the space and time harmonics, splitting the eddy current loop is a direct
solution tominimize the mgnet and sleeve lossedthough [POLOO] believes that segmenting

the magnets is better for low speeds and [SHE13] [MBl&Onsider that PM segmentation

will complicate the manufacturing process and is difficult for small size rotors, several large
size HSPM motors still employ the rotor magnet segmentati@vaad highrotorloss [GER14]
[HUA16]. [ZHA15a] dividesthe PM into three segments per pole in the circumferential

direction, and the axial segmentation of magnets is adopted in [ZHA18b].
1.5.4 Windage Los

The windage loss results from the aerodynamic loss when the rotor rotates, and it becomes
significant with the increase of speed. In general, the rotor will be modelled as a cylinder in the

windage loss calculation [MAC67], which is given by

pwindage = C IVO /;Iir 3”5{1 Ia (16)

where} air is the air gap density; is the angular speeR; andla are the rotor radius and length,
respectivelyCs is the friction coefficient and is determined by the air gap structure and rotor
surface condition. Compared with the analytical method, fluid field analysis is a more accurate
method to calculate the windage loss since the friction coefficient is diffecdetermine by

theoretical analysis.

[WANO9] studies the windage loss of as2p HSPM machine with a rated speed of 60 krpm

by the 3D FEM of fluid field and experimental study. It shows that the windage loss takes a
large part in the total losses aisdarger than the core loss at the rated speed. [ZHA17b] and
[HUA16] show that the windage losses increase with the increase of rotor speed, rotor
roughness height, and ventilation speed (axial cooling air velocity). Therefore, it is
advantageous to usesleeve material with a smooth surface and employ a suitable ventilation

speed to balance windage losses and cooling conditions.
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1.5.5 Rotor Dynamic and Vibration

During highspeed operation, the rotor has a great amount of rotational energy and a small
amount dvibration energy. The purpose of rotor dynamics is to make sure the vibration energy
is as small as possible. For higbeed machines, it is very important to accurately predict the
natural frequency of the rotor to avoid the rated operation frequensg ¢b the natural

frequency.

In [EDEOQZ2], FE analysis is used to establish the natural frequencies and dynamic models of the
rotor. The results show that the shaft extension has a significant influence on the natural
frequency, and in order to move rotamioling modes beyond the operating speed range, the
shaft should be short and have a large diameter, i.e. small L/D ratio [HON18]. However, in
[ZWYO05], the length of the shatft is adjusted such that the rated speed (500 krpm, 8.333 kHz)
falls between the sead andthe third bending modes. [FAN]LEwestigates the influence of

rotor static eccentricity on the rotor vibration BMIF and eccentric mass force. The results
show that the eccentric mass force leads to fundamental frequency vibration, whichagthe m
source of rotor vibration. In addition, the static/dynamic rotor eccentricities have a significant
influence on the backMF, cogging torque, and UMF [ZHU13] [ZHU13b] [ZHU14], which

will be researched in this thesis.
1.5.6 Thermal Aspect

In highrspeed mach@s, thermal analysis is necessary due to large motor loss and low cooling
capability of the rotor. The computational p
the temperature rise distributions,suface whi ch

heat transfer coefficient should be determined simultaneously.

[DON14a] optimizes the stator structure by the CFD method, and the results show that most
axial coolant flows through the inner and outer slots while few enter the air gap. The highes
winding temperature is found near the outlet, which is approximately 96.0 °C. The hottest spot
occurs in the middle of the rotor, which is 125.5 °C. Since the complex modelling and meshing
procedure requires certain skills and is quite ttnasuming, dime-saving lumpeeparameter

thermal network (LPTN) linked with the CFD modelling is employed in [DON14]. In this
hybrid method, the puid and temperature yeld
then the LPTN model is created.

1.6. Scope andContributions
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In this thesis, Zole UHSPM (180 krpm) motors with different winding configurations for
vacuum cleaner applications are optimally designed and analyzed in terms of electromagnetic
performance and mechanical strength. In addition, the irdei@f rotor eccentricity on the
electromagnetic performance is investigated considering the unbalanced phagMBack

waveforms and circulating current.

This chapter reviews the advantages and disadvantages of various machine types for high
speed applicatns. For thregghaseHSPM machines, the applications and characteristics of
different stator structures, winding configurations, and rotor constructions have been
summarized. In addition, the parasitic effects caused by thespiggd operation have been
discussed. For vacuum ctea applications, the design requirements include-bigae-speed,

high power density, low noise, small size, and lightweight. Thereforefdf#p number
combination is selected due to no UMF, low vibration, and less rotor loss. FurtherpRcsiot
winding configuration is an attractive solution &8/2pHSPM motors. The research scope and

outline are shown in Fig. 1. 29, and the outline of this thesli®e presented as follow

Chapter 2: 6s/2pHSPM motors with different winding configurations, .i.2, 2, and 3 slet
pitches, respectively, are comparatively studied. The advantages of short stator active length

of 2 slotpitch windings are highlighted.

Chapter 3: 6s/2p HSPM motors with two alternate layouts of 2 sjmtch winding
configurations are npposed for vacuum cleaner applications. Firstly, two motors have been
optimized considering thermal limit and allowed maximum current density. Secondly, the
electromagnetic performances of the two motors have been analyzed. Th8sipBlSPM
motor andthe proposeds/2pHSPM motor are compared since they have the same winding

factor.

Chapter 4: The influence of rotor eccentricity on the electromagnetic performances of the 2
pole HSPM motors is investigated. Firstly, the b&dFs, the cogging torquethe output
torques, and the UMFs of tBs/2pmotors with static/dynamic rotor eccentricities are analyzed.
Secondly, thé&s/2pmotors with static/dynamic rotor eccentricities are analyzed and compared

with the 3s/2pmotors.

Chapter 5: The electromagnetjgerformances ds/2pHSPM motors witttirculating currents
in paralletconnected windingdue torotor eccentricy areanalyzed Firstly, the principle of

circulating current production is presented and the effect of rotor eccentricity ratio is considered.
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Secondlythe effect of theno-load and ofload circulating currentsn the parallelconnected
windings at steadystate operan with rotor eccentricity is investigated. Thirdly, the
circulating currents with DC componens$ the beginning of rotor eccentricitg further

analyzed.

Chapter 6: General conclusiorthe future work aredescribed

Ultra-High Speed Permanent Magnet Motprs

' ‘ }

| Permanent MagnetMotor| Induction Motor | Reluctance Motors|
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[

v v

| Stator Structures and Winding Configuratio+s

— —

Chapter 1
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Different winding Windings for High StatidDynamic Roto Due to Rotor

configurations speed Application Eccentricities Eccentricity
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Conclusion

Fig. 1. 29. Research scope andlioat
The major contributions of the thesis include:

1. 2 slotpitch windingsareproposed for higtspeed applicationis 6s/2p PM motorsThen,

two 2 slotpitch winding configurations with different emdinding structures have been
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analyzed. Finally, with # same winding factor, thgs/2pand 6s/2pHSPM motors are
compared, and the advantageshaf2 slotpitch windingsarehighlighted.

. Comparative study of the electromagnetic performancés/@pHSPM motors with 1, 2,
and 3 slotpitch winding configurations, with particular emphasis on the 2-mtoh
winding having the relatively large winding factor and relatively shortweinding axial
length. In addition, the advantages of short statovedtingth of 2 slepitch windings are
highlighted.

. The influence of static/dynamic rotor eccentricities on the amplitudes and phase angles of
backEMF waveforms in th8s/2pHSPM motor are investigated for the first time. Further,
the dynamic rotor eccemtity results in the asymmetric positive and negative-patiods

of phase baclEMF waveforms in th&s/2pHSPM motor. In addition, the influence of the
rotor initial position in the dynamic rotor eccentricity is investigated.

. Theelectromagnetic perfarances of the 6s/2p HSPM motor witeadystate circulating
currents in paralletonnected windings due to rotor static and dynamic eccentriaitées
analyzedunder neload and ofload conditions. In addition, the circulating currents with
transient diret current (DC) components at the beginning of rotor eccentricity when it

occurs are discussed.
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CHAPTER
COMPARATISYEDY ®%8 OT -POLEHHI G SPEEBERMANE MAGNET

MOTORS WDITHFERBMITNDI §GNFI GURATI ONS

PM motors with 6s/2p numbercombination and noroverlapping windings have been
employed in higkspeed applications due to ndMF and short endvinding. However,
different winding configurations can be used@s/2p PM motors, with different winding
factors and output torques. In this chapteree6s/2pHSPMmotors with 1, 2, and 3 slgtitch
windings are optimized by the analytical method and finite element (FE) method under
differentconditions such as a fixed current density, a fixed stator copper loss, faretl total
stator loss (ironare loss and copper los3)he electromagnetic performances of the optimized
designs are analyzed and compared, includingagrflux density, back electromagnetic force,
electromagnetic torque, winding inductances, and various loss components. Fgpeeidh
application, compared with 1 and 3 sfotch windings, the proposed 2 sloitch windings
have a good tradeff between winding factor and emadnding axial length which are attractive
for improved torque density. Finallyjsome of predictions by FEMare validated by

experimental results.
This chapter was published in IEEE Transactions on Industry Applications
2.1 Introduction

High-speed (HS) motors have been developed for a few decades and used extensively, e.g.
centrifuge, air compressor, flywheel, turpenerator, higfspeed spindle, vacuum cleaner, and
aircraft [SHE18] [BEN18] [GER14] [BEN99]. For household appliances, low power, small
size, and lightweigt HSPMmotors are preferred. In literature, the stator/rotor topologies of
these HSPM motors maintpntain3s/2p 6s/2p and 2pole slotless types. Tis/2pbrushless

HSPM motors are designed and analyzed for tiantlapplication and a friction welding unit

in [HES87] and [ZHU97], respectively. However, tBs/2p combination exhibits UMF
leading tdarge vibration and noise. To reduce undesirable UMF, auxiliary slots are introduced
to the3s/2pPM motor in [PAN14] and [MAJ18]. However, the performance is significantly
influenced by the load condition. [BIAO5] comparés/2p motors with slotted and atless
stators. The disadvantages of slotless motors include low torque density and complex winding.
Apart from the3s/2pmotor, the6s/2pmotor can also be used for small size and iltgd-

speed motors with toottoil windings [SHI04]. In [NOGO05]3s/2pand 6s/2p motors with
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tooth-coil windings are compared to illustrate the advantages of ttat Gtator structure with
sameoverall size. Based on tlés/2pHSPM motor, there are various research topics, including
magnet assembly [WAN10], tar retainingsleeve design [ZHOG], rotor eddy current loss
reduction [NIU12], multidisciplinary design process [UZH16], reduction of noise and vibration
[GIL17], etc. However, the influence of winding configurations on tsghed applications of
6s/2pPM motors has ot been systematically investigated in literature. 20, a 6s/2p
HSPM motor with 2 slepitch windings is introduced and compared with different winding
configurations. As an extension fHE2(Q, the 6s/2pHSPM motors are optimized by taking
the iron loss into consideration and fixing the stator copper and iron losses. By-siimgt8
element (FE) modeling, the winding inductances of different winding configurations are
analyzed accounting for emdindings. Finally, three prototype motors ameanufactured and

tested to verify some of the FE predicted results.

In section 2. 2, the motor topologies, winding factors, anevanding models of §2p HSPM

motors with 1, 2, and 3 slgiitch windings are desdred. In section 2. 3, three motors are
optimized by the analytical method and FE method for the maximum torque or torque density
under different conditions. Section 2. 4 investigates the electromagnetic performances of three
optimized motors with a fixedator active length. In section 2. 5, the influence ofemnuling

on the torque and torque density with different stator active lengths is analyzed. Three
prototype motors with different slgtitch windings are tested to validate the FE predicted

resultsin section 2. 6, andection 2. 7 is the conclusion.
2.2 Machine Topologies

Fig. 2. 1 (I) shows thenachine topologieand winding configurations of thregs/2pHSPM
motors with 1, 2, and 3 slgtitch windings, designated as M1, M2, and M3, respectivelyrThei

winding configurations are described as:

1 M1 has coil pitch = 1 slot pitchy€1) and two conductors in one slot from different

phases and the same current polarity, Fig. 2. 1(a);

1 M2 has caoil pitch = 2 slot pitcheg%2) and two conductolis one slotfrom different

phases and opposite currgotarity, Fig. 2. 1(b);

1 M3 has coil pitch = 3 slot pitcheg%3) and two conductoria one slotwith the same

phase and same currgmtlarity, Fig. 2. 1(c).

