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Abstract

Hybrid excited (HE) machines, with the synergy of high torque density of permanent
magnet (PM) excitation and controllable flux of wound field (WF) excitation, have been
perceived as a promising candidate for electric and hybrid electric vehicle (EV/HEV)
application. Since an additional source of excitation, i.e. DC excitation, is introduced in the HE
machine, flux-weakening control strategies are more flexible. With the utilization of stationary
field winding (FW), the mechanical contact of brushes and slip rings can be eliminated to
improve the system reliability. Furthermore, when the field and armature windings are located
in the same slot, the integrated winding technique can be employed to obtain DC coil free HE

machines to solve spatial conflicts.

In this thesis, two HE machines with stationary PM and FW are proposed firstly. The stator
possesses a compact structure with non-overlapped field and armature windings, and the salient
rotor is robust similar to that of the switched reluctance machine. Since all the excitations are
located in the stationary part, thermal management is much easier. It is revealed that the
torque/power-speed envelopes of the proposed HE machines are extended with the utilization
of both field and d-axis currents. Furthermore, a third HE machine with stationary FW and
consequent-pole PM rotor is developed by utilization of the harmonic rich MMFs in the non-
overlapped armature winding. The proposed HE machine exhibits comparable torque density
with the conventional surface-mounted PM machine, but the operation range is extended
significantly. Moreover, various interior PM rotor configurations can be extended to retain the
magnets and utilize the flux-concentrating effect. By employing dual-electric-port inverter to
supply a biased AC excitation, the field winding can be eliminated to further enhance the
efficiency. All the electromagnetic performances of the proposed machines are investigated by

finite element (FE) analyses and validated by experiments.

Finally, the proposed HE machines are optimized and compared with a commercialized
interior PM machine to demonstrate the feasible operation in EV/HEV. Although the torque
density and overall efficiency are reduced slightly compared with the pure PM machine without
field excitation, the maximum power in the flux-weakening region is improved in the HE
machines with the regulation of additional DC excitation. Moreover, the proposed HE
machines exhibit enhanced fault-tolerant capability at high-speed operation with a controllable

magnetic field.



Acknowledgements

The author would like to express his most sincere gratitude to his supervisor, Prof. Z. Q.
Zhu, for his invaluable suggestion, support, and encouragement throughout the Ph.D. study.
Great thanks are also due to all members of the Electrical Machines and Drives Research Group,

at the University of Sheffield, for their assistance and helpful discussions.

The author also wishes to acknowledge Valeo Electrical Systems in France for their
sponsorship, particularly Dr. J. C. Mipo and Dr. S. Personnaz for their technical discussion and

assistance.

Finally, grateful thanks are due to the author’s family and friends for their love and support.

II



Contents

ADSIFACT.cccueeiiinieiiitienieecssteecsstencssanecsssnesssanessssesssssesssssesssasesssanesssssessssssssssesssssesssssessssssssssassssnas I
ACKNOWICAZEIMENLS ...cuuvrrerruriessrncssnnicssanicsssnicsssnesssssesssssesssssesssssssssssssssssossssssssssssssssssssssssssssssss I
INOMENCIALULE c.ccueeeerriiinniieiiisneeeciisneeeiissneeccssssseecsssssnescsssssaesssssssassssssssssssssssssssssssssssssssssasess VII
ADDIEVIALION couuverennrriinricnsnnicssnniissnnisisnnecsssncssssesssssessssesssssssssssesssssessssssssssessssssssssssssssssssssssssnss X
CRAPLET T auueeiiiiienniiiniinnricsssnniesssssssiesssssssesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssases 1
General INtroduction .......ueeieeiniiiniineiisennniinniinseiineensicsiinsissessississsisseessessssssssssssesssss 1
1.1 Permanent Magnet Synchronous Machines .........ccceeceeercereccsnrcssnncssnrcssnncssnsncssssncsanns 2
1.1.1 ROtOr PM MACRINES......cueitiiiiiiiiiieiieiceie ettt st s 2
1.1.2 Stator PIM MaCKhINeS .......coouiviiriiiiiiiiiteieetee ettt sttt sttt s 4

1.2 Hybrid Excited Machine TOPOIOZIES .....c.ccceevvuerersuricssuricssarcsssnrcsssresssnessssncssssncssssscsanes 6
1.2.1 HE Machines with Rotor PM and FW.........cocoiiiiiniiiieeceeeee 7
1.2.2 HE Machines with Rotor PM and Stator FW ..o 12
1.2.3 HE Machines with Stator PM and FW ..........ccoooiiiiiiiiiicceceece e 17
L.2.4 OFNETS...ueeeeeeiee ettt ettt e s e et e e et e e e taeeeabeeebaeesasaeesaseeessseeesaseeennseeensseeans 27

1.3 Series and Parallel Hybridization........coeeineeenneecsennsnensecnsnecsenssncssncsssecsaessssesssncnns 28
1.3.1 Series HybridiZation ........cccecuerieriiriiniiieeieniesie sttt 29
1.3.2 Parallel Hybridization...........ccooiuieiiiiiieiie ettt 29

1.4 2D and 3D Magnetic Fields ......ceiiiiivvriiciisnnicsiissnnicssssnnsicssssnssssssssssssssssssssssssssssssanns 31
1.4.1 2D Magnetic Field.......cccviiiiiiiiiiieee ettt e e 31
1.4.2 3D Magnetic Field........ccuiiiiiieiiieeie ettt 31

1.5 Control of Hybrid Excited MacChines ......cccccceeeeevvnriccsssnnriccsssnnnccsssnsncsssssssscsssssssscsnns 32
1.5.1 Typical Flux Regulation Performance.............cccceevviieiiieniieiciieeee e 32
1.5.2 Flux Weakening Control Strat@@ies..........cccverereruieniieriireniienieenieesreereeseveenseeseveenne 34
1.5.3 Uncontrolled Generator Fault Miti@ation ..........c.ccceevveevriiieriieeiiieeeiieeeiee e 36
1.5.4 Integrated Hybrid Excitation with Open-Winding.............cccceevvereiieneenieenieennnennn. 40

1.6 Research Outline and Major Contributions...........coeeiciceiciseccssnncsssercssercssnencssnescnes 42
1.6.1 Research OULINE. .........ooiiiuieiiiieiiee et 42
1.6.2 Major Contributions and Publications Resulted from This Research ..................... 46
CHAPTER 2..uucuueiiiniiinsennsninessecssissesssessssssssssnssssssssssesssssssssssssssssssssesssssssssssssssssssssssssssssssss 48

III



2.2.1 Maching TOPOLOZY .....ccuieuieiiieiieeie ettt ettt ettt e 51

2.2.2 Winding ConfigUration........cc.cecuereeiieriiniriinienieeie ettt ettt sre e 51
2.2.3 Operation PrinCiple.......ociiiiiiiiiiiieiieceeetc et 52
2.3 Flux Regulation MeChaniSm......ccocceeiciiisnricnsssnniccsssnsnecssssssscsssssssessssssssssssssssssssssssses 54
2.3.1 Original HE Machine with Iron Bridge..........ccccoveeviiieiiiiiiieceeceeeee e 55
2.3.2 Proposed HE MaCRINE .........c.oooviiiiiiiieciieeeee ettt e 57
2.4 Slot and Pole Number Combination.........cieiieeeiiseicsseeecssnensseecsseeessssecssssecssssecsanes 59
2.5 Design and OPtiMIZAtiON .......eeeeceiccsneicssssnrecssssssrecsssssssssssssssssssssssssssssssssssssssssssssssssssss 64
2.6 Performance Evaluation .........ceieeiniiiieineiisninsennseensennsnensecsssecsssssssesssessssesssesssseens 67
2.6.1 AIr-Gap FIUX DENSILY ....ocoviiiiiiiieeiiieieeeiieeiteete ettt ere et e e sveebeessse e ease e 67
2.60.2 FIUX LINKAGE......ccviiiiieiiieiiecie ettt ettt ettt esve b e ssseennaeense e 68
2.6.3 BACK-EME ....cuiiiiiiiiiee ettt et 69
2.6.4 Electromagnetic TOTQUE .........ccovieriieiiieiieeiiecie ettt eeve e esveereessseeaeeeeseenns 72
2.6.5 Torque-Speed ENVEIOPE .....cccviviiiiiieiiecieeeeee ettt e 74
2.6.6 Fault Tolerant Capability.........ccceeeeiieiiiiiiiiieieeieeeeie et 77
2.7 Improved DC Coil Free HE Machine........cueievveicivricssnncnssnnisssnncsssrcssnncssssscssssscsanes 78
2.8 Experimental Validation........cccieiciiercisnicssnicssnnicsssnisssnnesssssssssssesssssesssssesssssssnssssanss 81
2.9 SUINIMATY couverirrnresssrncssssncssssncssssnossssssssssssssssssssssssssssssssssssssssssssssssssssesssssessssssssssssssssssssnss 85
CRAPLET 3 aeveriiniininiinsniinsnnicssssicssssisssssesssssesssssesssssssssssossssssssssssssssssssssssssssssssssesssssessnsssssnss 86
Investigation of Novel Doubly Salient Hybrid Excited Machine with Non-Overlapped
Field WINAING c.cccoueiiiiiiiinniiiinnninisniicssnnicissnccsssecssssncssssecssssssssssesssssssssssssssssesssssssssssssssssssssssssns 86
3.1 INErOAUCTION cauueeeeeneeennieinnteiinneessntecssnnecssanessssnesssssesssnesssssscsssesssssesssssesssssesssssesssssnssnes 86
3.2 Machine Topology and Operation Principle ......cccccceeerveneecssssnnnccsssnnncssssnnsecsssnsseces 88
R I B\, - Te] 111 T ) o o) [ Y.y S PTR 88
3.2.2 Operation PriNCIPLe.......c.ciiiviieiiieiiie ettt e e e e 89
3.2.3 Flux Regulation MeChaniSm............cccueevuieriieiieniieiieeieeieeeee e sve e 92
3.3 Stator and Rotor Pole Number Combination...........cueiceecseiisnecseisseecsecssnecssensnneens 93
3.3.1 Possible Stator and Rotor Pole Number Combination ..............cecceveevieieneeniennnene. 93
3.3.2 Armature Winding CONNECHION ........eevvuiieriiiieiiieeeieeerteeeveeeieeeeireesaeeesreeeseeee e 94
3.4 Design OPtimiZAation......ccceieesreicissercssserssssnnsssnessssnssssssssssssesssssssssssssssssssssssssssssssssssssnss 95
3.5 Influence of Iron Bridge on Hybridization ...........ceecevveeiciverinisnncscercssnnncssnnncscnnncsnns 929
3.6 Electromagnetic Performance Evaluation ...........cceiicveeicivninsercssnncssnrcssnnscsssnncnes 102
3.6.1 Field DiStribULION. ....cc.eeiiiiieieiieiieeieeteie ettt st s 102