Their basic parameters are given in Table 2.1. PMspaitallel magnetization and a magnetic
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rotor shaft are adopted to produce a sinusoidajapfield distribution [NGK96]. A stainless
steel sleeve is employed to retain the PMs from centrifugal force. In general, three phase 120 °
electric square wave aent waveforms are employed for higheed application. The slot

pitch mainly affects winding factor and emdndings, which will be analyzed in this part.
2.2.1Winding Factor

Although with different slopitch windings, all of three6s/2p HSPM motors employ
concentrated windings, and thus their distribution factors are 1. Hence, their winding factors

(kw) are equal to the pitch factotg), which can be calculated by

k,=co (2.1)

whereUis the electric degree of the shortened coil span angle. For the motor wipitdhll
windings, i.e. 3 slepitch windings, the shortened coil span angle is 0°, and the pitch factor is
1. For the motors with shepitch windings, i.e. 1 and 2 sigitchwindings, the shortened coil

span angles are 120° and 60°, and thus their pitch factors are 0.5 and 0.866, respectively.

(a) M1 (1 slotpitch)

(b) M2 (2 slotpitch)
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End-winding

(c) M3 (3 slotpitch)
(). Motor topologies (). End-winding models

Fig. 2. 1. Motor topologies and emdnding models othree motors witli, 2, and 3 slet
pitch windings.
Table 2. 1

Main Parameters dhitial Design

Rated speed, krpm 180 Number of turns per phase 20

Stator outer diameter, mm 40 Lamination material 20JNEH1200
Stator active length, mm 9.6 Magnet material N45SH
Air-gap length, mm 1.55 Magnet remanence, T 1.3
Sleeve thickness, mm 0.3 Sleeve material Stainless steel
Shaft diameter, mm 5.0 Shaft material GCr15

2.2.2 Endwinding Length

In this chapter, fosimplicity, the shape of endinding in motors with 1 slepitch windings
can be assumedtobesemi r cul ar with the dilampét § P ANfO 61 h ¢

shown in Fig. 2. 1 (I) and their enlinding lengthslg) can be calculated as

& 4D, D, , &
pd Uz % g

W,
| == +t
e(y=1) 2 P ZNS 2 (22)
x
¢

wherey is the slotpitch, Nsis theslot numberDo, Di, w, hi, andhy are the stator outer diameter,

stator inner diameter, tooth width, todifr height, and yoke thickness, respectively.
59



For 2 and 3 slepitch windings, theendwindings include extend partef) and connected part
(Icon), @s shown in Fig. 2. 2. The connected part is assumed a&eitheircular with the

di ameter of Rlte 61 aBmcgpt®dh r af)i The Angkedend bhefweerextend

and connected parts has a maximum value for ensuring that the connected part willlapt over

the outside of the statoFhe endwinding lengths of 3 slepitch windings can be calculated as

D 0O 0
=, " ¥ "y '8 w 9
N 5 €2, (2.3)

(o]

S 0
Stator yoke
Stator slot

Extend part Connected part

Fig. 2. 2. Side view of stator 66/2pHSPM motors with 2 and 3 slgitch windings.
2.2.3Endwinding Axial Length

Thecoil pitchalsoaffects the enavinding axial lengthlga). With a fixed stator active length,

longer endwinding axial length leads tlmnger motor axial length{s), which results in low

torque density and rotor dynamic issues for fegked operations. Therefore, for higgeed

application, the motor axial length should be designed relatively short, i.e. shaviretidg

axial length.For 1 slotpitch windings, the total erdinding axial lengths for both ends are

assumed to be the diameter ofemd ndi ng | ength, -10eg. whiheh |l eag

computed by

| 2) (2.4)

ea( y=1) =—le

p
For 2 and 3 slepitch windings, thexial length of the connected partisthethak n gt h- of &6 A

2cpbd @drcpd®Ar and t-windng axialéengthefor ddth eeds @hn be calculated

as

2
Iea( y=2,3) = ;(l e -2 e>) COSO end) P e (25)
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2.3 Optimal Designs

In this section, thre6s/2pHSPM motors with different slepitch windings are optimized by
analytical and FE methods with three different conditions, i.e. a fixed current density, a fixed
stator copper loss, and a fixed total stator loss. The optimal goal is the maximum torque or
torque density. Several parameters are fixed in the optimization, such as stator outer diameter,
stator active length, agap length, sleeve thickness, turns number, and shefteter, as

shown in Table 2. 1.
2.3.1Fixed Current Density

Current density is an ssntial parameter of motor design, which depends on the current level,
the number of conductors in the slot, and the slot area. The large current density will lead to
winding overheating and insulation damage, causing short circuit fault etc. In general,
according to the experience, the maximum allowed current density under the forced air cooling
is 10 A/mnt [HANO3]. In this case, the insulation class of ulighs p e e d mot or s i s
is higher than that of conventional levand mediurrspeed motorsThus, the maximum

allowable current density is defined as 12 Afimthis section.

With a fixed current density, two design variables will be focused on: the split#aéind the
maximum stator iron flux densityBfay. In this optimizationthe shaft diameter is fixed and
thus themagnet thickness vies with the split ratioWith three phase 120° electric square wave

currents, the average torque can be calculated by
Tave = 2|s(D| _Z g)B gka maJ<\I pl (26)

With a fixed current density, the torque eqouiatcan be rewritten as
T.=21 (D, -2.)B S k J
ave — s( i g) gkw(?) P a (27)

where Gsiof2) means the half slot area for the double layer windongiguration k; is the slot
packing factor,which is 0.27provided bythe company The small slot packing factas
employed to avoid local overheating sincénireases the distances between the conductors
and offers forceghir cooling channels, which can reduce the AC toxtimprove the winding
cooling capabilitya is the number of parallel paths. In addititime slot area can be calculated
by the tooth width\), the yoke heightty), the toothktip height ¢), the slot numberNs), and

the split ratio due t®; = aD..
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o _p(D:-(D,_eh)) p(D:- (D, 2h))
slot 4Ns 4Ns (28)
-w(D,/2 -h, B/2 h)

Based on the Gaussod6 Law, t he t 0 0 B andthe h
average akgap flux density Bave).

aveAg BmaxAlron Y BaveDg :2 B ma>h (29)

whereAy, Airon, andDg are the aigap area, stator iron area, andgap diameter. Since the air
gap flux density waveform of-Bole motors with parallel magnetization is sinusoidal,
Bave=(2 /) By. According to [ZHU97] By can be representday

- (B2 Bz Rﬂ

R, "R
B,=B (2.10)
[1+(§:) L <§:)] AL (R”)zlll (—Pm

whereB; is the magnet remanenge, is the relative permeability of magn®&s;, Ry, Rm, and

Rsh are theradius of thestator innerthe air-gap,the magnet, andhe shatft, respectively.

For the6s/2pPM motor,the ratio of tootkpitch to pole-pitchis 1/3 and Fig. 2. 3 shows the
idealized opertircuit flux distribution[PANOG6]. It indicatesthat the maximum flux in the
stator toot h, i . e. stator tooth 06106 or
Thus, the tooth width equals the yokeight, which can be calculated by

B.(/
V\4=m=(% g) g() (2.11)

N\ — —)

| S N S |
N\ AN

Fig. 2. 3.Idealized opertircuit flux distribution of6és/2pPM motor.

Consequently, the average torque can be calculated by the funciandBmax i.€.f (8 Bmay.
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Toe = 1K K JaE(/, By) (2.12)

F(/1Brad = ( Dy -2)Bo( )8 + By D) (2.13)

When theoptimal goal is the maximum torque, with a given stator outside diameter and a given

maximum stator iron flux density, the optimal split ratio can be obtained by

H) g 2.14
" (2.14)

It is worth noting that the winding factor, slot packing factor, and current density are included
in (2.12) but not in (2.13), which means those parameters can affect the output tordoe but

not changehe optimal split ratio.

The relationshipbetweentorque and split ratio undervarious maximum stator iron flux
densities is shown in Fig. 2. Zhe results showhat the torque increases with the increase of
split ratio at firstand then decreases, @hds the optimal split ratio for maximum torque exists.
Meanwhile, with the increase Binax the maximum torque and optimal split ratio increase, Fig.
2. 5. Therefore, the maximum stator iron flux density is designed at the knee point efithe B
curve of the stator lamination material, iBwax=1.5T, Fig. 2. 6, and thus the optimal split
ratios of M1, M2, and M3 are all 0.34. Three motors with different-gitth windings have
the same optimal split ratio, which has been explained by analytical calculation b&2el®pn
and(2.13).Theequipotential and flux contouwlistributions of the optnized desigrmre shown

in Fig. 2. 7 The comparison of FE and analytically predicted torques of three motors with 1, 2,
and 3 slotpitch windingsindicates thatheir optimal split ratios have a good agreemeéiy.

2.8

As mentioned in section 2. 2, #a6s/2pHSPM motors with 1, 2, and 3 slpitch windings
have different endavinding lengths, which is the main difference and should be considered in
the optimization. However, with a fixed current density, the influence ofagnding on the
optimal degin is neglected in theory. Therefore, another optimal condition, i.e. fixed copper

loss, is employed and discussed in the next section.
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Fig. 2. 4.Relationship between torque and split ratfmervariousmaximum stator iron flux

densities.

64



(0]
o

M2

o)
o
|

0
|

Max torque (mNm)

(a) Maximum torque

0.4
. —A—M1
= -8 -M2
20351 —x—wm3
=
(7))
I
£ 03-
a
o <A

0.25 + . . . .
0.7 0.9 1.1 1.3 15 1.7
Bmax (T)

(b) Optimal split ratio

Fig. 2. 5. Variation of maximum torque and optimal split ratio with maximum stator iron flux

density.
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Fig. 2. 6.B-H curve of stator lamination materi2QJNEH1200.
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(a) Equal potentiadlistribution (b) Flux contour distribution
Fig. 2. 7. Equal potential and flux contour distributions of the optimized desgr34,
Bmax=1.5T) by fixing current density.
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Fig. 2. 8. Comparison of FE and analytically predicted torques Bhgal.5T.

2.3.2Fixed Copper Loss

In general, if the iron loss is neglected, the copper loss represents the major loss which causes
temperature rise of the motor and is limited in optimization. Compared with a fixed current
density, the optimization with a fixed copgdess can consider the influence of different-end
windings caused by different slpitch windings. Therefore, three scenarios for the maximum
torque or torque densitye. torque per unit volumare analyzetdy analytical and FE methods,

which are giveras follows.
1 Neglecting endvinding copper loss, the optimal goal is maximum torque;

1 Accounting for enewinding copper loss, the optimal goal is maximum torque;
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1 Accounting for enewinding copper loss and axial length, the optimal goal is maximum

torquedensity.

According to literature, the stator thermal limitatidPis() [BINO4] can be introduced to

restrict the stator copper loss, which can be calculated by
Rimi = V0 D (2.15)

In this caseh=100W/°Cn¥ [BIAO4], since the small sizelSPM motors employexternal

forcedair cooling.Vm is the maximum motor operation temperature.

A. Neglecting enewinding copper loss

In this scenario, theopper loss is fixed neglecting ttedwinding copper loss, and the optimal

goal is the maximum torqués mentioned before, the average torque can be calculated by
Tave = 2|s(D| -2 g)B J(VJN pt (216)

Since the phase current can be replaced by the function of the copp&&:Jpss (

2
R =217 oo &40

(Si/2) Ky 2

The torgue equation can be rewritten as

Pcu Sslot kp a (218)
Tave:2|s(/ D0 -2 g)BJ(V\N p W
cu' “ph's

wherej ¢y is the copper resistivitgt 20°C, i.e. 1.6&108 ( em).

With a fixed copper loss, the split ratio and maximum stator iron flux density are two design

variables for the maximum torque, and the average torquieecgiven by

Pk la (2.19)

Toe = Ky |22 £(/, B
ave W 2 ( ma)

cu

f(/,Ba) =( D, 21 )B \[Sa (2.20)

With a given maximum stator iron flux density and a given stator outside diameter, the optimal

split ratio for the maximum torque can be obtained by
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H) 0 (2.21)
W

Fig. 2. 9 shows theelationship between torque and split ratimervariousmaximum stator
iron flux densities when the emdinding copper loss is neglected. It shows that for &eh
the torqueclimbs up and then declineith the splitratio. In addition, the maximum torque and
optimal split ratio increase witBmay, Fig. 2. 10, andhe three motors have the same results.
WhenBmax=1.5T, the optimal split ratios of M1, M2, and M3 are all 0.42, which is larger than
that optimized by fixag current density. The reason is that with a fixed copper loss, a balance
of the electrical loading and magnetic loading is achieved for the maximum torque. However,
a fixed current density restricts the electrical loading and leads to a relativelslargeea
and relatively small optimal split ratio. Fig. 2. 11 shows ¢heipotential and flux contour
distributions of the optimized design. Fig. 2. 12 shows the variation of analytically and FE
predicted output torques with the split ratio wiBaax=1.5T, andtheir optimal split ratios have

a good agreement.
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Fig. 2. 9.Relationship between torque and split ratm@ervariousmaximum stator iron flux
densities, neglecting endlinding copper loss.
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Fig. 2. 11. Equal potentiaind flux contour distributions of the optimized design0(42,
Bmax=1.5T) by fixing copper loss, without ewwdnding.
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Fig. 2. 12. Comparison of analytical predictions and FE results 8henl.5T, without end

winding copper loss.

B. Accounting forendwinding copper loss

In this scenario, the endinding copper loss is taken into account, and the optimal goal is the

maximum torque. Considering emdnding copper loss, (2.18) can be rewritten as

I:z:usslo’(kpa
8rcuNih(|s+| e)

Tave =2l s(/ Do -2 g)B J( V\N p\/ (222)
The relationship between torque and split ratioder various maximum stator iron flux
densities is shown in Fig. 2. 13. With a giv&#kx themaximum torque can be achieved and

the optimal split ratio exists. Compared with the fisstenario the consideregéndwinding
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copper losses decrease the maximum torques of three motors. Fig. 2.14 (a) shows that M2 has
a larger maximum torque for eaBhaxthan M3 since M3 has the longest emthding length

but M2 has a relatively short emdnding length and relativgllarge winding factor. In addition,

Fig. 2. 14 (b) shows three motors do not have the same optimal split ratio for each maximum
stator iron flux density due to accounting for different-endding copper losses. However, in

this case, the difference iggdit and can be neglected. Since the maximum torque increases
with Bmax, the optimal split ratios of three motors are achievedg=a8t42 whenBmax=1.5T,

which is the same as that in the first scenario, i.e. neglectingviexaing copper loss. Thus,

the equipotential and flux contoutistributions of the optimized design are the same as those
shown in Fig. 2. 11Fig. 2. 15 shows the variation of analytically and FE calculated output
torques with the split ratio wheBmax =1.5T. Althoughthe analyticallypredicted torques are

slightly larger than the FE results, their optimal split ratios have a good agreement.
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Fig. 2. 13.Relationship between torque and split rati@ervariousmaximum stator iron

flux densities, with endavinding copper loss.
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winding copper loss.

C. Accounting for enevinding copper loss and axial length

In the second scenario, M2 and M3 have larger torques than M1, but their longeindimd
axial lengths may lead to lower torque densities. Therefore, in this scenario, tvendinay
copper loss and axial length are taken into account, and the ogtiadad the maximum torque

density rather than the maximum torque as described earlier.

Fig. 2. 16 showthe relationship betwedarque densityndsplit ratio underariousmaximum
stator iron flux densities. For ea8ax the torque densitglimbs upand then declines with
split ratio, e optimal split ratio for the maximum torque density can be achieved. Fig. 2. 17
shows the maximum torque density and optimal split ratio increaséBwithin addition, M1
with the shortest end/inding axial length &s the highest torque density, but M3 has the lowest
torque density due to the longest emtiding axial length. Three motors have almost the same
optimal splitratio, which means theoil-pitch has negligibleeffect However, compared with
the second scenario, i.e. only accountingemttling copper loss, the considered -evidding
axial length decreases the optimal split ratio from 0.42 to 0.41. Take the desi@ wath5T

as an example, Fig. 2. 18 shows theat#n of output torque and endnding axial length
(both sides) with split ratio. It can be seen that theweindiing axial length increases linearly
with the split ratio. Therefore, the maximum torque can be achievedasBet2, but the split
ratio shold be smaller for the maximum torque density, &0.41.Fig. 2. 19 shows the
equipotential and flux contoudistributions of the optimized design, and the variation of
analytically and FE method calculated torque densities with the split ratioBwhenl1.5T is

shown in Fig. 2. 20andtheir optimal split ratios have a good agreement.
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In the foregoinganalysesthe optimal goal is the maximum torque, and tthesstator active

length is fixedsince itcamot changethe optimal split ratioHowever, in this part, the optimal

goal isthe maximumtorque density, the stator active length has influence on the results of
three motors. With the same optimal design for three motorsgs@®41, Bma=1.5T, the
variations of torque and torque deégswith stator active length are shown in Fig. 2. &fith

the increase of stator active length, M2 and M3 have almost the same torque, which is larger
than M1, and the difference between M1 and M2 increases. Therefore, with the fixed end
winding axial legth, the torque density of M1 is overtaken by M2l 7mm, and by M3 at
Is=37mm. In general, when the stator active length is significantly large, theiedohg axial

length can be neglected, and then M3 with the largest winding factor has the togtpest
density. In addition, the torque densities of three motors increase firstly and then decrease with
the stator active length, and thus different optimal stator active lengths exist for the maximum

torque density.
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Fig. 2. 16.Relationship between torque density and split ratio under vamaxsnum stator

iron flux densities, with enavinding copper loss and axial length.
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D. Comparison of fixing current density and copper loss

In this section, the optimized designs by fixing current density and copper loss are compared

since their maximum stator iron flux densities are the sam&nae=1.5T. All the designs are

shown in Table 2. 2, and there are several conclusions as follows.

l

Different slotpitch windings have negligible influence on the optimal split ratio no

matter fixing current density or copper loss;

Values of the fixed current density and copper loss donfloence the optimal split

ratio for the maximum torque since they only affect the output torque;

Optimal split ratio under a fixed copper loss is larger than that under a fixed current

density due to the limitation of electrical loading with a fixedrent density;

Neglecting the influence of enwlinding, the output torques of three motors correspond
to their winding factors, which means M3 has the largest torque and M1 has the smallest

torque;

Accounting for endvinding copper loss, the output torquafsthree motors do not
correspond to their winding factors. M2 with a relatively large winding factor and

relatively short endvinding length has the largest output torque;

Accounting for endwinding axial length, the optimal split ratio is smaller thaat tmly
considering enavinding copper loss since tiecreased split ratio leads to the decrease

of endwinding lengthin axial direction
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Table 2. 2

ThreeOptimizedMotors by Different Optimal Methods

Fixed coppetoss
Fixed current density | o | o With endwinding copper
Without endwinding With endwinding copper loss )
loss and axial length
Optimal goal Max torque Max torque density
Bmax T 15 15 15 15
Optimal split ratio 0.34 0.42 0.42 0.41
M1 M2 M3 M1 M2 M3 M1 M2 M3 M1 M2 M3
Torque, mNm 22.4 | 38.8 | 44.8 72.2 125.1 | 1445 46.3 58.6 55.9 46.2 58.3 55.5
Torque density,
- 2.00 1.71 1.09 2.01 1.71 1.10
Nm/cn?
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However, in these optimal conditions and scenarios, the maximum stator iron flux density is
designed by the 81 curve of stator lamination material, which has a close relationship with
stator iron lossln HSPM motors, stator iron loss leads to temperature rise significantly due to
high frequency and should be considered in the optimiza#iJ97] [EDEO]. By

considering stator iron loss, theaximum stator iron flux density can be optimized.
2.3.3Fixed Total StatoLoss

In HSPMmotors, the large stator iron loss caused by high frequency will result in temperature
rise dominantly. In literaturfL1Q15], [WAN18] and [MAJ1%], the split ratios optimizedoy
analytical methods considerirgpencircuit stator iron lossut neglecting the influence of
armature reaction. [ZHUO1b] proposes an analytical method for predicting flux density
waveforms and stator iron loss densities of several regions of stator iron core accounting for
load condition. However, for motor desigptonization, this analytical method is complicated
since the stator flux density waveforms should be calculated analytically at first, and it is
difficult when considering armature reaction. Thus, in [ATA92] and [THO14], although the
stator iron losses amalculated by the analytical method, the stator flux densityef@ams are
computed by FEMThereforepy FEM, three6s/2pHSPM motors with 1, 2, and 3 sipitch
windings are optimizewith a fixed total stator lossccounting for the eload statoiron loss

In this part, the stator thermal limitatioRiifit) [BINO4] can be introduced to restrict the total

stator lossRstator) including stator iron loss and copper loss, which can be calculated by
Rimi = V0 D (2.23)
Considering theifferent endwinding lengths and axial lengths of three mattiteee scenarios
with two different optimal goals are analyzechich are giveras follows.
1 Neglecting endvinding copper loss, the optimal goal is maximum torque;
1 Accounting for endwinding mpper loss, the optimal goal is maximum torque;

1 Accounting for enelvinding copper loss and axial length, the optimal goal is maximum

torque density;

In the optimization, there are three design variables: split @tiongximum stator iron flux
density Bmay, and phase currentfy). The split ratio limits the PM thickness due to the fixed
shaft diameter, and thus the opmErcuit Bg can be calculated. Based Biayx tooth width, yoke

thickness, and slot area can be computed since the tooth width gepigitske thickness in
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6s/2pPM motors [PANOG6]. With various phase currents, the electromagnetic torques, copper
losses, and stator iron losses accounting for the influence of armature reaction can be calculated
by FEM. Finally, the optimal design with theaximum torque can be selected from the designs
With Pstator O Piimit.

A. Neglecting enewinding copper loss

With the fixed stator thermal limitation, tlmelationship between maximum torque @adxis
shown in Fig. 2. 2ZFor each slopitch, theoptimal Bmax exists while for eachBmax thelarger
the coitpitch, the higherthe maximum torqueln addition,three motors with different slot
pitch windings have almost the same optiBadx With the optimaBmax the average torque
climbs up and the decline with the split ratieig. 2. 23, and thus the optimal split ratio exists
for each slofpitch. In additionthe increasedoil-pitchincreases not only e maximum torque
but also theptimal split ratio. Fig. 2. 28hows thatvith a fixed phase curreritye motor with

3 slotpitch windings has the highestator iron loss due to tHargestmagnitudes of stator
magnetomotive force (MMF) spatial harmoniekwever the copper loss remains unchanged
for different slotpitch due to neglectg endwinding copper loss. Therefore, three motors with
different slotpitch windings have the same optinBalaxbut different optimal split ratios when

neglecting endvinding copper losbut accounting for then-loadstator iron loss.
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Fig. 2. 22 Relationship between maximum torque &dxin the motors with different

winding configurations neglecting enadndings.
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Fig. 2. 24.Relationships betweestator iron losscopper loss, andhase current in the motors

with different winding configurations neglecting emihdings,Bma=0.8T,a=0.34.
B. Accounting for endwvinding copper loss

Accounting for the endavinding copper loss, the variations of maximum torque Bithand
slot-pitch are shown in Fig. 2. 2&8ompared with the first scenario, the emishding copper

loss significantly decreases the maximum torques of three motors, hpweveptimaBmax
remains unchanged since the stator iron loss is the dominant loss. With the Bptintie
average torquelimbs up and then decline with thsplit ratio, and three motors have almost

the same optimal split ratio, Fig. 2. 26. Complaveth the first scenario, the emadnding

copper loss reduces the electrical loading, and thus the optimal split ratio is decreased,
especially for the motors with 2 and 3 gfistich windings. With the increase of sipitch, the

stator iron loss and enslinding copper loss increase synchronously, which results in a
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canceling effectTherefore, accounting for the emdnding copper lossthree motors with
different slotpitch windings have almost the same optimal split ratio Bwmd for maximum

torque. Although the optimal split ratio exists, the average torque increases and decreases
slowly before and after reaching theximum value, respectively. lother word, the average

torque is insensitive to the split ratio around the optimal split ratio siecstébor iron loss is

the dominant loss.
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Fig. 2. 25.Relationship betweemaximum torquendBmaxin the motors with different

winding configurations considering emdnding copper loss only.
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Fig. 2. 26.Relationship betweeaverage torquandsplit ratio in the motors with different

winding configurations considering emdnding copper loss onlyBma=0.8T.
C. Accounting for endvinding copper loss and axial length

As mentioned before, the motors with 2 and 3-plbth windings have large aveetprques,
but they also have relatively long emdnding axial lengths, which may lead to low torque
densities. Therefore, accounting for the-ndding copper loss and axial length, three motors

83



will be optimized for maximum torque density in this seetrather than the maximum torque

as described earliefhe relationshipbetweemmaximum torque densitgnd Bmaxis shown in

Fig. 2. 27,and three motors have the same optiBiak which is the same as that in the first
and second scenarios. Compared with the sesoedario,the optimal split ratio of M1 is
slightly smaller, but those of M2 and M3 remain unchanged, Fig. 2. 28, since the motor axial
length of M1 increases mildly w1 the increase of split ratio while those of M2 and M3 almost
remain unchanged, Fig. 2. 29. Howewre torque density of M1 increases and decreases
slowly before and after reaching theaximum value, respectively, and thus for maximum
torque density, t optimal split ratios of three motors can be considered almost identical,
which is the same as that in the seceoehnario

In summary, with a fixed stator thermal limitatidhe endwinding copper loss, erdinding

axial length, and slepitch have neggible influence on the optimd@max Since the stator iron

loss is dominant. Compared with the first scenario, the optimal split ratios and average torques
of three motors are reduced by accounting for thevending copper loss. Compared with the
secondscenario, the enrdinding axial length has almost no influence on the optimal design.
Therefore, accounting for emindings, threess/2pHSPMmotors with 1, 2, and 3 slgtitch
windings have the same optimal design no matter for maximum torque or maxiorgqoe

density, as showim Table 2. 3.
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Fig. 2. 27 Relationship betweemaximum torque densiigndBmaxin three motors

considering enavinding copper loss and axial length.
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2.4 Electromagnetic Performance of Optimized Motors