vV



3.6.2 BACK-EME ...coniiiiiiiiee ettt 103

3.6.3 COZEING TOTQUE ...c..eevieiiiiiiieiieeitete ettt ettt ettt sttt sae et st saeenne e 106
3.6.4 INAUCLANCE.......eeiiieiiieiie ettt ettt ettt ettt et e st e et e st e e bt e s aeeebeesabeenbeesnneensean 107
3.6.5 Electromagnetic TOTQUE ........eeevuvieeriiieeieiieeieee et eiee e st e e evee e reeeseveeessseeeenseeenneas 108

3.7 Experimental Validation...........cicciiveiicniisnniicssssnnnccsssnnncsssssssessssssssssssssssssssssssssssssssns 110
3.8 SUIMMALY cecceiivnnrieisssnniecssssnnnesssssssessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssases 117
CRAPLET 4 ccueeeiinvnniicniinnniisissnnnicsssssssecsssssssesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss 118
A Novel Fractional Slot Non-Overlapping Winding Hybrid Excited Machine with
Consequent-Pole PM ROLOY ........cicrveiienseienssenisssnncssssssssssssssssssssasssssssssssssssssssssssssssssssssssssses 118
4.1 INErOAUCTION ceccuueeeueereensenesseensanesssensnnsssesssnesssnsssnsessessssssssessssesssnssssssssassssessansssaasssasanns 118
4.2 Machine TOPOIOZY ...ccccueeevurrersricssnicssnicsssnicsssnecsssnesssssessssesssssssssssssssssossssssssssssssssssses 120
4.3 Operation PrinCiple...... o ciiinnniinnsicninncnsnicssnicssnnissssnissssnssssssssssssssssssosssssssssscses 121
4.4 Performance Evaluation ........ceeieenneinneensnennsennsenssnecssecsssecssessssssssessssessssssssesssasanse 125
4.4.1 Open-Circuit Field DiStribUtion ............ccceeeciieiiieriieeiiienieeiieeie e 126
4.4.2 BaCK-EMEF .....ccuiiiiiiiiiieiee ettt 128
4.4.3 CogEING TOTQUE ....cueeiiriiiriiiieeteeie ettt ettt 129
444 TNAUCTANCE. ...coueeeeiiieiie ettt ettt et ettt et e et e s it e et e e sabeenbeesaeeenbeannees 131
4.4.5 Electromagnetic TOTQUE .......c.oeiuiiiiiiiiieiieie ettt et 131
4.4.6 Torque/Power-Speed Envelope .........cooevviiiiiiniiniiiiiiccicececceeecceee 134

4.5 Comparison with Conventional SPM Machine .........coueeveeeruenssecnsnecssnecsaenssnessaecnne 136
4.6 Experimental Validation...........eiciivveiicniisnniicssssnnicssssnsncsssssssecsssssssssssssssssssssssssssssssss 141
4.7 SUIMIMIATY ceeeerrvrnrecssssassecsssssssesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssasss 152
CRAPLET S auueeiiiiinnniiinisnnniesissnnticsssssssecsssssssesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssse 154
Comparative Analysis of Novel Fractional Slot Non-Overlapping Winding Hybrid
Excited Machines Having Different Consequent Pole Rotor Topologies .........c.cccceuuee. 154
5.1 INTrOAUCHION c.cuueeueeeneicsniiieiisniesricsttissnnssseesssicssessssesssessssesssassssssssasssssssssssssssssassssssssass 154
5.2 Machine Topology and Operation Principle ..........ccovceeevvericscnrisssnncsssnncssnrcssnnncsnns 156
5.2.1 MaChing TOPOLOZY ....ccveeruiiiiieriieeiieiie ettt ettt tte st ebeesaeeseesnaeenbeessneenseens 156
5.2.2 Operation PrinCiple........coveiiieiieiiieiiecieesiee sttt et 158

5.3 Torque Improvement with Hybrid EXCitation .........cccevviicivrinssnncsssercssercssnnncsnns 160
5.4 Comparison of Electromagnetic Performance ............ccceeceeeccvericscencsssencssnnrcssnnncsnn 162
5.4.1 Design and OptimiZation ...........coeevuerieneenierientenieetenie ettt neeseesaeenens 162
5.4.2 BaCK-EME .....ooiiiiiiii ettt ettt et st et 165
5.4.3 COZEING TOTQUE ...c..eetieiiiiietieieeitete ettt ettt sttt sae et st esbeene 167



544 TNAUCLANICE ...t e e e e e e e e e e et e e e e e e e e e e e eaaaaeeeeeeeeearraaaeaeeas 169

5.4.5 Electromagnetic TOTQUE ........cooueeriieiiieeiieiie ettt ettt ettt e s e 170
5.4.6 Flux Weakening Capabilify .........cccceevierieniiiiiniiniieieneeieeeseee e 172

5.5 Improved DC Coil Free HE Machine........ciicccvvniicsissnnicssssnnnecsssssscsssssssscssssssseces 173
5.6 Experimental Validation.........cccoceiiccnissnricnsssnnicssssnnnesssssssssssssssessssssssssssssssssssssssses 177
5.7 SUMIMATY uuveericiscsnnicssssnrecsssssssesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss 183
CRAPLET 0 cuueeeeeennnniicninnnrinsssnnricssssnsnicssssssresssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss 184
Comparison of Hybrid Excited Machines with Rotor Interior Permanent Magnet
Machine for EV/HEV APPLCAtiON ....cccvvueieirueicisninssnicssnisssanessssnsssssssssssssssssssssssssssssssnssss 184
0.1 INTrOdUCTION ccuuueeiueeenneecsniniieiinecsricsteissaesssecsssecssessssesssnssssesssnssssssssassssesssnssssssssassssessaase 184
6.2 Design and OPtiMIZAation ........coceieeveicissencssnicssnicssnicssssisssssesssssessssesssssossssssssssssssnss 187
6.3 Comparison of Electromagnetic Performance .........c..ccceeceeecrceecssnrcsssnrcssnrcssnnncsnn 189
6.3.1 Back-EMF and Torque Density.........cccccierieiiiienienieesiieeie et 189
6.3.2 Flux-Weakening Performance............ccccoevieiiieiieniieiiecie et 195
6.3.3 Efficiency Evaluation with Driving Cycle ........cccoeiiiiiiiiiiiieiiieieieeeeeee 198