In this section, with a fixed stator active length, the electromagnetic performances of three

6s/2pHSPM motors with 1, 2, and 3 slpitch windings are analyzed and compared, including

opencircuit By, backEMF, electromagnetic torque, winding inductances, and various loss

components.
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Table 2. 3

Optimized Design Parametdfs80<RrPM)

Motor type M1 M2 M3
Stator outer diameter, mm 40

Stator active length, mm 9.6

Thermal limitation, W 18.1

Optimalsplit ratio 0.32

Maximum stator iron flux density, T 0.8

Phase current, A 12.1 8.4 7.2
Torque, mNm 155 18.6 18.4
Torque ripple, % 12.6 12.1 12.4
Endwinding axial length (both), mm 8.40 17.36 26.30
Motor axial length, mm 18.00 26.96 35.90
Torquedensity, Nm/m 680.80 549.01 407.86
Stator iron loss, W 10.6 11.6 11.3
Copper loss, W 7.4 6.4 6.8
Rotor loss, W 3.5 51 5.0
Motor total loss, W 215 23.1 23.1
Output power, W 292.2 350.6 346.8
Efficiency, % 93.2 93.8 93.8
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2.4.1 Opencircuit Air-gapField

Sincethe coil-pitch does not affect not onhe opercircuit air-gap fieldbut alsothe optimal
design for the specific applicatipas mentioned above, orlye optimized motor with 1 slot
pitch windings (M1) is analyzed. Fig2. 30and 31 showvthe equipotential and flux contour
distributions of M1 and the opesircuit airgapfield distribution.Due to 2pole magnet with
parallel magnetizatiorihe opercircuit air-gap flux density waveform is almost sinusoidal, and

there are almost no harmosiexcept those due to slotting.
2.4.2BackEMF

The backEMF waveforms of three motors with 1, 2, and 3-gibdth windings are sinusoidal

and there are almost no harmonics, as shown in Fig. 2. 32. The spectra show that three motors
have different fundamental mpaitudes, which correspond with their winding factors, i.e., 0.5,
0.866, and 1.
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Fig. 2. 30.Equipotential and flux contoutistributions of theoptimizedmotor with 1 slot

pitch windings.
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Fig. 2. 34. Variation of average torque and torque density with phase current ohtiioes

with 1, 2, and 3 slepitch windings, without stator thermal limitation.
2.4.3 Electromagnetic Torque

Therated electromagnetic torque and cogging torque waveforrhsesf imotors with 1, 2, and

3 slotpitch windingsare shown in Fig. 2. 33. With thersa maximum stator lost)e motor

with 1 slotpitch windings has the smallest rated torque. M2 and M3 have almost the same
rated torque. In addition, three motors éi@most the same torque ripplkhere is almost no
cogging torque in thre€s/2pHSPM motorsdue to diametricalymagnetized magnethe
average torques and torque densities versus phase currents of three HSPM nuionsaae

in Fig. 2. 34. The average torques correspond to the winding factors of three motors, and the
torque densy of the motor with 2 slepitch windings is the largesince it has a good trade

off between winding factor and ewdnding axial length

2.4.4Winding Inductances

For the small siz2eHSPM motor, sensorless control is employed widely and the winding
inductances a key parameter. Therefore, the influence of gikeh on the selind mutual

inductances is investigated byfand 3D FE models.

It is assumed that only phase A is excited,lhelA, Ig=Ic=0A, and two coils from the same
phase are connected iarpllel. Fig. 2. 35 shows the flux distributions of thré®2pHSPM
motors when only phase A is excited and Fig. 2. 36 showsEh&B models of three motors.
The self and mutuainductances of-D and 3D FE models are shown in Table 2. 4. kD2
FE malels without enewindings, the seffnductances increase with the increase of gitwh

and that of M3 is almost doubled compared with M1. In the slot of M3, two same phase
90



conductorshave the ame currentpolarity, which produceghe positive mutuainductance
between two conductors and subsequently doublesefkenductance, Fig. 2. 35 @n M1,

two different phase conductors with the saxmenection polarity are located at the sides of the
slot, which leads to the positive mutuatluctance. Howeverin M2, two different phase
conductors with the opposit®nnection polarities are located at the sides of the slot, which
leads to the negative mutdabuctance. In M3, compared with s@ifluctance, the mutual

inductance is small and can be neglecteith asie slot there is only one phase winding.

According to 3D FE models, the enrdegion components of sedind mutuainductances can
be calculated, Table 2. Zhe motor with 3 codpitch windings has the longest emihding
axial length, thus the largeshdwinding inductanceswhile that in the motor with 1 cegitch

windings is the smallest.

(@) M1 (b) M2

Fig. 2. 35. Flux distributions dis/2pmotors with 1, 2, and 3 slgtitch windings when onl
phase A is excited.

(&) M1 (b) M2 (c) M3
Fig. 2. 36. 3D FE models o6s/2pmotors with 1, 2, and 3 slgitch windings.

91



Table 2. 4

Winding Inductances of Three MotqjsH)

2-D FE 3-D FE Endwindings

Self 13.85 20.29 6.44

M1 Mutual 5.13 6.16 1.03
Phase 8.72 14.12 -

Self 16.60 25.79 11.67

M2 Mutual -7.88 -10.62 -3.76
Phase 24.48 36.41 -

Self 29.76 49.75 20.73

M3 Mutual -2.75 -7.30 -4.60
Phase 32.51 57.05 -

2.4.5Loss Analysis

The various loss components of thés#2pHSPM motors withL, 2, and 3lot-pitch windings
are shown in Fig. 2. 37 (a), including stator iron Id3s+), copper losgPcu) including end
winding, and rotor eddy current lo$%dr). Since three optimized motors have different output

powers, the losses per output power d&e aompared, as shown in Fig. 2. 37 (b).
A. Stator iron loss

The onload stator iron loss is calculated by FEM accounting for the space harmonics of stator
magnetomotive force (MMF), the space harmonics due to slotting, and time harmonics of 120
° electric square wave current waveforms [ATA92]. The stator irondasseease with the

phase currenand thecoil-pitch, Fig. 2. 38 The reason has been mentioned before, lmatnt

also be explained by dbad stator iron flux density. Since the stator iron loss depends on the
frequency and flux density squared, the $midference of stator iron flux density will result

in the large difference of stator iron loss. Fig. 2. 39 shows that M1 has the smallest fundamental
magnitude of ofload stator iron flux density, which results in the smallest stator iron loss. M3

has lager magnitudes of thé%3and 7" order harmonics than M2, thus larger stator iron loss.

Three optimized motors with different slpitch windings have different phase currents to meet
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the stator thermal limitation and different output powers. Fig. 2a33hows that although M1

and M2 have the smallest and largest stator iron losses, respectively, the stator iron loss per
power decreases with the sfaitch, Fig. 2. 37 (h)
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Fig. 2. 37. Comparison of stator iron losspper loss, PM loss, and total loss of three

motors.
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3 slotpitch windings,Ima=12A.
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B. Copper loss

In HSPM motors, the copper loss consists of two parts, DC and AC copper losses. The AC
copper losses mainly result from the skin effect and proximity effect. To avoid the skin effect,
the diameter of conductors should be less than the skin dépf4H14], which can be

d= /#ﬁ (2.24)

In thisthesis the frequency is 3008z and the skin depth is 1.2mm. Hence, the skin effect can

calculated by

be mitigated since the diameter of the conductor is less than the skin depth. In addition, fixing

the coils deeper in the slot can reduce proximity losses [MELOG6].

Fig. 2. 40 shows the current density distributions of conductors in the slot with and without
phase current at 180krpm. When there is no current, the conductors at the top of slot still have
the proximity currents. When the phase current is 12A, the conductors have larger current
density, which results from high eddy and proximity currents. Fig. 2. 41 shows the ratio of AC
resistanceRac) to DC resistanceRpc) remains unchanged with the risephase current and

the results also mean the AC copper loss is small and can be neglected dhafiter
According to the results in [WRO10], the proximity effect in the-emadings is significantly

lower compared to those in the active length of the conductors. Ther&@mpper loss is
neglectedn this chapterand the motor with larger endinding length has larger DC copper

loss.
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Fig. 2. 40. Current density distributions of conductors in the slot with and without phase
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Fig. 2. 41. Variation of the ratio &ac to Roc with pha® current at 180krpm, without end

windings.
C. Rotor loss

In this chapter the rotor loss includes eddy current losses in the staisiesksleeve, magnet,

and shaft Generally, rotor eddy current lossesHSPM BLDC motorsresults fromspace
harmonics due to stator slotting, space harmonics of MMF, and time harmonics due to armature
current.Fig. 2. 42 describetherelationshipbetween rotor loss aqghase currenwith different
coil-pitch. Both slotpitch and phase current affect tlwor loss by thespace harmonics of

MMF and time harmonics of armature curtamispectivelyFig. 2. 43 shows that with a fixed
phase current, three motors with 1, 2, and 3@iteh windings have the same fundamental
magnitude of oloadBy. However, hespectra show that the motor with 3 epilch windings

has the largesnagnitudes of thesand 7" order harmonics, whictill cause thdargest6™

harmonic in the rotorn Fig. 2. 44 (I) the maximunrotor lossincreases with theoil-pitch,
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as well asall rotor loss components, Fig. 2. 44-&l), but the ratio of each rotor loss component
to total rotor loss remains almost unchanged, Fig. 2. 44) (Il

For three optimized motors with the same stator loss limitation, M1 with the largegbmate
current has the smallest magnitudes of tharid 7" order harmonics of etvad By due to the
smallestspace harmonics of armature MMHg. 2. 45. M2 and M3 have almost the same rotor
loss. Table 2. 5 shows different rotor loss components oé thptimized motors. With the

same stator loss, the motor efficiency depends on the rotor loss and output power. Although
M1 has the smallest rotor loss, the smallest output power leads to the largest total motor loss
per power and the lowest efficiency. Mad M3 have the largest total motor loss per power
and the highest efficiency due to the largest output power.
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Fig. 2. 42. Variation of rotor PM loss with the phase current anepglt, Bmax=0.8T,
9=0.32.
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Table 2. 5

Rotor Loss Components of Three Optimized Mo(uv3

I max (A) Sleeve PM Shaft Total
M1 12.1 1.2 2.2 0.1 3.5
M2 8.4 1.8 3.2 0.1 5.1
M3 7.2 1.7 3.1 0.1 5.0

2.5 Influence of End-windings

With different stator active lengths, the influence of-enddings is investigated in this section.

In theory, when the stator active lengthassumed to bafinite, the endwindings can be
neglected, which is the same as that of the first scenario in section 2.3.3, and three motors have
the same optim@max but different optimal split ratios. However, for higheed applications,

the improper design of mat@axial length will lead to rotor dynamic issuéSJEOZ [LIS16].

In addition,with the increase dftator active lengthlthe average torque becomes less sensitive

to the split ratio since the ratio of stator iron loss to stator total loss incréasedore, in this

section, the maximum allowed stator active length is defined as the same as the stator outer
diameter, i.e. 40mm, and the motors with different stator active lengths hawsartie
optimized design. In additiothe endwinding axial lengths fthree motors with different slot

pitch windings remain unchanged with the variation of stator active length.

With the increase of stator active length, the stator thermal limitation increases linearly and the
average torques of three motors increasg, Zi46. It shows that M2 and M3 have almost the
same average torque, which is larger than that of M1, and the torque difference between M1
and M2 increases with the increase of stator active length, which means M2 has an advantage

of large output torquesspecially for the relatively large stator active length, so does M3.

With the increase of stator active length, the ratio ofwimdling axial length to motor axial
length decreases rapidly at first and then changes mildly, ebpdéoiavl, Fig. 2. 47.When

> 30mm, M2 has théighesttorque density due to the largest output torque and relatively
short enewinding axial length, Fig. 2. 48. Therefore, the increased stator active length
decreases the influence of emihding axial length on the torque miaty. It is worth noting

thatthe torque density difference ratio between M1 and M2 is smaller than torque difference
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ratiowhenl> 14mm Fig. 2. 49. Therefore, M2 has a better traffdetween torque and torque

density when the stator active lengtleigger than 14mmm this case

In summary, with the relatively small stator active length, M1 has the highest torque density
but the smallest output torque due to the lowest winding factor. With the relatively large stator
active length, M2 offers advantag in large output torque and high torque density. M3 with

large output torque also could be considered when the stator active length is significantly large.
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2.6 Experimental Validation

Three optimized motors with 1, 2, and 3 ghatth windings arerototyped Fig. 2. 50Fig. 2.

51 showdhe rotorbearing system, air duct system, and house of the prottaypeghspeed
operation The predictions by FEM and measurementhbaickEMFs of phase A in three
prototypes are compared in Fig. 2. 52, and have a good agreement. Table 2. 6 shibws that
measured motor axial lengths of three prototypes are consistent with those of the FE models.
Due to manual winding, the prototypes have larger measured resistances compared with the
analytical predictions. In addition, although the measured resistandes high frequency
(3kHz) are larger than those DC resistances, the ratio of AC to DC resistances in M1 is around
1.7, but that in M2 and M3 are around 1.3 due to the largewarding length.The winding
inductances of three motors are measured hyGR meter (HIOKI IM353301).In 3-D FE

model, he effect of frequency is neglected, and the predietedling inductancesare ideal
Therefore, he predicibns and measuraentsof winding inductances at 1.0 Hz have a good
agreementTable 2. 7. With highréquency (3000 Hz), themeasured inductanséecome

smallerdue to the skin effect.

(&) M1 (b) M2 (c) M3
Fig. 2. 50. Three prototypes 6§/2pHSPM motors with 1, 2, and 3 slpitch windings.

(a) Rotorbearing system (b) Air duct system antouse

Fig. 2. 51. Rotobearing system, air duct system, and house of the prototype.
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Fig. 2. 52.Predictions and measurementdatk EMFs of phase A in three prototypes.
Table 2. 6

Resistances and Motor Axial Lengthshddtors with 1, 2, and 3 Sletitch Windings

Motor axial length (mm) Resistance (V)
Analytical Analytical Measured Measured
model * Measured model (DC) (3kH2)
M1 18.0 18.0 37.7 48.5 81.3
M2 27.0 27.3 71.3 99.1 133.8
M3 35.9 34.0 101.6 114.0 153.6

*Note:d (M2) = 40°;d (M3) = 30°%lex= 1mm.
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Table 2. 7

Inductances of Motors with 1, 2, and 3 Sbatich WindinguH)

M1 M2 M3
3-D FE 14.12 36.41 56.70
Measured (1.0Hz) 15.45 37.52 47.05
Measured (3kHz) 14.26 26.18 35.06

The experiment system ddtatic torquemeasuremerns shown in Fig. 2. 53 [ZHUO9]n this

test rig, the jaws of lathe are employed to clamp the prototype, and the static torque can be
transformed into the force, which can be measured by a digital scale. There is a weight at the
end of balance beam to ensure the positive pressure on the digital scale. The phase currents of
Ia=-le=5A,lIc=0A are fed by the DC supply, which corresponds to three phase 120 ° electric
square wave current waveforms. Fig. 2. 54 showgtedictionsby FEM and measurements

of static torques of three prototypes at different rotor positions and they have a good agreement.
The maximum static torque increases with the increase of phase current linearly, and three
prototypes have almost the same FE ptediand measured results, Fig. 2. 55. Fig. 2. 56 shows

the measured current and voltage waveforms at 180 krpm for the motor withf#tcdiot

windings.
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-
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Fig. 2. 53.Experiment system of static torgoeasurement
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2.7 Conclusion

Three 6s/2p HSPM motors with 1, 2, and 3 slpttch windings have been optimized by
analytical and FE methods under difént optimal conditiomand scenarios. It shows that the
method by fixingtotal stator lossconsidering the influence of emdnding and the stator iron

loss, is suitable forthe optimization of the HSPMotors with different slepitch windings.

When cmsidering the enavindings, the slepitch has significant influence on the winding
factor, endwinding length, and endinding axial length, but has negligible influence on the
optimal split ratio andBmax due to the canceling effect. With a fixed stator active length, the
electromagnetic performances of three optimized motors have been analyzed and compared.
The results show that therques and efficiencies of theotors with 2 and 3 slepitch windings

are larger than those the motor with 1 slepitch windings.The 3slot-pitch windings lead to
thelowesttorque density due to thengestendwinding axial length, butesults inthe largest

phase inductance. Howevehge influence of enavinding axiallength on the torque density
decreases with the increase of stator active lendtlrefore,for high-speed applications,
compared with 1 and 3 sipitch windings, the motor with 2 slgitch windingshasa good
tradeoff between winding factor and emdnding axial length which are attractive for
improved torque density. Three motors have been prototyped and tested. The measured results
have a good agreement with that predicted by FEM. The motor with-gislbtwindings has

successfully operated up t8QAkrpm.
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CHAPTER 3
ELECTROMAGNPEREORMANANALY S| $-So6T -POL HI GH

SPEEBERMANEMRGNEMOTORS WIWGISLOFPI TAOMI NDI NGS

Compared with 1 and 3 slgitch windings, the advantages of 2 ghaich windings for 6s/2p
HSPM motors have been elaboratedthe previous chaptein this chapter, HSPM motors
having 6s/2p number combination and 2 gidth windings are developed for domestic
appliance application, such eacuum cleanersTwo HSPM motors with different layout$ o

2 slotpitch windings are optimized and their electromagnetic performances are evaluated. The
best winding configuration is then identified for shorter motor axial length and largeetorqu
density. Since 3s/2pISPM motors with notverlapping windings hae the same winding
factor, a comparison betweers®t and 6slot motors is also conducted, particularly for torque
density, losses, andMF. It shows that 6s/2p PM motors with 2 spotch windings are suitable

for high-speed application without UMF arldss rotor PM loss. Finite element predicted

electromagnetic performances are validated by experiments made on two prototype motors.

This chapter was published in IEEE Transactions on Energy Conversion.

3.1 Introduction

HSPM motors have been widelgmployedfor domestic and industrial applicatios,g.,
precisionhand tool,gas turbine generator, automotive turbocharger, and vacuum cleaner
[HES87] [ZHU97] [ZWYO05] [NOGO07] [LIM17]. The advantages of higpeed motors
include high power density, high efficiengmall size, light weight, and diredtive for high

speed application. Gearboxes are usually used to connect a conventional speed motor with load
to increase the speed, which leads to extra losses, noise issues, high cost, and low reliability.
However, ligh-speed motors can be connected to a load directly, which can improve system

mechanical reliability and reduce extra losses, further increasing efficiency [SHE18].

In literature, various HSPM motors have been designed for different applications,farehdif
slot/pole number combinations are employed. {doerlapping windings, also named as teoth

coil windings, are the most popular one due to several reasons. Firstipvexdapping
windings reduce the length of emdnding and result in a shorter motaxial length. Therefore,

lower copper loss, higher power density, and better rotor dynamic performance can be
expected. Secondly, modular design can be achieved bypvestapping windings, which

improves the packing factor and reduces the cost of maiuéa[UZH14]. For example, in
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[HES87] and [ZHU97],a 3s/2pHSPM motor with noroverlapping windings are adopted.
However, the 3s/2p HSPM motor hdMF, which causes vibration issues and results in high
noise level [ZHUQ7]. Meanwhile, significant MMF harmos and slotting effect lead to rich

air gap harmonics and large magnet eddy current losses. [PAN14] proposes to insert an
auxiliary slot to reduce the Aoad UMF, ad [MAJ18] improves this method faliminating
on-load UMFwith little sacrifice of fluxlinkage and output torque. However, the influence of
auxiliary slots on UMF highly depends on load condition and the UMF cannot be eliminated
completely. Thereforegs/2pnumber combination with neaverlapping windings is preferred

due to no UMF. [NOGO5§lesigns and compares 3s/2p and 6s/2p motors witoventapping
windings for highspeed application. The results show that 6s/2p motors not only have no
inherent UMF but also reduce the axial length of-emading, which reduces the motor total
length ad improves the rotor mechanical dynamic stability. However, Gsatprswith non
overlapping windings have low winding factor (0.5) and thus low torque density. Based on the
same slot/pole number combination, 4pitch windings[]MER15] [KAB17] can increae the
winding factor to 1. However, fupitch windings result in a long enwinding and

subsequently a long motor axial length, which lead to large copper loss and large motor size.

In addition to tootkcoil (1 slotpitch and shorpitch) windings anduill-pitch (3 slotpitch for

a 3phase motor) windings, 2 slpitch windings, which are also a type of shpitth winding,

are also available. In literature, 2 sfotch windings are used in PM synchronous machines
(PMSM) for hybrid electric vehicles (HB to reduce magnet eddy current losses [SPA15]. In
addition, 2 slotpitch windings can also be used in vernier PMSM (VPMSM) to improve the
power factor [LIU18a]. The winding pitch can be modified from one-gitmh to two slot
pitches to reduce the harmios in fractionaislot noroverlapping winding PM machines
[WAN14a] [PAT14] [CHE13][WAN14b]. [WAN14b] presents a general theory of fractienal
slot PM machines with 2 slgtitch based on several specific slot/pole number combinations.
For flux-reversal PMFRPM) machines, the influence of different sjaitch on backEMF has
been investigated and for eadliferent slot/pole number combinations, there is an optimal
slot-pitch for the maximum fundamental baEMF [HUA18].

For high-speed applicatiorghapter Zompares 6s/2p HSPM motors with epilches of 1, 2,
and 3 slotpitches, and the advantages of&-pitch winding configuration have been proved.
However, several special 2 sipitch winding configurationand production technologies can
be developed to further reduce the-evidding axial length and increase the torque density. In

addition, with te same winding factor, the 3s/2p HSPM motors with-oeerlapping
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windings have not been compared with 6s/2p HSPM motors with-pigttt windings.

In this chapter, motor topologies and emthding models of two proposed motors are
discussed in section 2. For the maximum torque density, the optimal design by finite element
method (FEM) is analyzed in section 3. 3. In section 3. 4, the electromagnetic performances of
two optimized motors are analyzed and compared. Section 3. 5 compares the electiomagnet
performances of 3s/2p and 6s/2p HSPM motors with the same winding factor. In section 3. 6,
two optimized motors with different layouts of 2 sfutch windings are prototyped and tested

to validate some of the FEM predicted results in section 3. Fewtn 3. 7 is the conclusion.
3.2 Motor Topology

This section describes the motor topologies of two 6s/2p HSPM motors with alternate 2 slot
pitch winding configurations. In addition, their different emthding structures are modelled

by 2D- and 3B models, ncluding enewinding length and axial length.
3.2.1Winding Configuration

Fig. 3. 1 shows$wo 6s/2p motors with alternate layouts of 2 gath windings, i.e. Motor A
(MA) and Motor B (MB), which have different conductor dispositions. The slot of Motor A is
circumferentially divided into two parts, and two coil sides of different phases are
accommodated at the left and right sidethetlot. The slot of Motor B is radially divided into
two layers the two sides of one coil are located at the upper and lawers, respectively. It
should be noticed that although both Motor A and Motor B have overlappingiedihgs,
different winding layouts result in different emdnding structures, which can be discussed in
two aspects. One is emwdnding length, which fiects endwinding copper loss and winding
inductance. Since 2 sigitch winding configurations have relatively large emithdings, the

ratio of endwinding copper loss to total copper loss is relatively large, which cannot be
neglected. The winding indtances affect the pulse width modulatiand sensorless control
[ZHUO1], which is not considered in this research but their values will be calculated by FEM
and shown in this chapter. The other one is theveindings axial length, which impacts the

motoraxial length, rotor mechanical dynamics, and torque density.
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(a) Motor A (b) Motor B

Fig. 3. 1. 6s/2p HSPM motors with alternate layouts of 2mtoh windings.

3.2.2 Endwinding Length

It is assumed that the emdnding of Motor A is semcircle [PANO6], Fig. 3. 2a, and the

| ength of OArcAO6 i s a-windingl&idce thestwotsides of drie@ahe t e r
are located at the upper and lower layers respectively, theviadihg of Motor B is an arc

connected by three points, the center point of the lower layer {dpithe middle point of

layers (poirtB), and the center point of the upper layer (p&nt |, i . e. oOlhaloB©6, Fi
addition, the endvinding of Motor B includes an extra palsy, i.e. winding overhang region,

Fig. 21-b, which can be changed depending on the winding procedures. In this case, with
manual winding, the length of extra part is relativiakge, 4mm. If using @omatic winding

machines, the length of extra part can be reduced.
3.2.3 Axial Length of Endwinding

The axial lengthofenrvi ndi ng in Motor A is assumed to b
in Fig. 3. 2ta. Due to lower and upper layers, Motor B has two-wimdling axial lengths,

which is assumed as the arc distances between the-péiBtsnd the adjacent tooth, iles

and lrz, as shown in Fig. IP-a. Sincelr: is always larger thatrz, Ir1 is adopted for the
calculation of motor axial length, which equalRaq Fig. 41-b. In addition, the axial length

of endwinding in Motor B includes an extra pakdy.

The singleside enéwinding length [g) and axial lengthls) of Motor A can be calculated as
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The singleside enewinding length and axial length of Motor B can be given by

lqvg =(ArCB 215) 2ol /2 24, (3.3)
lea(MB) :l R *ex (34)

where ArcBis an arc connected by three points, the center point of the lower layerApoint
the middle point of layers (pokR), and the center point of the upper layer (p&nt Fig.
3.2ll-b, which can be computed by geometric calculation.
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(c) 3D-model
(1) Motor A (1) Motor B

Fig. 3. 2. 2D and 3Dmodels of endvindings in 6s/2p motors with alternate layouts of 2

slot-pitch windings.
3.3 Design Optimization

Compared with conventional levand mediurrspeed PM motorghe stator iron losses of
HSPM motors are significant large due to high frequency and cannot be neglected [ZHU97].
Therefore, the stator thermal limitatioRigit) including stator iron loss and copper loss is
introduced in this optimization. However gtistator thermal limitation only considers the heat
caused by stator iron loss and winding copper tissipating through the motor external
surfaces but neglects the heat caused by winding copper loss inside the stator (hot spot),
especially for ofloadoperation. Therefore, the maximum allowed current de(%ity) is also
introduced to avoid théhermal issue inside the stator and destruction of winding insulation
[REI13]. According to the research experience, the maximum allowed current density is
sdected as 12 A/mf Since two motors with different layouts of 2 sfitch windings have
different axial lengths of endindings, the optimal goal is the maximum torque density,
accounting for copper loss and axial length ofemaldings. Table 3. 1 shovike main designs

of Motors A and B.