0.4 SUINIMATY .coovirrnensenisnnnssnnssnesssecsssscssesssassssassssssssssssssssssssssssssssssassssassssssssssssassssasssssssasss 202
CRAPLET 7 aueeeneerrrensunennensnnnssensnesssnsssnesssesssssssssssssesssssssssssssssssssssasssssssassssassssassssassassssassssasssns 203
General Conclusion and Future Work .......eeeeiniiinneecnsnennneecnsescssessssseessssecssseecses 203
7.1 Proposed Machine ToOPOlOo@Ies........cccereverienissenricssssnnrecssssnsessssssssesssssssssssssssssssssssssses 203
7.2 MAIN FEATUIES cccuuuueriruerenneiisnencsneessnnecsssnecssnessssnesssssesssssessssssssssssssssssssssesssssasssssnssses 205
7.3 Performance COMPATiSON......ccccreierssercsssarcssssssssssssssssssssssssssssssssssssssssssssssssnsssssnsssssnss 206
T4 FULUIE WOTK cauucineiiiiiiiiiniicienniintiinnesnesnnicsnisssesssesssseesssssssssssesssssssssssssssssassssssssass 208
7.4.1 Machine OPtimiZatiOn .........c.cecveruiieriierieeiiienieesteeeeeesteeereesseesaeesseessseeseessseeseens 208
7.4.2 Parasitic EITeCt.......c.ooiiiiiiiii e 209
7.4.3 Control Strategies with Optimal Field and Armature Current Ratio..................... 209
7.4.4 Investigation of Thermal Model............cccooviriiiiniiiiiiiie e 209
7.4.5 Investigation of Noise, Vibration and Harshness (NVH)..........cccoccvvviiiiniiniennn. 209
REfCIENCES c.ccueeerriiuiiiriitensiinninitentenieecnesstesssessnssssesssnssssesssassssessssssssssssassssasssssssassssasenne 210
PUDLICATIONS ..cuueriennriiiniiiiiiininniisnneninnessnnesssncsssssessssscssssssssssesssssesssssessssssssssesssssesssssessssses 227

VI



Bs pc
Bg pmu
Br

dSO

e4
epc

erPM

frm
H.
hpm

I’lrib

iac
id
lde
Iy

Jde

Nomenclature

Field winding excited air-gap flux density
Permanent magnet excited air-gap flux density
Permanent magnet remanence

Stator outer diameter

Phase back electromotive force

Field winding excited phase back electromotive force
Permanent magnet excited phase back electromotive force
Field winding excited magnetomotive force
Permanent magnet excited magnetomotive force
Permanent magnet coercivity

Permanent magnet height

Iron bridge thickness

Stator yoke thickness

Armature winding current

D-axis current

Field winding current

Q-axis current

Field winding current density

Flux weakening factor

Winding packing factor

Self-inductance of phase A

D-axis inductance

Air-gap length

Q-axis inductance

VII

AT

AT

kA/m

mH

mH

mH



lst

Mab

Nac
Nr
Ns
Pac

pr

Rpym
rri
Ryip
Vsi
Vso

Se

Ar
As
Or

Opc

Pe

Ysp

Stack length

Mutual inductance between phase A and B
Mutual inductance between field winding and d-axis armature winding

Mutual inductance between field winding and g-axis armature winding

Number of turns per armature coil
Number of turns per field coil
Rotor pole number

Stator slot number

Armature winding copper loss

Rotor pole number

Armature winding resistance per phase

Permanent magnet reluctance
Rotor inner radius

Iron bridge reluctance

Stator inner radius

Stator outer radius

Single slot area

Stator tooth width

Air-gap permeance accounting for rotor slots

Air-gap permeance accounting for stator slots

Mechanical rotating speed
Average torque regulation ratio
Air-gap flux

Back-EMF regulation ratio

Split ratio

VIII

mH
mWb

mWb

mm
H/mm?
H/mm?

rad/s

mWDb



Qv

Ge
On
Op
Osp
PCu
We
Wi
wd
wpC
WPM

Yq

Phase for the V! harmonic flux linkage

Harmonic order

Rotor electrical position

Rotor mechanical position
Rotor pole arc

Stator pole arc

Copper electrical resistivity
Electrical rotating speed

Phase flux linkage

D-axis flux linkage

Field winding excited flux linkage
Permanent magnet flux linkage

Q-axis flux linkage

IX

rad

rad

rad

rad/s

mWb

mWb

mWb

mWb

mWb



2D

2IPM

3D

CPSR

DSHE

DSPM

EMF

EV

FE

FEM

FPM

FRPM

FSNW

FSPM

FW

GA

HE

HEM

HEV

IPM

IPMM

LCM

MEA

MMF

Abbreviation

Two dimensional

Double layer interior permanent magnet
Three dimensional

Constant power speed region
Doubly salient hybrid excited
Doubly salient permanent magnet
Electromotive force

Electric vehicle

Finite element

Finite element method

Frozen permeability method

Flux reversal permanent magnet
Fractional slot non-overlapped winding
Flux switching permanent magnet
Field winding

Genetic algorithm

Hybrid excited

Hybrid excited machine

Hybrid electric vehicle

Interior permanent magnet

Interior permanent magnet machine
Least common multiplier

More electric aircraft

Magnetomotive force



MTPA

NEDC

PM

RMS

SMC

SPM

SRM

SSPM

UCGF

UIPM

UMF

VFRM

VIPM

WF

Maximum torque per ampere

New European drive cycle
Permanent magnet

Root mean square

Soft magnetic composite

Surface mounted permanent magnet
Switched reluctance machine

Stator slot permanent magnet
Uncontrolled generator fault
U-shaped interior permanent magnet
Unbalanced magnetic force

Variable flux reluctance machine
V-shaped interior permanent magnet

Wound field

XI



Chapter 1

General Introduction

Due to significant environmental concerns, electric vehicles and hybrid electric vehicles
(EVSs/HEVs) are increasingly being developed and commercialized [ZHUO07] [CHAO7].
Electrical machines are a key technology for EV/HEV, and the main requirements of machines

for EV/HEV include [ZHUO07] [CHAO7] [BIA16]:

e High torque density and high power density;

e High overload capability;

e Extensive flux-weakening region;

e High efficiency over the whole operating region;

e High reliability and fault tolerant capability;

e Low cost and low acoustic noise.

Permanent magnet (PM) machines, especially equipped with high-energy product rare-
earth PM material, exhibit high torque density as well as high efficiency, and have been
perceived as good candidates for EV/HEV, e.g. Toyota PRIUS, Nissan LEAF, BMW 13, etc.
[KAMO6] [SAT11] [WIL15]. However, the magnetic field of PM machines is constant, and a
flux-weakening current component is required to operate at high speed. Consequently, the

efficiency at high speed is degraded and uncontrolled overvoltage fault may damage the power

inverter [SO002] [RAM11].

An alternative solution is to develop hybrid excited electrical machine, with synergies of
PM machine and wound field (WF) machine. The introduction of field winding can help to
regulate the magnetic field and the output capability according to working condition, which is
beneficial for the EV/HEV with variable speed requirements. Compared with the conventional
PM machines, an extra flexibility can be utilized to adjust the flux linkage by the field
excitation current. Consequently, higher torque at low speed and wider operating speed range,
as well as high efficiency over a wide operating region can be obtained by employing

appropriate control strategies [WAN12a] [GIE12].

Various HE machine topologies have been reviewed in the previous publications [ZHAOS]

[ZHUOSa] [OWEI1] [HUA14] [AMAO09] [AMAI11] [HLI13] [WANI17a]. This chapter



emphasizes on the origination of the HE machines, either to enhance the torque density of WF

machine or improve the flux weakening performance of stator/rotor PM machine.

This chapter reviews various hybrid excited (HE) machines from the perspective of location
of PM and field winding (FW), series/parallel connection of PM and FW excited magnetic
fields, and 2D/3D magnetic fields, respectively, to demonstrate the possibility to achieve
hybridization from existing PM/WF machine and further enhance the electromagnetic
performance for variable speed requirement of EV/HEV. The advantages as well as drawbacks
of each category are analyzed. Since an additional control degree, i.e. DC excitation, is
introduced in the HE machine, the flux weakening control strategies are more complex. The
flux weakening performance as well as efficiency are compared with different control
strategies. Then, the potential to mitigate the risk of uncontrolled overvoltage fault at high
speed operation is highlighted by controlling the field excitation. Since additional FW is
usually required for HE machines compared with pure PM excitation, the spatial confliction
inevitably results in electromagnetic performance reduction. The technique to integrate the
field and armature windings with open-winding drive circuit is introduced, and novel HE
machines without FW are summarized. Finally, the research outlines and major contributions
of this thesis are summarized. This chapter is based on a paper presented on EVER 2019
[ZHU19b] and a paper published on CES TEMS [ZHU19c].

1.1 Permanent Magnet Synchronous Machines

Firstly, the non-hybrid excited machine topologies with pure PM excitation are introduced

1n this section.
1.1.1 Rotor PM Machines

The rotor PM machine topologies are popular and have been widely investigated [ZHUO07]
[CHAOS]. According to the locations of PMs in the rotor, they can further be classified as
surface mounted PM (SPM), surface inset PM (Inset-PM), radial magnetized interior PM
(radial IPM), and tangential interior PM (tangential [IPM), as shown in Fig. 1.1.

For the SPM machine shown in Fig. 1.1 (a), the PMs are simply mounted on the rotor
surface. Since the permeability of the PMs is similar to that of the air-gap, the equivalent air-
gap length is large. The significant effective air-gap length results in a low inductance and
limited armature reaction. Moreover, since the PMs are exposed in the air-gap, the

demagnetization withstanding capability may be sacrificed. As the reluctance of PMs is close



to that of air, the d- and g-axis inductances are similar, resulting in a negligible reluctance

torque.