In literature [BIAO4], the stator thermal limitation of the small size HSPM motor is calculated
by Pimt=hVw" s, whereh is the overall thermal heat transfer coefficient, whglklosely
related with the type of @ing, andh=100W/°Cn? for the forced air cooling in this casés

is the maximum motor operation temperateis the stator outer diameter agés the stator
active length.In this optimization, thee are threalesign variablesa; Bmay andlImax The
maximumBy is restricted by the split ratidccording toBmax W andhy can be calculated. With

various phase currents, the electromagnetic torques and the total statorRassg£dn be
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obtained, which consists of stator iron loss and colgsarOnly the motor meeting the design
requirement, i.e. stator loss limitation and maximum allowed current density, can be selected

for the maximum torgue or maximum torque density.

With the increase of stator iron flux density, for considering states limitation only, the
maximum torque density increases at first and then decreases, but for considering current
density limitation only, the maximum torque density increases linearly, Fig. 3. 3. Therefore,
the optimalBmax for the maximum torque densibccurs at the intersection of two lines, and

two motors have the same optinBax This result also shows that wh&gsax <1.0T, the
current density limitation is a dominant restriction due to the small slot area and large current
density, however, wheBmax>1.0T, the stator loss limitation is a dominant restriction due to

the large stator iron loss.
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Table3.1

Main Designs of 6s/2p HSPM Motors

Stator outer diameter (mm) 40  Stator active length (mm) 9.6
Turns per phase in series 20  Air-gap length (mm) 1.55
Sleeve thickness (mm) 0.5 Shaft diameter (mm) 5
Magnet remanence (T) 1.3 Winding connection parallel

Fig. 3. 4 shows that with the optimhax the maximum torque density increases at first and
then decrease with the increase of split ratio when only considering stator loss or current density
limitation. However, considering stator loss and current density limitations, the maximum

torque densitgan be achieved at the intersection of two lines, which is the optimal split ratio.

It is worth noting that although two motors have the same opBmaknd split ratio, MB has
slightly larger maximum torque density than MA due to the smaller average torque, Fig. 3. 5,
and shorter enwinding axial length, Fig. 3. 6Table 3. 2 shows the parameters of two

optimized motors have the same optimal design.
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Fig. 3. 3.Relationship betweemaximum torque densitgndBmaxconsidering stator loss and

current density limitations.
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3.4 PerformanceEvaluation

The influence of different layouts of 2 slpitch windings orthe electromagnetic performances
of two optimized 6s/2p HSPM motois investigatedincluding opercircuit By, backEMF,
electromagnetic torque, cogging torque, windinductance, various lossomponents and

efficiency.
3.4.1 Opencircuit Analysis

Theequipotentiatlistributions of two optimized motoese shown in Fig. 3.. Bincethe HSPM
motor requires relatively largair-gap length, the harmonic contentfsair-gap fieldare very
small except those due to slotting, Fig. 3. 8. The {t&dkE waveforms of phase A in two
optimized motors are sinusoidahce the Zoole magnet is diametricalipagnetizegnd there

are almost no harmonics, Fig. 3. 9. Therefore, with the same diagtensions, two optimized
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motors have the same opeincuit By and backEMF.
Table3.2

Parameters of Optimized Motors with Stator Thermal and Current Density Limitations

MA MB 3-slot motor
Stator thermal limitation, W 18.7
Maximum current densitydl/mm? 12
Bmax T 1.0
Optimal split ratio 0.32
Phase current, A 7.0 6.7 6.5
Current density, A/mf 11.9 11.5 11.8
Torque, mNm 155 15.0 14.3
Stator iron loss, W 13.78 13.40 14.78
Copper loss, W 4.78 5.31 3.82
Active stator loss, W 18.56 18.71 18.60
Rotor PM loss, W 3.42 3.13 4.14
Efficiency, % 93.0 92.8 92.2
Endwinding length, W 31.97 40.93 26.42
Motor axial length, mm 29.6 28.5 26.4
Torque density, Nm/f 411.7 418.8 430.8

3.4.2Torque Analysis

Two 6s/2p HSPM motors have almost zero cogging torcpiese the Zpole magnet is
diametricallymagnetized, Fig. 3. 10. With thermal limit, MA with larger phase current has
larger torque than MB with longer emdnding length, but they have almost the same torque
ripple, which results from the sinusoidal baekF waveform and 120° electric square wave

current waveform, Fig. 3. 11.
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(a) Motor A (b) Motor B

Fig. 3. 7.Equipotentialdistributions of two optimized motars
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Fig. 3. 8. Airgapfield distributionsof MA and MB.
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Fig. 3. 9. BackEMF waveforms of phase.A
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Fig. 3. 11. Square wave current waveforms with 120 ©° electric conduction.
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3.4.3Loss Analysis
A. Stator iron loss

Two 2 slotpitch winding layouts with the same stator winding MMF distribution and rated
phase currenhave negligible influence on the stator iron loss, Fig. 3.Tire are six
pulsations irFig. 3. 12(b), which corresponds to six commutations in thessep commutation

block using a 120 ° electric conduction mode. Due to the increased magnitudes of iron loss
pulsations, the average iron loss increases with the rise of phase current, Fig. 3. 18relheref

in section 3. 3, the stator iron loss is calculated by FEM considering the influence of armature

reaction.

_.60 600

< —A— Average iron loss

) —6— Magnitude of pulsation =
0 40 - - 400 &~
c 5
S30 - 300 3
) EE
%20 i - 200 2
€10 4 [ 100 Z

0 ¢ : . 0
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Phase current (A)
Fig. 3. 13. Variation of average stator iron loss and magnitude of pulsation with phase

current.

B. Copper loss

In general, the copper loss castsiof two parts, DC copper loss and AC copper log4dSIAM

motors, the AC copper losses due to skin effect and proximity effect may increase significantly
and should be analysed [LIS16]. To avoid the skin effect, the diameter of conductors should be
lessthan the skin depthi) [UZH14], which can be calculated by

d= /#ﬁ 3.5

In this casethe frequency is 3000 Hz, atite skin depth is 1.2mm. Therefotke skin effect
can be neglected when the diameter of conductor is selected as 0.6 mm. It is worth noting that
the motor is developed for vacuum cleaners. It employs small conductor diameter and has low

slot packing factor for reducing the AC loss. Momportantly, the airspacefbetween
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conductor and stator iron corn@)the slot and between conductors are used for the faiced

cooling channels to improve the winding cooling capability and avoid local overheating.

The proximity effect depends on theriedion of leakage magnetic field in the slot, e.g. due to

the PM rotating and armature reaction magnetic fields [CHA18]. Since MA and MB have small
rated phase currents, the PM rotating magnetic field is dominant. Fig. 3. 14 shows that the
rotating magnet field affects the conductors near the slot opening significantly, but has
negligible influence for the conductors at the bottom of the slot. Therefore, the coils at the left
and right sides of the slot in MA have almost the same maximum flux densigveg the

coils at the upper layer of the slot in MB have larger maximum flux density than the coils at
the lower layer, Fig. 3. 15. As a result, the coils at the upper layer have larger AC copper loss
than the coils at the lower layer. When the frequasey0Hz, i.e. 24,000 rpm, MA and MB
without endwindings have almost the same joule loss and the ratio of AC to DC copper losses,
Table 3. 3, which shows that the AC copper losses are small and can be neglected. When the
frequency is 3000 Hz, i.e. 180@0pm, MB has larger joule loss than MA due to the larger

joule losses in the coils at the upper layer.

Since the enavinding region has very small rotating magnetic field, the proximity effect in
endwindings depends on the change of magnetic field caogedmature reaction and thus
the ratio of AC to DC copper losses in emthdings is the same as that in the coils at the lower
layer. Table 3. 4 indicates that considering-amadings decreases the ratio of AC to DC
copper losses since only the coilanthe slot opening experience proximity effect and produce

AC copper loss. Therefore, the AC copper loss can be neglected in this chapter.
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Copper Losses without Exwlindings

Table 3. 3

Cols Dcvl;)ss, Joule loss of coils, W AC/DC copper loss
400Hz 3000Hz 400Hz 3000Hz
Left 0.55 0.588 0.72
MA Right 0.55 0.588 0.72 0.07 0.31
Total 1.100 1.176 1.44
Lower 0.505 0.534 0.556 0.06 0.10
MB | Upper 0.505 0.556 0.944 0.10 0.87
Total 1.01 1.09 1.50 0.08 0.49
Table 3. 4
Copper Losses with Endindings (3000Hz)
MA MB
Endwinding length, mm 31.97 40.93
DC loss, W 5.11 5.31
Joule loss of active windings, W 1.44 1.50
Joule loss of enevindings, W 4.50 4.72
Total Joule loss, W 5.94 6.22
AC/DC copper loss 0.16 0.17

C. Rotor loss

In this chapter, a stainlesseel sleeve is employed to retain the PMs from centrifugal force,
and thus the rotor loss includes eddy current losses in sleeve, PMs, and shaft, which not only
affects the motor efficiency but also may result leversible demagnetizatiori BMs due to
overheatingDue to the same motor dimensions, two motors with the same rated phase current
and stator winding MMF distribution have the same rotor IBigg,3.16. As the same results

in the stator iron loss wavafms, there are six pulsations in the rotor loss waveforms, Fig. 3.

16.
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Fig. 3. 14. Flux density of conductors in two motors.
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Fig. 3. 16. Rotor eddy current losses of MA and MB under the rated curgatA.
3.4.4Winding Inductances

The various component inductances of two 6s/2p HSPM motors with different layouts of 2
slot-pitch windings are analyzed in shsection. Since the emdnding axial lengths of two
optimized motors are larger than the stator active length, theegimwh component of
inductances should be considered. Fig. 3. 17 showluthdistributions of two6s/2p HSPM
motors with rotoishaft. In MA, two conductors of one cdik. A+ and A, have the same flux
linkage, Table 3. 5.

In MB, the conductor A+ at the lower layer has larger flux linkage than the conducibth®e
upper layer, however, the flux linkage of coil A is almost $ame as that in MAt is assumed
that only phase A is excited, i.da=1A, Ig=Ic=0A, and two coils of the same phase are
connected in parallel. The slotgion and akgap region components of inductances are
calculated by 2BFEM, and the endegion canponent is predicted by 3BEM. Table 3. 6
shows that in 2EFE model, MA and MB have almost the same-seli mutuainductances
since the same motor dimension, but the-eagdon of MA is larger than that of MB due to the
larger enewinding axial length.Therefore, compared with MA, MB has an advantage in

smaller inductance, which is beneficial to sensorless operation [TODO05] [LEE17].

126



(a) Motor A

(b) Motor B

Fig. 3. 17. Flux distributions of MA and MBAE1A, Is=Ic=0A).

Table 3. 5
Flux Linkagesoffonduct or s i One Coi
Motor A Motor B
ConductorA+ 4.77 5.40
ConductorA- 4.77 4.07
Coil A 9.54 9.47
Table 3. 6

Winding Inductances in 2land 3BFE Models (uH)

2D-FE Endregion 3D-FE Phase
16.1 10.33 26.43

MA 39.20
-7.61 -5.16 -12.77
16 7.4 23.4

MB 34.75
-7.65 -3.7 -11.35
24.26 8.43 32.69

3-slot 47.37
-10.47 -4.21 -14.68
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3.5 Comparison of 3s/2p and 6s/2p HSPM Motors

Compared with the neaverlapping windings in 6s/2p HSPM motors, one of the remarkable
advantages of the 2 slpttch windings is a relatively large winding factor (0.866), which is
the same as that of a conventional 3$Rbmotor with noroverlapping winlings. Therefore,

in this section, a conventional 3s/2p HSPM motor with-aeerlapping windings is optimized
and compared with 6s/2p HSPM motors having the same winding fa@oB. 18 showshe
machine topology and endwinding structure of the 3-slot motor. Employing the same
optimization method as mentioned befdhes 3s/2pHSPM motor is optimizedonsideringhe
stator loss and current density limitations. According to Fig. 3. 19 and J.abléor maximum
torque densitythe 3s/2pmotor has the sae optimaBmaxand optimal split ratio as that tife
6s/2p motorThe motor axial length increases mildly with the increase of split ratio but remains
almost the same with the increaséBa#y Fig. 3. 20.

End-windng

(a) Machine bpology (b) Endwinding structure
Fig. 3. 18.Machine bpology and endavinding structureof the 3-slot motor.
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Fig. 3. 20.Relationship betweemotor axial lengtlandsplit ratio under different stator iron

flux densities.

3.5.1 Opencircuit Analysis

Fig. 3. 21shows the equipotentiadnd flux contourdistributiors of the 3-slot motor, and the
air-gapfield distributions of the &2pand6s/2pmotors are shown in Fig. 3. 22he spectra
show that he 3s/2p motor has slightly richer spatial harmonics due to slotting effect, such as

the 29and 4" order harmonics
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Fig. 3. 21. Equipotential arftlix contourdistributions of the optimized 3s/2p motor with

non-overlapping windings.
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Fig. 3. 22. Airgapfield distributionsof 3s/2p and 6s/2p motors.
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3.5.2Torque Analysis

Both the 3s/2p motor and two 6s/2p motors have almost zero cogging torque due to
diametricallymagnetized magnet, Fig. 3. 23. Considering stator loss and current density
limitation, the 3slot motor has smaller rated current and subsequently smallepglaginetic

torque.
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Fig. 3. 23.Electromagneti@andcoggingtorques of 3s/2p and 6s/2p motors.

3.5.3Unbalanced Magnetic Force

Fig. 3. 24 shows that the 6s/2p motor with symmetrical stator topology has no UMF, while the
3s/2p motor exhibit;nherent neload and onload UMFs,[ZHUO7], which are undesirable in
high-speed operation. In addition, with the increase of phase current, the average UMF of the
3s/2p motor increases linearly, but that of the 6s/2p motor remains zero, Fig. 3. 25. Therefore,
compared witithe 3s/2p motor, the 6s/2p motor offers advantage for no UMF and avoiding

high vibration and noise.
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Fig. 3. 24. UMFs of &lot (ma=7A) and 3slot motors [ma=6.5A).
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Fig. 3. 25.Relationship betweeaverage UMFandphase current in-6lot and 3slot motors.

3.5.4Loss Analysis

Fig. 3. 26 shows the comparison of various loss components of the 3s/2p motor and two 6s/2p
motors. As mentioned before, the AC copper loss is small and can be neglected. Therefore,
with the smallesendwinding length, the 3s/2p motor has the smallest copper loss. In addition,
the 3s/2p motor has the largestload iron loss due to the local saturation in the tooth tip, Fig.

3. 21. Fig. 3. 27 shows the 3s/2p motor has richer spatial harmoniahéh@s2p motor, thus

the largest rotor loss. Therefore, compared with two 6s/2p motors, the 3s/2p motor exhibits the

smallest copper loss, but the largest total loss, Table 3. 2.
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Fig. 3. 26. Losses of MA, MB, and thes®t motor under their rated cents.
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Fig. 3. 27. Airgap flux density waveforms @s/2pand6s/2pmotors at ofload condition.
3.5.5Winding Inductances

The inductances of the 3s/2p motor are shown in Table 3. 6, and thegsma component of
inductances is deulated by 3BDFE model. It can be seen that the winding inductance of the

3s/2p motor is larger than that of two 6s/2p motors.
3.6 Experimental Validation

To validate the FE analysesyo 6s/2pHSPM motors with different layouts of 2 sipitch
windings aregorototyped Fig. 3. 28, together with the rotbearingblade system and the frame
with air duct system.
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(b) Motor B

(c) Rotorbearingblade system (d) Frame with air duct system
Fig. 3. 28. Two prototype motors.

Endwinding axial lengths of two prototypes are measured by vernier caliper. The results show
the measured endinding axial lengths of two motors are almost the same as the predicted
results, Table 3. 7. Although the measuvdadding resistances of MA aniB are slightly

larger than the analytical predicted results, satisfied agreement is achieved, Table 3. 7.

By an LCR meter, the measured phase inductances are shown in Talble 3D8FE model,

the effect of frequency is neglected, and the predsteding inductances are ideal. Therefore,

the predictions and measurements of winding inductances at 1.0 Hz have a good agreement
The measured results also show that the winding inductance increase with the increase of
frequencyFig. 3. 29compares thedckEMF waveforms of MA and MB by FEM prediction

and measurement. It shows that they have a good agreement.
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Table 3. 7

Motor Axial Length and Winding Resistance by Prediction and Measurement

Motor axial length (mm) Resistance (i)
ANA Measured ANA Measured
MA 29.6 30.2 53.5 64.3
MB 28.5 30.7 59.3 66.5
Table 3. 8
Winding Inductances of Two Motofse H)
3D-FE Measured (1Hz) Measured (3kHz)
MA 40.2 44.05 54.04
MB 42.6 46.02 50.60
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Fig. 3. 29.Predictions byrEM and measurements diackEMF waveforms of phase A in

MA and MB.

Based on a test rig described in [ZHUOQ9], thdaad static torques can be measured. With the
different phase currents bf=-1g = 0, 5, 10, and 15 A¢ = OA, which corresponds to square
wavecurrent waveforms with 120 © electric condition, the static torques of two prototypes are
measured at different rotor positions and they have a good agreement with the FE predicted
results, Fig. 3. 30. It also shows that 6s/2p HSPM motors with diametnoatinetized

magnets have negligible cogging torque. The maximum static torque increases with the

increase of phase current linearly, and two prototypes have almost the same FE predicted and

measured results, Fig. 3. 31.
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Fig. 3. 30.Predictions andneasurements atatic torques under different phase currets,

-l =0, 5, 10, and 15 Ac=0A.
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Fig. 3. 31. Maximum measured and FE predicted static torques with various phase currents.

Two motors are tested at the rated speed of 180krpm and Fig. 3. 32 shows the prototypes with
drive system and higbpeed test platform. The sensorless operation based on the detection of
the zerecrossing of the bacEMF waveform is employed. By speed amhttwo proposed

6s/2p HSPM motors have successfully operated up to 180krpm, Fig. 3. 33. It can be seen that
for MA and MB, when the DC link voltage is 30V, both switches are switched on with almost
100% duty cyclelt should be stated that the controberd experimental platform are supplied

by the Midea Company.

Control cabinet

(b) Experimental platform for highpeed

(a) Prototypes

operation

Fig. 3. 32. Prototypes and higipeed test platform.
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Fig. 3. 33. Measured terminal voltage and phase current waveforms of two prototypes at the
rated speed of 180 krpm under speed control (10.0V/div; 20.0AMi%30V).

3.7 Conclusion

This chapter has proposed two 6s/2p HSPM motors with different layoutssiot-gitch
windings. With stator loss and current density limitations, two motors have been optimized for
maximum torque density and they have the same optimal design. Then, the electromagnetic
performances of two optimized motors have been analyzed amghced. It shows that Motor

B is an attractive motor design due to short axial length ofsnding, large torque density,

and small phase inductance. Compared with a conventional 3s/2p HSPM motor with non
overlapping windings, the 6s/2pSPM motor with 2slot-pitch windingsoffersadvantages in

high torque, small phase inductant®y rotor lossand no UMF. Two 6s/2p HSPM motors

with alternate layouts of 2 slqgitch windings have been manufactured and some of the FE
analyses have been validated by experts. By higkspeed test, two prototypes have

successfully operated up to 180krpm.
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APPENDIX 3. A

In this section, the influence of emdnding models on the endinding axial lengths of Motors
A and B is discussed in detail, and their-2iDd 3Dmodels ae shown in Fig. 3. 2.

From another perspectivihe endwinding axial structures of Motors A and B are shown in
Fig. 3. 34. For Motor A, Fig. 3. 34 (a), the emthdings of coils B1 and A2 are overlapped
totally, Fig. 3. 34 (c). For Motor B, Fig. 3. 38), the coils A1 and B1 are located parallelly
and have no intersection, but coil C2 has intersections with half of coil A1 and half of Coil B1,
Fig. 3. 34 (d). Therefore, in terms of the overlapping regions ofxndings, Motors A and

B have the sameverlapped region of erdindings, i.e. two phase windings. However, in
Motor A, the width of the overlapped region is twice of that in Motor B, which may result in a
longer enéwinding axial length.

Overlapping
] A2
¢l o

RN

(a) Motor A (b) Motor B
B1 A2 Al Bl
End-winding End-winding
Rotor Slot Yoke Rotor Slot Yoke
I
| |
(c) Overlappeandwindings of MA (d) Overlapped enwindings of MB

Fig. 3. 34. 6s/2p HSPM motors with alternate layouts of 2mtoh windings.

Although Table 3. 7 shows the emdnding axal length of two prototypes in Fig. 3. 28 are
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almost the same, the other profms of Motors A and B are manufactured, which are
optimized by a fixed current density, Fig. 3. 35. It can be seen that Motor B has a shorter motor
axial length. Therefore, in theory, compared with Motor A, Motor B has a smaller width of the
overlapped rgion of endwindings and a shorter axial length of emohdings, which may lead

to a higher torque density.

> 1\

o ) ]
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74

2 l

(c) Motor axial length of MA (d) Motor axial length of MB

Fig. 3. 35. Two newly wound prototypes and their mabaal lengths.

APPENDIX 3. B

The properties of the magnet and stainkge®| sleeve are listed in Table 3. 9. The thickness
of the sleeve is 0.3mm, the interference fit betwthe sleeve and magnet is 0.008. Fig. 3.
36 shows the stress analyses oégdeand magnet under higpeed operation (180krpnijhe
maximum VonMises stress of the sleeve2i36.8Mpa, Fig. 3.36 (a)which is smaller than its
ultimate tensile strengi®86Mpa). In addition, thenaximum1 principal stress ahemagnet,
i.e. the maximum tensile stress,12.71 MPafig. 3.36 (b)which is smaller than italtimate
tensile strengtii80Mpa). Sincghe magneis brittle but has high compression strength, tHe 3
principal stress ofhe magnet is unnecessary in thigesis. Therefore, the design of sleeve is
safe for highspeed operatioand no mechanical isssie
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Table3.9

Mechanical Parameters of Sleeve and Magnet Materials

N45SH Stainless steel
Y o u nrgodudus,E (Gpa) 160 193
Poi s satomo s 0.24 0.31
Density,; (Kg/m?) 7400 7750
Ultimate tensile strengthi, (Mpa) 80 586

206.89 Max 12.711 Max
0.9 11.688
200 10,664
20092 0.6408
1989 86174
1964

194,95 734
192.96 65708
10067 5.5472
188.98 Min 45238
3.5005 Min

L - - — =

(a) VonMises stress of sleeve (b) 1* principal stress of magnet

Fig. 3. 36. Stress analyses of sleeve and magnet at 180krpm.
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CHAPTER
INFLUENCEHROOPOERCCENTRI CIONEEBCTROMAGNETI C

PERFORMANCR-POEFPERMANEMRGNEMOTORS
Rotor eccentricities may exist PM motors due to manufacturing and mounting tolerances,
and bearing wearThis is critical for permanent magnet motors since it will affect the
electromagneat performanceand also lead to mechanical issues, noise, and vibratlus.
chapteranalyseghe electromagnetic performances of 3s/2p and 6s/2p PM motors with static
and dynamic rotor eccentricities considering eccentricity ratio, eccentricity angle, and rotor
initial angle.Some of the predictions by FEM are validated byexgerimental resust

This chapter was published in IEEE Transactions on Energy Conversion
4.1. Introduction

There are two types of rotor eccentricity, i.e. static and dynestoceccentricities [DOR97].

In literature, thé®M motors with static and dynamic rotor eccentricitiage been extensively
researched in terms dlckEMF, cogging torque, electromagnetic torque, aidF, etc.
[ZHU13] showsthat the rotor eccentricity has a negligible effect on the-aadk and torque

of rotational symmetrical motors, but has significant influence in rotational asymmetric motors,
where the rotational symmetrical and asymmetric motors mean that the moigutign
repeats every certain amount of angle or jaiU14] presentshat the rotor eccentriciteads

to the largestmpacton the cogging torquie the motors having[®Nst1, smaller influence in

the motors having®Nst2. In [TON20], a novel analytal model is proposed for predicting

the influence of rotor eccentricity and magnet defects on the cogging tor&iMmotors.

The effects of rotor eccentricity on the UMFs &%s/4pIPM and SPM motors are compared

in [KIMO1]. The comparison shows th#te rotor eccentricity has a larger influence on the
UMF of the IPM due to a relatively small air gap and severe magnitude saturation. [WUL13]
analyses the influence of static/dynamic rotor eccentricities on the UMFs of different pole/slot
number combinabin PM motors with asymmetric windings. [KIM16] investigates the UMF of

a slotless zole toroidally wound brushless direct current (BLDC) motor with rotor
eccentricity. An improved conformal mapping (ICM) methiscpresentedn [ALA15] for
magnetic field analysis iBPM motorswith rotor eccentricity, which is employed in [ALA17]

for investigating the influence of rotor eccentricity GONIF.
NowadaysHSPM motors are employed widely for many applications. However, few papers
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research thenfluence of rotor eccentricity on the electromagnetic performance of the HSPM
motors. In addition, the-Role is popular for higispeed applications due to its limitation of
motor size, stator iron loss, amdnverterloss [ZHU97]. There are differentosland pole
number combinations of-gole HSPM motors, such &s/2p[ZHU97] [HES87] [BIAO5]
[MAJ17], 6s/2p[SHI04] [NOGO05] [UZH14] [LIM17], 12s/2p[WANO03] [XUJ11] [FAN12],

and 18s/2p[ZHA19]. Therefore, the influence of statand dynamic eccentricitiesnothe
electromagnetic performance cpdle rotational asymmetric {8ot) and symmetrical ¢6lot)

motors will be investigated in this chapter.