For the Inset-PM machine shown in Fig. 1.1 (b), the PMs are inset in the rotor surface.
Since the PMs are also exposed in the air-gap, the inset-PM machine also potentially suffers
the demagnetization problem. Meanwhile, the iron besides the PMs may cause flux leakage.
However, since the permeability of iron is significantly larger than the PM, the g-axis
inductance is increased compared with SPM machine. Subsequently, the armature reaction
effect is more significant, and reluctance torque can be produced due to the difference between

d- and g-axis inductances.

(a) SPM machine (b) Inset-PM machine

0

(c) Radial IPM machine (d) Tangential IPM machine
Fig. 1.1. Rotor PM machines.



For the radial IPM machine shown in Fig. 1.1 (c), the radial magnetized PMs are interior
buried in the rotor. Since the PMs are mechanically and magnetically shielded by the rotor core,
the demagnetization withstanding capability is enhanced. However, the iron bridge to connect
the rotor core potentially results in flux leakage and should be designed as the trade-off between
mechanical stress and electromagnetic performance. Since the permeability of iron is large, the
equivalent air-gap length is small and the armature reaction is significant. Moreover, the
difference between d- and g-axis inductances can be observed and reluctance torque can be

utilized in the IPM machine.

For the tangential IPM machine shown in Fig. 1.1 (d), the tangential magnetized PMs are
interior buried in the rotor. Similar with the radial IPM machine, the tangential IPM machine
also possesses enhanced demagnetization withstanding capability, reluctance torque utilization
and flux leakage in the iron bridge. Moreover, the air-gap of one-pole is excited by two pieces

of magnets in parallel, and flux-concentrating effect can be utilized.

According to the above analyses, the advantages and limitations of different rotor PM

machines shown in Fig. 1.1 can be summarized in Table 1.1.

Table 1.1 Comparison of different rotor PM machines

SPM Inset-PM  Radial IPM  Tangential IPM
Effective air-gap length Large Small Small Small
Armature reaction Small Large Large Large
Demagnetization
withstanding Poor Poor Good Good
Flux leakage Small Medium Large Large
Reluctance torque Negligible Yes Yes Yes
Flux-focusing No No No Yes

1.1.2 Stator PM Machines

The stator PM machine topologies are with stationary PMs and generally salient rotor
[CHEI11a] [ZHU11a]. They mainly utilize PM aligned torque with negligible reluctance torque.
According to the location of stationary PMs, the stator PM machines can be classified into
stator yoke PM, i.e. doubly salient PM (DSPM) machine in Fig. 1.2 (a) [LIA95], stator tooth
tip PM, i.e. flux reversal PM (FRPM) machine in Fig. 1.2 (b) [DEO97], stator teeth sandwiched



PM, i.e. flux switching PM (FSPM) machine in Fig. 1.2 (c) [HOA97], and stator slot PM
(SSPM) machine in Fig. 1.2 (d) [AFI16].

For the DSPM machine shown in Fig. 1.2 (a), one stator unit is composed by three stator
teeth sandwiched by two pieces of PMs. Overall, the PM consumption is small and the flux
linkage in single coil is unipolar. Moreover, the medium tooth wound coil has different flux

linkage with the other two counterparts and asymmetric phase back-EMF is produced.

(c) FSPM machine (d) SSPM machine
Fig. 1.2. Stator PM machines.

For the FRPM machine shown in Fig. 1.2 (b), a pair of magnets are mounted on the surface
of stator tooth tips. Since the permeability of PM is similar with air-gap, the thickness of PMs
increases the effective air-gap length. Therefore, there exists a trade-off for the thickness of

PMs and the PM consumption is medium. The PMs exposed in the air-gap potentially suffer
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from irreversible demagnetization. Moreover, the single coil flux linkage polarity alters as the
salient rotor moves from one piece of PM to the adjacent one. Although the single coil flux

linkage is bipolar, there is no flux focusing effect.

For the FSPM machine shown in Fig. 1.2 (c), the PMs are sandwiched by the stator teeth
and the PM consumption is significant. As the salient rotor moves from one side of PM to the
other side, the polarity of single coil changes. Therefore, the flux linkage as well as back-EMF
of single coil are bipolar. Moreover, flux-focusing effect can be observed in the FSPM by two
adjacent pieces of PMs. Overall, the torque density of the FSPM is high and comparable with
the IPM machine [CAO12a].

For the SSPM machine shown in Fig. 1.2 (d), the tangentially magnetized PMs are located
in the stator slots. Flux-concentrating effect is utilized by the adjacent two pieces of magnets.
As the rotor moves from the stator tooth aligned position to the unaligned position, the single
coil flux linkage changes from maximum value to minimum value. Subsequently, the flux

linkage and back-EMF of single coil is unipolar.

According to the above analyses, the advantages and limitations of different rotor PM

machines shown in Fig. 1.2 can be summarized in Table 1.2.

Table 1.2 Comparison of different stator PM machines

DSPM FRPM FSPM SSPM
PM location Stator yoke Stator tooth - Sandwiched by Stator slot
tip stator teeth
PM consumption Small Medium Large Medium
Flux focusing No No Yes Yes
Flux linkage Unipolar Bipolar Bipolar Unipolar
Three phase back-EMF ~ Asymmetric =~ Symmetrical ~ Symmetrical Symmetrical
Reluctance torque Negligible Negligible Negligible Negligible
Torque density Low Medium High Low

1.2 Hybrid Excited Machine Topologies

Based on the discussed PMSM topologies, the hybrid excitation can be achieved by
attaching FW for flux regulation. The HE machine topologies can be classified in Fig. 1.3
according to the location of PM and FW. The detailed topologies will be introduced as follows.
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Based on Rotor Based on Stator| |Based on Stator and
PM Machines PM Machines Rotor PM Machines
I
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Brushless Brushless
Rotor FW Rotor FW Stator FW Stator EW Stator FW

@O’EOI’ PM + Rotor FVD (?otor PM + Stator FVD étator PM + Stator FVD (Others)

Fig. 1.3. Classification of HE machines.

1.2.1 HE Machines with Rotor PM and FW

Based on the classical rotor surface-mounted PM (SPM) machines, HE machines can be
obtained by attaching the field winding in the rotor PM pole directly, as shown in Fig. 1.4 (a)
with all pole PMs [HEN94a] [FODO07] [LIN14] and Fig. 1.4 (b) with consequent pole PMs
[AKEOO], respectively. The machine topology can be perceived as the integration of a rotor
SPM machine and a rotor WF machine. Since the flux path of FW passes through the PM, the

reluctance is significant and the flux regulation capability is limited.

Stator

Field
Winding Winding

(a) All pole PMs [HEN94a] [FODO07] (b) Consequent pole PMs [AKEO00]

Fig. 1.4. HE machines with rotor surface mounted PM.



An alternate topology is to allocate the field winding and PM in different poles, as shown
in Fig. 1.5 [LUOOO]. As a result, the flux regulation capability and demagnetization

withstanding capability are enhanced.

Stator

Field
Winding

Fig. 1.5. HE machine with field winding and PM in different rotor poles [LUOOQO].

Besides, HE machines with rotor radial and tangential interior PMs are shown in Fig. 1.6
(a) and (b), respectively. The machine configurations in Fig. 1.4 (b) and Fig. 1.6 (a) are similar,
but the iron bridge in the IPM machine provides additional flux path for FW. Therefore, the
risk of irreversible demagnetization is reduced although the flux regulation capability is still

limited by the saturated iron bridge.

Stator Stator Rotor

Field
Winding PM

Field
Winding

(a) Radial magnetized PM. (b) Tangential magnetized PM.
Fig. 1.6. HE machines with rotor interior PM [AKEO0O].



Moreover, circumferentially magnetized PMs can be added in the rotor slots of the rotor
WF machine, as shown in Fig. 1.7 [FUKO08a] [YAM11] [HWA18] [HUA16a]. The PM flux is
short circuited in the rotor, and therefore, negligible cogging torque and back-EMF are
produced at open-circuit. With field winding excitation, the PM flux can counteract the FW
flux in rotor and alleviate magnetic saturation. It is revealed that the torque density as well as

efficiency can be enhanced with the assistance of PMs.

Field
Winding
Fig. 1.7. HE machine with PMs in the rotor slots of field winding [FUKO08a] [YAM11]
[HWA18] [HUA16a].

In [SYV98] and [NAOO1], a HE machine is developed by combining the rotor PM machine
and the rotor WF machine directly, as shown in Fig. 1.8. The proposed machine consists of a
single stator whereas the PM rotor and the WF rotor are connected by the same shaft. The flux
paths of PM excitation and field winding excitation are separated inherently and parallel
hybridization with wide flux regulation range is achieved. However, additional gap between

two rotors is inevitably introduced by the end-winding of field coil.