In section 4. 2, motor topologies and rotor eccentricity types are discussed. Section 4. 3
analyses the electnmagnetic performance of 3s/2p PM mataith static and dynamic rotor
eccentricities accounting for eccentricity ratio, eccentricity angle, and rotor initial angle. In
section 4. 46s/2pPM motors withdifferent winding configurationand rotor eccentrity are
analyzed. In section 4. 5,-gble prototype motors without and with static/dynamic
eccentricities are tested to validate gnedictiors by finite element (FEmethod and section

4. 6 is the conclusion.
4.2. Motor Topologies and Rotor Eccentricity Types

In this section, the topologies of8a/2pPM motor ands/2pPM motors with 1, 2, and 3 slot

pitch windings will be described, and two rotor eccentricity types will be introduced.
4.2.1 Motor Topologies

Fig. 4. 1 shows the topologies ofpdle PM rotational symmetric and symmetrical motors,

i.e. 3s/2pPM motor with toothkcoil windings, 6s/2pPM motors with 1, 2, and 3 slgitch
windings. They have a rated torque of 27 mNm at the rated current 10 A. The main parameters
of 3s/2pand 6slot PM motors are shown Table 4.1Four motors have differemumbers of

turns per phase due to different winding factors. Ao magnet ring with parallel
magnetization and a magnetic shaft are adopted. It is intended fesgegld operation, three

phase 120° electric squawave current waveforms are employed.
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(c) 6s/2pmotor with 2 slotpitch windings  (d) 6s/2pmotor with 3 slotpitch windings
Fig. 4. 1.Topologiesof 3s/2pand6s/2pmotors.

4.2.2 RotorEccentricity Types

There are two kinds of rotor eccentricity: static eccentricity (SE) and dynamic eccentricity
(DE). Their main difference is the position of the center of the r@gr O: is fixed for the

static eccentricity when the rotor is rotatimghile it is rotating around the center of the stator
bore Os) for the dynamic eccentricity, as shown in Fig. 4. 2, wiggirethe airgap length of

the motor without eccentricity is the rotor offset distance along the eccentricity direction,
Rin is the stator bore radiuRnis the magnet radiyd.e. rotor outer radiud) andb are the
eccentricity angle and the rotor initial anglds the angle difference betwebrandb. When

the rotor is offset towards phase A, the eccentricity atdylis defined as 0 elec. deg. The rotor
initial position @) is defined as 0 elec. deg. when the back EMF of phase A equals zero. To
describe the degree of rotor eccentricity, the eccentricity ritiis {ntroduced, which is the

ratio of rotor offset distand® the airgap length of the motor without eccentricity, Uk X/g.
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Fig. 4. 2. lllustration of static and dynamic rotor eccentricities.

Table 4.1

Main Parameters of-@ole PM Motors

Pole / Slot number 2/3 2/6

Winding configuration Tooth-coil 1 slotpitch | 2 slotpitch | 2 slotpitch
Winding factor 0.866 0.5 0.866 1.0
Stator outer diameter, mm 40 40 40 40
Stator bore diameter, mm 13.6 13.6 13.6 13.6
Stator active length, mm 10 10 10 10
Tooth body width, mm 6.22 3.11 3.11 3.11
Stator yoke height, mm 3.11 3.11 3.11 3.11
Air-gap length, mm 1.55 1.55 1.55 1.55
Slot opening, mm 15 1.0 1.0 1.0
Magnet thickness, mm 2.75 2.75 2.75 2.75
Magnet remanence, T 1.3 1.3 1.3 1.3
Shaft diameter, mm 5 5 5 5
Number of turns/phase 21 36 21 18
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4.3. 2-Pole Asymmetric Motor with Rotor Eccentricity

The electromagnetic performanagfsthe 3s/2p PM motor with rotor eccentricity is analyzed
in this section

4.3.1 Opencircuit Air-gap Field

Figs.4. 3 and4. 4 show thesquipotentiglflux contour,and airgapfield distributions 0f3s/2p

PM motorswithout/with static/dynamic eccentricities when the eccentricity ratio is 0.5 and the
rotor position ) is 9C. It is assumed that the eccentricity angle and rotor initial angle are 0°.
It can be seen #t with static rotor eccentricity, the smallestgap is fixed relative to the
stator, but with dynamic rotor eccentricity, the smallespap is rotating relative to the stator.
The spectra show both static and dynamic rotor eccentricities lead ®%®@%¢ or der

harmonics.

In [ZHU14], the airgap fieldBy of the motor with rotor eccentricity can be computedaby
simple analytical method-he airgap field has thenfv)th spatial harmonics caused by rotor
eccentricity,wheren is the original field harmonics andis an integerFor the3s/2pmotor,
the spatial harmonic contents of-gap flux densities with/without eccentricidye shown in
Table 4. 2.The motor without eccentricity has they§+jNs)th harmonics which are the
modulated PM harmonics caused by slottiBgcethe largest influence caused by the rotor
eccentricity occurs whew=1 [ZHU14], onlynt1 is given in Table 4. 2and the harmonic

contents are the same as those shown in Fig. 4. 4 (b).

(a) Without (b) Static (c) Dynamic
rotor eccentricity rotor eccentricity rotor eccentricity

(1) Equipotentiadistributions
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0.0 0.3 0.6 0.9

1.2 1.5

(a) Without (b) Static (c) Dynamic
rotor eccentricity rotor eccentricity rotor eccentricity
(11 Flux contour distributions

Fig. 4. 3. Equipotential and flux contour distributions3ef2pHSPM motors without and
with rotor eccentricityd= 90°, 3:0.5.
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Fig. 4. 4. Airgapfield distributions of3s/2pmotors withoutwith static/dynamic rotor

eccentricities, on the radial position< Rsi - 0.25 mm) and rotor positiortie 90°).
Table 4.2

Spatial Harmonic Contents of Agap Flux Density

Original PM Modulated PM harmonics due t| Additional airgapfield due to
harmonics slotting rotor eccentricity
n=mp n=mptjNs nt v (v=1)
n+1 n-1
i, 3, ! 1, 2, 3, 4
2, 3, 1, 2,

4.3.2 BackEMF

The backEMF waveform of the8s/2pHSPM motor is sinusoidal due to a parallel magnetized
magnet rotorWith static rotor eccentricit{=0.5, phase A has an increaspeak backEMF

while those of phases B and C decrease, wiashlts inthe unbalanced badkMFs of three
phaseFig. 4. 5 (a)The spectra show thphase A has an increaseagnitudeof fundamental
backEMF, but those of phases B and C decre@kere is no additional harmonic in the three
phase baclEMFs caused by static rotor eccentricity. Thereftie, static rotor eccentricity
does not change the harmonic contents but affectsitidamental magnitude. With dynamic
rotor eccentricity0.5, the fundamental magnitudes of three phase-Bifks remain the
same, but the"@order harmonic exists, Fig. 4. 5 (b). Therefore, the dynamic rotor eccentricity

does not change the fundamentagmitude but affects the harmonic contents due to the
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(n£1)th temporal order harmonics [ZHU13]. To investigate the influence of eccentricity ratio,
eccentricity angle, and rotor initial angle on the b&®KkF, the motors with static and dynamic

rotor eccenicities are analyzed separately.

AU=0>—B@U=0—Cc@U=p)

45 1—A—A(SE) --B--B(SE) — % —C (SE)

0 60 120 180 240 300 360
Rotor position (elec.deg.)

(a) SE

AU=0y-—BU=0)y  —C@U=))
451—o—A(DE) --+--B(DE) —x—C (DE)

~+ o6
30 '/x'x >&>< . /,*_ ‘t . \\+\ 3

0 60 120 180 240 300 360
Rotor position (elec.deg.)

(b) DE
45 o [ (-] i (-]
;@ G0 | G05(SE) | (0.5 (DE)
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2/30' " : : r
LL | BEE i
= A :
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(c) Spectra
Fig. 4. 5. BackEMFs of 3s/2p motors without/with static/dynamic rotor eccentricitie8,5.
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A. Static rotor eccentricity

To describe the degree of unbalanced three phaseB)Ek due to staticotor eccentricity,
the unbalanced ratioR() is employed, which is defined by the National Electrical
Manufacturers Association (NEMA) as

_ Max(E,, - E,o (4.1)
E

ave

R,

With theincrease of eccentricity ratithe peakbackEMF of phase A increases linearly while

those of phases B and C decrease simultanedtigly4. 6,which leads to the linear increase

of theunbalanced ratidue to the rotor eccentricity angtbe increasgeccentricity ratio does

not changehe phase angle of the baEMF of phase A, but increaser decreasethose of

phases B and (hearly, Fig. 4. 7. The positive and negative offset phase angles in Fig. 4. 7 (b)
indicate the advanced and lagged phase angles, Fig. 4. 8. Therefore, the unbalanced three phase
backEMFs caused by statiotor eccentricity include the unbalanced magaés and phase

angles of fundamental ba@&VIF. It is worth noting that with the increase of eccentricity ratio,

phase A has the increaspdak backEMF but unchanged phase anglace the eccentricity
locationis towards phase A, i.€E0°.

45

N
(3]

—A—A --B-B —x—C

\
3omm_ 30

Unbalanced ratio )

V\ - 15

H
(6]
Unbalanced ratio (%)

Peak backEMF (V)

O (J T T T T T T T T
0O 01 0.2 030405 0.6 07 08 0.9
Eccentricity ratio

0

Fig. 4. 6. Vaiation of peak values and unbalanced ratio of three phaseH)MEk withstatic

rotor eccentricity ratio.
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Fig. 4. 7.Relationships betwegrhase angles and offset phase angldmolk EMFs of three

phass, andeccentricity ratio.
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Fig. 4. 8. Unbalanced phase angles with static eccentiiitys.

Considering the eccentricity angle, the rotor can be offset towards any phase winding or angular

position. With the increase of eccentricity angle dd.5, the peakalues of backEMFs of
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three phasehange periodicallygs well ashe unbalanced ratio, Fig. 4. 9. When the eccentricity

angles are 60° and 180°, the unbalanced three phas&hdekhave the minimum unbalanced

ratio. However, the maximum unbalancedaatccurs when the ecdeicity angles are 0° and

120°, i.e.onephase facinghe smallest aigap. Meanwhilethe changedeccentricity angle

leads to the periodic changing of thlease angles of badkMFs, Fig. 4. 10.

Therefore, for the static rotor eccentricity, the eccentricity ratio affects the maximum value of

peak backEMF, unbalanced ratio, and offset phase angle. However, the eccentricity angle

changes the peak value and phase angle of theHM€Ekof each phasperiodically, so does

the unbalanced ratio.
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(b) Offset phase angle
Fig. 4. 10.Influence of static eccentricitgngle on thgghase angles of badkMFsof three
phass, (£0.5,b=0°.

B. Dynamic rotor eccentricity

The dynamic rotor eccentricity mainly affects the harmonic contents due tahgh(
temporal order harmonics, but does not change the fundamental magnitude and remains
balanced in three phase bdekiFs. With the increase of the eccentricity ratio, the positive and
negative peak values of three phase Habls increase simultaneously, Fig. 11.The
increasedeccentricity ratiodoes not change the fundamental magnitude,irfmreases the
magnitude of the " order harmonic, Fig. 4. 12, which leads to the increase of positive and

negative peak backMFs.
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Fig. 4. 11. Influence of dynamiotor eccentricity ratio on the positive and negative peak

values of three phase baElMFs.
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Fig. 4. 12. Influence of dynamic rotor eccentricity ratio on the magnitudes of the fundamental
and 29 order hamonic of backEMFsof three phase

Considering theccentricity anglel§), whenU=90°,b=0°, and(:0.5, asymmetric positive and
negative halperiods of backEMF waveforms exist ieach phase dhe motor with dynamic

rotor eccentricity, Fig. 4. 13. The spectra show that the motorsis@f° andU=0° hae the

same harmonic contents and magnitudes. With the increase of the eccentricity angle, the
positive peak values of three phase bRAFs increase slightly at first and then decrease while

the negative peak values decrease sharply and then increadeseghilts in minimum peak
to-peak values of three phase bdeMFs whenU=90°, Fig. 4. 14. Therefore, the largest

asymmetric baclEMF waveform occurs when the eccentricity angle is 90°.

(a) Waveforms
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