It should be noted that brushes and slip rings are required to feed DC excitation to the rotary
component for the HE machine topologies in Fig. 1.4 - Fig. 1.8. The mechanical contact reduces

the system reliability while increasing the cost of maintenance.



Field

M Winding

R.t.r /.

(a) PM machine. (b) WF machine.

Stator and Armature Winding

———

PM Field Wound Field
Rotor Rotor

)

(c) HE configuration with the combination of two parts.

Fig. 1.8. HE machine with the combination of two rotors [SYV98] [NAOO1].

To remove the slip rings and brushes, a brushless rotor WF HE machine is proposed in Fig.
1.9 [ALI16] [HUSI8] [YAOI15] [JAWI16] [ALI15a] [HUS17]. The stator accommodates
armature winding, whereas the rotor is located with field and harmonic windings. An additional
rectifier is attached in the rotor to supply DC to field winding through harmonic winding, and
therefore, mechanical contact of brushes with slip rings is saved. The HE machines with all
PM rotor poles and consequent PM poles are presented in Figs. 1.9 (a) and (b), respectively.
The introduction of rotor PMs can improve the torque density and especially enhance the
starting performance. In order to produce current in the rotor harmonic winding, various
techniques have been proposed, e.g. single phase third harmonic current injection [YAO15]
[JAW16], dual inverter to feed unequal amplitude of current [ALI15a], single inverter to feed

the unequal turns of armature winding [HUS17], as shown in Fig. 1.9 (c).
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(a) PM in all rotor poles [ALI16]. (b) PM in consequent rotor poles [HUS18].
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(c) Single inverter to feed to unequal turns of armature winding [HUS17].

Fig. 1.9. Brushless rotor WF HE machines.

Overall, the HE machines discussed in Fig. 1.4 - Fig. 1.9 can be perceived as the
hybridization of a rotor SPM or IPM machine with a WF machine. Therefore, the machine
topologies are generally simple with controllable magnetic field. However, brushes and slip
rings are required to feed DC excitation to rotary part. Although brushless structure can be
achieved in Fig. 1.9, both the machine topology and the drive circuit become complicated.
Moreover, the rotor spatial confliction of PM and FW restricts the torque density as well as
flux regulation capability. In summary, the advantages and limitations of the HE machines with

rotor PM and field winding are summarized in Table 1.3.
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Table 1.3 Advantages and limitations of HE machines with rotor PM and FW

Advantages

Limitations

v" Controllable flux with FW
Overall simple structure

<\

Brushed FW
THsHe except brushes and slip

rings

Requirement for brushes and slip
rings
Rotor spatial confliction of PM and
FW

v" Controllable flux with FW
Brushless FW v Elimination of brushes and
slip rings

Complicated machine topology
Rotor spatial confliction of PM, field

and harmonic windings

1.2.2 HE Machines with Rotor PM and Stator FW

Another solution to eliminate the sliding contacts is to locate the field winding in the

stationary parts, whilst PMs are still on the rotor. In [MCC87] [SPO89] [TAPO03], a consequent

pole rotor PM HE machine with toroidal field winding is investigated, as shown in Fig. 1.10

(a). The PM flux path circulates from PM north pole to PM south pole, whereas the FW flux

path passes from one iron pole to another iron pole with reduced reluctance. Both the PM and

FW excited magnetic fields have 3D flux path and the synthesized magnetic field can be

regulated by the field current. Compared with the conventional rotor PM machine, a solid stator

yoke core is attached outside the stator laminated core and the rotor core should also be solid

iron to allow for both radial and axial fluxes.

Stator Solid Core Field Winding

Rotor Solid Core

(a) Consequent pole rotor with equal PM
pole and iron pole [MCC87] [SPO8&9]
[TAPO3].

Stator Solid Core Field Winding

Rotor Solid Core

(b) Consequent pole rotor with enlarged

axial PM pole [WANOS5].

Fig. 1.10. Consequent pole HE machines with toroidal field winding.
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To further enhance the HE machine performances, some improvements have been made in
[AYDO02] [WANOS5] [YANOS8] [LI17]. In [AYDO02], this concept is utilized in the axial flux
PM machine to achieve hybridization. In [WANOS5], the proportion of PM to iron pole is
enlarged to reduce the voltage regulation and improve the power density, as shown in Fig. 1.10
(b). In order to reduce the field winding length as well as copper loss, the toroidal field winding
is moved to inner stator in [YANOS]. In [LI17], the toroidal field winding is further employed

for consequent pole Vernier machine to achieve hybrid excitation.

Besides, in [VID05a] [VIDO05b] [HLIO8] [NED11], homopolar and bipolar HE machines
are proposed based on the spoke type IPM machine by introducing toroidal field windings in
the end plate, as shown in Fig. 1.11. The PM flux path is radial, whereas the FW excited
magnetic field has both radial and axial flux paths. Therefore, additional solid stator yoke core,
solid end plate as well as solid rotor core are required to allow for 3D magnetic flux path. The
two field windings of the homopolar HE machine are of opposite direction, whereas those of
the bipolar HE machine are of the same direction. In [ZHAO08] [HANI1] [LIU17a], an
improved topology with inner stator to accommodate the field winding is proposed, which is

beneficial to shorten the toroidal field winding length.

__Field Winding

Stator
Laminated

Solid End Core

Opposite
Direction
Rotor Solid

Core

(a) Homopolar HE machine with field windings at two edges of opposite direction.
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. Field Winding

Stator
Laminated

Solid End Core

Plate

Direction

Rotor Solid
Core
(b) Bipolar HE machine with field windings at two edges of the same directions.

Fig. 1.11. Homopolar and bipolar HE machines with toroidal field winding [VIDO05a]
[VIDO5b] [HLIO8] [NED11].

Besides, HE machines can be developed by introducing PMs in WF claw pole machines to
reduce flux leakage and further improve the performance. The toroidal field winding can be
wound around the inner stator [CHA96] [CHA97] or the rotor [HEN94b] [ISH96], as shown
in Figs. 1.12 (a) and (b), respectively. For the inner stator topology, brushes and slip rings to
feed DC excitation can be removed. However, additional air-gap between the inner stationary
holder and the rotor is inevitably introduced, which decreases the machine performance. In
[REB11] and [REB14], PMs are further introduced both in the rotor and the stator to improve
the performance, whereas the machine configuration becomes complex, as shown in Fig. 1.12
(c). Moreover, the hybrid excitation can be achieved by combining dual stator PM machine

with WF claw pole machine [LIUO7] [LIU09], as illustrated in Fig. 1.12 (d).

It is worth noticing that the brushless claw pole HE machine in Fig. 1.12 (a) and the bipolar
HE machine in Fig. 1.11 (b) share similar machine topology and operating principle. The
differences can be observed as the spoke type IPM is evolved into claw slot PM, and the field

winding is moved from the outer stator to the inner stator.
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Stator Laminated Core

Rotor Solid Core
Field Winding

(a) Brushless structure with inner stator accommodating toroidal field winding [CHA96]

[CHA97]

Stator Laminated Core _

Rotor Solid Core

Field Winding
Stationary Solid Holder

(b) Brushes and slip rings required with rotor accommodating toroidal field winding

[HEN94b] [ISH96]
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Solid End Plate

Stator Solid Core

Rotor Solid Core

(c) Brushless structure with field winding in stationary end plate [REB11] [REB14]

Outer Stator Laminated Core

PM Rotor

Rotor Solid Core

Field Winding
Stationary Solid Holder

Inner Stator Laminated Core

(d) Combination of dual stator PM machine with WF claw pole machine [LIU07] [LIU09]

Fig. 1.12. Claw pole HE machines with PM between rotor claws.

Another HE stepper machine is shown in Fig. 1.13 [KOS05] [KOS10]. The PM is
sandwiched by two reluctance rotors with a half rotor pole pitch shift and the toroidal field

winding is located at the stationary end plate. Since the magnetic field is controllable and the

rotor is robust, the HE stepper machine is suitable for high speed application.
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Stator Solid Core
Field Winding

Stator

Laminated

Solid End Plate
Core

Rotor Solid Core

Fig. 1.13. HE stepper machine [KOS05] [KOS10].

In summary, the HE machines discussed in Fig. 1.10 - Fig. 1.13 can be perceived as the
introduction of a stationary toroidal field winding to the rotor PM machines. Therefore, the
brushes and slip rings can be removed and mechanical contract problem is solved. Moreover,
the flux path of FW bypasses the PM and the demagnetization issue becomes less severe
compared with flux weakening with d-axis current directly. Nevertheless, both radial and axial
fluxes exist in the PM and FW excited magnetic fields. Therefore, soft magnetic composite
(SMC) or solid material is required to allow for the 3D magnetic field, making the
manufacturing and assembling complicated. The summary of advantages and limitations of HE

machines with rotor PM and stator FW are listed in Table 1.4.

Table 1.4 Advantages and limitations of HE machines with rotor PM and stator FW

Advantages Limitations

e Complicated machine topology
3D flux path with both radial and axial
magnetic fields

HE machines v° Controllable flux with FW
with rotor PM  v' Elimination of brushes

and stator FW and slip rings ) )
e Requirement for SMC or solid core

1.2.3 HE Machines with Stator PM and FW

Besides developing from the rotor PM machines, HE machine configurations can be
achieved by attaching field coils in stator PM machines. The sliding contacts are eliminated,

and the machine possesses good heat management since all the excitations are stationary.
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Generally, all the stator PM machines presented in Fig. 1.2 can be developed for hybridization

as follows.

Based on the conventional doubly salient PM machine, hybrid excitation can be obtained
in Fig. 1.14. In Fig. 1.14 (a), a field winding is attached in series with PM excitation [LI95].
The doubly salient HE machine is further improved to adopt PM in stator yoke to reduce the
PM usage in Fig. 1.14 (b) [CHAO02]. However, the flux path of field winding passes through
PM, which restricts the flux regulation capability and may potentially cause irreversible
demagnetization. In [CHAO3], an additional air-gap is introduced in the field winding path to
achieve parallel hybridization as shown in Fig. 1.14 (c). Moreover, the iron bridge is introduced
in [ZHUO5] [ZHUO06] to avoid irreversible demagnetization as shown in Fig. 1.14 (d). Similar
concept is employed in the outer rotor HE machine in [LIU10a]. However, the magnetic field
regulation is still limited since the magnetic bridge is saturated by PM flux. In [CHEOS] and
[ZHA12], PM poles are replaced with field winding poles, as illustrated in Fig. 1.14 (e) to
achieve a wide flux regulation range. In [CHE14], the flux regulation capability of the HE
doubly salient machines are compared. It is revealed that the series HE machine in Figs. 1.14
(a) (b) has the lowest flux regulation ratio whereas the parallel HE machine in Fig. 1.14 (e)

possesses the best controllable flux capability.

Armature

Field
Winding

(a) Original series hybridization [LI95] (b) PM moved to the stator yoke [CHA02]
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Armature Stator Armature
Stator . .
Winding Winding

Field Iron
Winding Bridge Field
Winding

Additional
Air-gap
(c) Parallel hybridization with additional air-  (d) Parallel hybridization with iron bridge
gap [CHAO3] [ZHUO05] [ZHUO06]

PM Armature
Winding

Winding

(e) Parallel hybridization by replacing PM poles with field winding poles [CHE08]
[ZHA12]
Fig. 1.14. Doubly salient HE machines.

Besides, other HE machines with stator yoke PMs are presented in Figs. 1.15 (a) and (b),
with field winding coil pitch of 1 [XU16] and 2 [HE18], respectively. Compared with the
conventional doubly salient machines in Fig. 1.14, the three phase back-EMFs of the HE
machines in Fig. 1.15 are the same due to symmetrical structure. Similarly, iron bridge is
attached not only to connect the stator segment, but also to avoid flux lines of field winding

passing through PM.
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Armature Armature

PNS[tator Winding
| Q ]
Iron
Bridge
Rotor I_Tielfl
Winding Winding
(a) Field winding coil pitch of 1 [XU16] (b) Field winding coil pitch of 2 [HE18]

Fig. 1.15. Other HE machines having PMs on stator yoke.

In Fig. 1.16, the HE machines developed from the flux reversal PM machine are presented.
In[GAO18] and [JIA16], PMs are located at the edge and center of the stator tooth, respectively,
whereas the field winding is placed in the stator slots as shown in Figs. 1.16 (a) and (b).
Moreover, consequent pole machines with PMs alternately located at the tooth center is
proposed in [JIA17b], as shown in Fig. 1.16 (c). The magnetic field of the FW is in parallel

with PMs, which can ensure the flux regulation capability.

Armature Armature

Stator

Field
Winding

(a) PM sandwiching iron pole [GAO18] (b) Iron pole sandwiching PM [JIA16]
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Armature
Stator = > Winding

Field
Winding

(c) Consequent pole with PMs alternately sandwiched by iron pole [JIA17b]

Fig. 1.16. Flux reversal HE machines.

Flux switching PM machines utilize the flux-concentrating effect of circumferentially
magnetized PMs, and possess comparable torque density as [IPM machines [FAS14]. Therefore,
the HE machines developed based on flux switching PM machines are most widely investigated,

as shown in Figs. 1.17-1.19.

In Fig. 1.17 (a), the flux switching HE machine is achieved by attaching additional stator
yoke for FW flux path [HOAO07]. However, the stator outer diameter is enlarged compared with
the conventional flux switching PM machine. In Fig. 1.17 (b), a part of PM is replaced by FW
to achieve hybrid excitation [HUAO09]. The location, polarity, and flux regulation mechanism
of the FW have been investigated in [OWEQ09] [ZHA15a] [HUA15], as shown in Fig. 1. 17 (c)
and (d). It is revealed that the HE machine with inner and outer FW of the same polarity exhibits

better flux regulation capability.

To avoid the flux lines of FW passing through the PM and achieve a parallel hybridization,
an iron bridge has been introduced in Fig. 1.17 (¢) [OWEI10]. In fact, the flux switching HE
machines in Figs. 1.17 (a) and (e) share similar operating principle and topology, whereas the
difference can be perceived as the thickness of iron bridge. Moreover, PM pole-pair and FW
pole-pair can be allocated alternately to achieve parallel hybridization in Fig. 1.17 (f) [OWEO09].
In [CHE11b], a novel E-core stator is proposed for the flux switching HE machine, as shown
in Fig. 1.17 (g). Similarly, it is extended to an axial flux E-core HE flux switching machine in
[ZHA16]. In Fig. 1.17 (h), a field winding is introduced in the stator slots of a conventional
flux switching PM machine [GAU14]. However, only flux weakening can be achieved via

magnetic saturation.
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Armature

Winding

(a) HE machine with additional stator yoke  (b) HE machine with FW replacing part of
and field winding [HOAO07] PM [HUAO09]

(c) HE machine with outer and inner FW of  (d) HE machine with outer and inner FW of
opposite direction [OWEQ7] the same direction [ZHA15a]

Armature Stator Armature

(e) HE machine with iron bridge [OWE10]  (f) HE machine with PM pole-pair and FW
pole-pair locating alternately [OWEQ9]
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Armature

Winding

(g) HE machine with E-core segment (h) HE machine with by adding field
[CHEI11b] winding in stator slots [GAU14]
Fig. 1.17. Flux switching HE machines.

In Fig. 1.18, the two-part flux switching HE machine is proposed by combining a flux
switching PM machine and a flux switching WF machine directly [LIU14a]. The stators are
split into a PM field stator and a WF stator, as shown in Figs. 1.18 (a) and (b), respectively.

The HE structure inherently possesses parallel hybridization and a wide flux regulation range.

Armature Armature

(a) Flux switching PM machine (b) Flux switching WF machine
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PM Field Stator Wound Field Stator
= |\
—— T

(c) HE machine with the combination of PM field stator and WF stator

Fig. 1.18. HE flux switching machine with the combination of two stators [LIU14a].

In Fig. 1.19, HE flux switching machines with a segmental rotor have been discussed
[ALI15b]. Field winding can be wound on the PM poles directly in Fig. 1.19 (a) or wound
alternately with PM poles in Fig. 1.19 (b). The machine shown in Fig. 1.19 (a) is series
hybridization, whereas parallel hybridization and better flux regulation capability can be

obtained in Fig. 1.19 (b).

PM Armature PM Armature
Stator YWinding Stator, Winding

Holder | Holder [ |
Laminated I.Tlelfi Laminated . Field
Rotor Winding Rotor Winding

(a) PM and field winding in the same pole (b) PM and field winding in alternate pole
Fig. 1.19. HE flux switching machines with segmental rotor [ALI15b].

Besides locating PMs in the stator yoke, stator tooth tip, stator tooth center, the HE
machines with stator slot PM are shown in Figs. 1.20 (a) and (b) [AFI15] [ZHE19]. The PM
flux is short-circuited in stator at open-circuit, and the HE machine potentially exhibits high
speed fault tolerant capability. When field winding is excited, PM flux is pushed to link with

air-gap, and the field excitation can regulate the magnetic field effectively. Furthermore,
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different stator/rotor pole combinations and overlapping windings are introduced for the HE

stator slot PM machine [ZHU18].

Armature Armature

Winding

Field
Winding

Winding

(a) Stator slot HE machine [AFI15] (b) Modular stator HE machine [ZHE19]
Fig. 1.20. HE machine having PMs in stator slots.

Although the HE machines with both stator PM and FW exhibit good heat management,
the stator is crowded with PM, field winding and armature winding. To solve the spatial
confliction, HE machines with partitioned stator have been proposed in Fig. 1.21 [HUA16b]
[JTA17a] [HUA17a] [WU17] [HUA16¢] [HUA16d] [HUA18a]. HE machines with inner stator
to accommodate field winding, PM, and both field winding and PM are shown in Figs. 1.21
(a)-(c), respectively [HUA16b] [JTIA17a] [HUA17a]. In [WU17], the PM is further moved from
the inner stator yoke to the inner stator tooth tip to reduce the iron bridge flux leakage, as shown
in Fig. 1.21 (d). Besides, the field winding poles can be employed to replace the PM South
poles or a pair of PM poles as shown in Figs. 1.21 (e) and (f), respectively [HUA16c]
[HUA16d]. It should be noted that PMs and field winding are in series hybridization in Fig.
1.21 (e) and parallel hybridization in Fig. 1.21 (f). Furthermore, circumferentially magnetized
PMs can be allocated in the inner stator slots of field winding to alleviate the magnetic

saturation and enhance flux regulation capability in Fig. 1.21 (g) [HUA18a].
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Armature Armature

Field
Winding Winding
Stator Stator
(a) Inner stator accommodates field winding (b) Inner stator accommodates PMs
[HUA16b] [JTA17a]
Armature Armature
Winding Winding

Stator Stator
(c) Inner stator accommodates both field (d) PMs moved to inner stator tooth tip
winding and PMs [HUA17a] [WU17]

Armature Armature

(e) Field winding poles replacing PM South (f) Field winding poles replacing pairs of
poles [HUA16c] PM poles [HUA16d]
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Armature

Stator

(g) PMs in the inner stator slots of field winding [HUA 18a]
Fig. 1.21. HE machines having partitioned stators.

To conclude, the HE machines discussed in Figs. 1.14 - 1.21 can be perceived as the
combination of a stator PM machine with a stator WF machine. The machine structure is
generally simple without brushes and slip rings. All the excitations are located in the stator and
the heat management is efficient. However, the stator spatial confliction problem exists with
the PM, field winding and armature winding. Although partition stator concept has been
utilized in Fig. 1.21, the segmental rotor requires mechanical connection, making the
manufacturing and assembling complex. In conclusion, the advantages and limitations of the

HE machines with stator PM and FW are summarized in Table 1.5.

Table 1.5 Advantages and limitations of HE machines with stator PM and FW

Advantages Limitations

) e Stator spatial confliction of PM,
) v" Controllable flux with FW o
HE machines . field and armature windings (can be
. Overall simple structure
with stator PM o
v" Elimination of brushes

and FW . e Partitioned stator HE machines
and slip rings

solved by partitioned stator)

suffer from mechanical fragile rotor

1.2.4 Others

Moreover, Vernier machine with stator and rotor PM has been widely investigated due to
high torque density. HE machines based on stator and rotor PM Vernier machines are presented

in Fig. 1.22 [WAN17b] [ZHA18]. PMs are located in stator tooth tip and rotor surface with
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consequent pole, whereas the field winding is placed in the stator slots. Series hybridization

and parallel hybridization are presented in Figs. 1.22 (a) and (b), respectively.

PM Armature
Stator, - Winding

L () 8

Armature

Field
Winding
Rotor
(a) Series hybridization of field winding and  (b) Parallel hybridization of field winding
stator PMs [WAN17b] and stator PMs [ZHA18)]
Fig. 1.22. HE machines based on Vernier PM machines.

According to the above discussion, the characteristics of the various HE machines can be
summarized in Table 1.6. Although various HE machines have been proposed and investigated,

the limitations still exist for each classification.

Table 1.6 Comparison of various HE machines

Rotor PM and FW  Rotor PM and Stator FW  Stator PM and FW

Overall simple

Machine Structure except brushes and Complex Simple
slip rings
Brushes and Slip Rings  Generally required No No
Spatial Confliction Crowded rotor No Crowded stator
Flux Path 2D 3D 2D
SMC or Solid Core No Yes No

1.3 Series and Parallel Hybridization

According to the connection of PM and FW excited magnetic fields, HE machines can be

classified as series hybridization and parallel hybridization. If the flux lines of FW pass through
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PM, series hybrid excitation is achieved. In this section, the series and parallel hybridization

characteristic of the above HE machines will be analyzed.
1.3.1 Series Hybridization

In the series HE machines, the PM and FW excitations share the same flux path, and the
FW is simply wound around the PM pole. The series HE machines have been developed from
the rotor SPM machine (Fig. 1.4 [HEN94a] [FODO07] [LIN14]), the stator doubly salient PM
machine (Figs. 1.14 (a) and (b) [LI95] [CHAO02]), the flux switching PM machine (Figs. 1.17
(b), (¢) and (d) [HUA09] [OWE09] [ZHA15a], Fig. 1.19 (a) [ALI15b]), the partitioned stator
PM machine (Figs. 1.21 (b) and (e) [JIA17a] [HUA16c]), and the Vernier machine (Fig. 1.22
(a) [WANI17b]) by replacing a part of PM with FW, or adding FW around the PM.

The series HE machines generally possess simple structure with the combination of PM
and FW excitations. However, the FW flux path is of significant reluctance and the flux
regulation capability is limited. Moreover, the flux lines of FW excitation passing through the

PM may potentially cause irreversible demagnetization.
1.3.2 Parallel Hybridization

Compared with series HE machine, the flux path of FW excitation in the parallel HE
machine bypasses the PM. Therefore, the flux regulation capability can be enhanced and the
risk of demagnetization is reduced. The parallel HE machine discussed above can be

summarized as follows.

Type I: Iron bridge to provide additional flux path for FW excitation. This concept has been
utilized in the IPM HE machine (Fig. 1.6 [AKE00]), the doubly salient HE machine (Fig. 1.14
(c) [ZHUO05] [ZHUO06]), the flux switching HE machine (Figs. 1.17 (a) and (e) [HOAOQ7]
[OWE10]), the partitioned stator HE machine (Figs. 1.21 (a) and (c) [HUA16b] [HUA17a]).
However, since the iron bridge is saturated by the PM flux, the reluctance of FW flux path is

still large and the flux regulation ratio is restricted.

Type II: One pole consisting of PM and FW excitations parallel. This classification of HE
machine contains the SPM HE machine (Fig. 1.9 [ALI16] [HUS18] [YAOI15] [JAW16]
[ALI15a] [HUS17]), the IPM HE machine (Fig. 1.6 (b) [AKEO00]), the flux reversal HE
machine (Fig. 1.16 [GAO18] [JIA16] [JIA17b]), the partitioned stator HE machine (Fig. 1.21
(d) [WU17]), and the Vernier HE machine (Fig. 1.22 (b) [ZHA18]). Obviously, the PM should
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be located at the stator or rotor tooth tip, and otherwise, the PM flux short-circuits from the FW
flux path as Type L.

Type III: Two-part parallel HE machine by combining a PM machine and a WF machine
axially. The two-part rotor PM HE machine discussed in Fig. 1.8 [SYV98] [NAOO1] shares
the same stator, whereas the two-part flux switching HE machine discussed in Fig. 1.18
[LIU14a] shares the same rotor. Moreover, the two-part HE machine can consist of both
different stators and rotors. In [GEN15] [WU18], the rotor PM machine is combined with a
doubly salient WF machine to achieve parallel hybridization. It should be noted an additional
axial gap is introduced due to end-winding of field coils, and the axial length is increased

inevitably.

Type IV: PM pole-pairs and FW pole-pairs alternately allocated. This concept has been
employed in the SPM HE machine (Fig. 1.5 [LUOO00]), the doubly salient HE machine (Fig.
1.14 (d) [CHEO08] [ZHA12]), the flux switching HE machine (Fig. 1.17 (f) [OWEO09], Fig. 1.19
(b) [ALI15b]), and the partitioned stator HE machine (Fig. 1.21 (f) [HUA16d]).

Type VI: Slot PM HE machine with tangential magnetized PM. This classification includes
the rotor slot PM HE machine (Fig. 1.7 [FUKO8a] [YAM11] [HWA18] [HUA16a]), the stator
slot PM HE machine (Fig. 1.20 [AFI15] [ZHE19] [ZHU18]), the partitioned stator slot PM HE
machine (Fig. 1.21 (g) [HUA18a]), and the claw pole slot PM HE machine (Fig. 1.12 [CHA96]
[CHA97] [HEN94b] [ISH96]). Since the PM flux is short-circuited without field excitation,
the slot PM HE machines exhibit high fault tolerant capability.

Type V: Toroidal FW with additional flux path. In Figs. 1.10-1.14, a stationary toroidal
field winding is added for the rotor PM machine to regulate magnetic field [MCC87] [SPO89]
[TAPO3] [AYDO02] [WANOS] [YANOS8] [LI17] [VIDO5a] [VIDO5b] [HLIO8] [NEDI1]
[ZHAO08] [HAN11] [LIU17a] [CHA96] [CHA97] [HEN94b] [ISH96] [REB11] [REB14]
[KOS05][KOS10]. The FW excitation has both radial and axial fluxes, and consequently, SMC
or solid stator and rotor cores are required to allow for 3D flux. The benefit of this classification
is better spatial utilization with separate PM and FW flux paths. However, the machine

configuration is complex and manufacturing can be expensive.

Although the flux path of FW excitation bypasses the PM in the above topologies, the HE
machine with iron bridge (Type I) possesses a lower flux regulation capability due to saturated
iron bridge. Therefore, the HE machine with iron bridge can be classified as the third type
beside series and parallel hybridizations [WAN12b].
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According to the above discussion, the characteristics of the series and parallel
hybridization can be summarized in Table 1.7. Although series HE machines generally have
simpler structure, the flux regulation capability and demagnetization withstanding capability

are limited. Therefore, the parallel HE machines are more popular considering electromagnetic

performance.
Table 1.7 Comparison of series/parallel hybridization
Series Hybridization Parallel Hybridization
Machine structure Generally simple More complex
Flux regulation capability Limited Good
Demagnetization o
Limited Good

withstanding capability

1.4 2D and 3D Magnetic Fields

According to the magnetic fields of PM and FW excitations, HE machines can also be
classified into 2D and 3D HE machines. If the PM and FW excitations have both radial and

axial fluxes, it is called as a 3D HE machine.
1.4.1 2D Magnetic Field

2D HE machine can be achieved by attaching a rotary FW to the rotor PM machines (Figs.
1.4-1.9 [HEN94a] [FODO07] [LIN14] [AKEOO] [LUOO00] [FUKO8a] [YAMI11] [HWA1S]
[HUA16a] [SYV98] [NAOO1] [ALI16] [HUS18] [YAO15] [JAW16] [ALI15a] [HUS17]), or
a stationary FW to the stator PM machines (Figs. 1.14-1.22 [L195] [CHA02] [CHAO03] [ZHUO5]
[ZHUO6] [LIU10a] [CHEO08] [ZHA12] [CHE14] [XU16] [HE18] [GAO18] [JIA16] [JIA17b]
[FAS14] [HOAO7] [HUA09] [OWEO09] [ZHA15a] [HUA15] [OWE10] [CHE11b] [ZHA16]
[GAU14] [LIU14a] [ALI15b] [AFI15] [ZHE19] [ZHU18] [HUA16b] [JIA17a] [HUA17a]
[WU17] [HUAl6¢c] [HUAl6d] [HUA18a] [WANI17b] [ZHA18]). The hybridization can be

either in series or parallel, as illustrated in section 1.3.

Overall, the machine structure is simple for designing, optimizing, manufacturing, and
assembling. However, since the PM and FW excitations are located in the same component
(stator or rotor), the spatial confliction inevitably results in limited torque density as well as

flux regulation capability.
1.4.2 3D Magnetic Field
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Compared with 2D HE machine, the 3D magnetic field structure is more complex. As
shown in Figs. 1.10-1.13 [MCC87] [SPO89] [TAP03] [AYDO02] [WANO5] [YANOS] [LI17]
[VIDO5a] [VIDO05b] [HLIO8] [NEDI11] [ZHAO8] [HANI11] [LIU17a] [CHA96] [CHA97]
[HENO94b] [ISH96] [REB11] [REB14] [KOS05] [KOS10], the HE machines with rotor PM
and toroidal field winding have both radial and axial fluxes. The field excitation has separate
axial flux path with PM excitation, and therefore, this classification of HE machine is generally

parallel hybrid with a wide flux regulation range.

Since the toroidal field winding is located at the end or center of stator core, the spatial
utilization is improved. However, SMC or solid material stator and rotor cores are required for

both radial and axial fluxes, making the manufacturing and assembling complex.

According to the above discussion, the characteristics of HE machines with 2D/3D
magnetic fields can be summarized in Table 1.8. Although the HE machines with 3D magnetic
field solve the spatial confliction of co-existence of PM and field winding, the machine
topologies are complex, making the designing, manufacturing and assembling complicated.

Therefore, the HE machines with 2D magnetic field are generally more popular.

Table 1.8 Comparison of HE machines with 2D/3D magnetic fields

2D Magnetic Field 3D Magnetic Field
Machine structure Simple Complex
Field winding Axial winding Toroidal winding
SMC or solid core No Yes
Spatial confliction Yes No

1.5 Control of Hybrid Excited Machines
1.5.1 Typical Flux Regulation Performance

In the previous sections, various HE machine topologies have been overviewed, and the
benefits as well as drawbacks are demonstrated. In this section, a typical flux switching HE
machine, shown in Fig. 1.17 (a), is chosen to illustrate the basic flux regulation of hybrid

excitation.

The open-circuit field distribution of the HE machine is illustrated in Fig. 1.23. The FW
and PM excitations are in parallel, and the field excitation can regulate the flux density

effectively. Fig. 1.24 shows the flux linkage variation with field excitation current density. It
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can be observed that the field excitation can control the magnetic field as well as the flux
linkage. Without PM excitation, i.e. B,=0, the effect of positive and negative DC excitation is
symmetrical. With the increase of PM remanence, the flux regulation ratio is reduced due to
magnetic saturation. Overall, the DC current can regulate the flux linkage, and consequently
the output capability according to the EV/HEV requirements effectively. At low speed
operation, positive DC excitation can be employed to improve the starting torque. At high

speed operation, negative DC excitation can be injected to weaken the magnetic field.

Armature

125

—A-Br=04T| "~
o5l S —A-Br=1.2T

Maximum flux-linkage (mWhb)

-20 -10 0 10 20 30

Field current density (Almmz)

Fig. 1.24. Flux linkage variation with field excitation for the flux switching HE machine.
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1.5.2 Flux Weakening Control Strategies

An important issue for EV/HEV is wide constant power speed region (CPSR) and potential
to operate at deep flux weakening region [SOO02] [REFO05]. Different from conventional PM
machines, both the field excitation current and the d-axis current can be utilized to adjust the
magnetic field in the HE machines, which provides more flexible control parameters for flux-
weakening operation [CHU15]. It has been revealed that better flux weakening performance
can be expected for HE machine compared with conventional PM machine in [ZHA15b]. In
[KEF10], a novel flux weakening control strategy is discussed for the HE machine by utilizing

double excitations to enhance the flux weakening performance.

Therefore, three control strategies can be employed during flux weakening control, i.e. (1)
utilization of field excitation current only, (2) utilization of armature current only, and (3)

utilization of both field and armature current, as listed in Table 1.9.

Table 1.9 Flux weakening control strategies for HE machines

Method | Method I  Method III

ide Varying Constant Varying
id Constant Varying Varying
iq Varying Varying Varying

In [POT19], the three flux weakening control strategies are conducted on a stator slot PM
HE machine shown in Fig. 1.20 (a). The measured torque, power and efficiency map with three
flux weakening strategies are compared in Fig. 1.25. The efficiency is relatively low due to the
experiments on a small motor with only 90mm outer diameter and 25mm axial length and thus
the mechanical loss is a major portion. However, the improvement of efficiency with different
control methods can still be identified. At constant torque region, all three methods can achieve
the same output torque due to the same flux-enhancing field excitation currents. In the flux
weakening region, the torque of Method-I deteriorates significantly, and the operating speed
range is also limited by weakening field excitation current only. Based on the utilization of the
optimal field excitation and d-axis armature currents, Method-III can obtain a wider speed
region compared with Method-I and achieve higher efficiency in the flux weakening region

compared to Method-II.
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(d) Efficiency map by regulating both field and d-axis currents (Method III)

Fig. 1.25. Measured torque, power, and efficiency maps with different flux weakening

strategies [POT19].

Moreover, a self-optimization method of field current based on variable step size search
theory is proposed in [WAN13]. In [SHIO7], the minimum copper loss and maximum torque
control strategies under flux weakening region are investigated. In [DIN19], an optimized
maximum torque per copper loss control strategy is investigated for HE machine. In [LIU19],
an improved control strategy for maximum output power is presented with the consideration

of winding resistance and magnetic saturation.
1.5.3 Uncontrolled Generator Fault Mitigation

The PM machines have been popular due to high torque density and efficiency. However,
some parasitic effect exists in the PM machines inevitably, such as cogging torque and potential
uncontrolled overvoltage fault at high speed operation. Recently, the slot PM HE machines
have been investigated and are shown to exhibit high fault tolerant capability. The slot PM HE
machine can be classified into the rotor slot PM HE machine (Fig. 1.7 [FUKO08a] [YAM11]
[HWA18] [HUA16a]), the stator slot PM HE machine (the single stator in Fig. 1.20 [AFI15]
[ZHE19] [ZHU18] and the partitioned stator in Fig. 1.21 (g) [HUA18a]), and the claw pole slot
PM HE machine (Figs. 1.12 (a) and (b) [CHA96] [CHA97] [HEN94b] [ISH96]). All the slot

PM HE machines share similar operating principle and characteristic.

The stator slot PM HE machine in Fig. 1.20 (a) is taken as an example, and the flux paths
with/without field excitation are illustrated in Fig. 1.26. Without field excitation, the PM flux
is short-circuited in the stator and hardly link with the rotor. When the field current is employed,

the PM flux is pushed to link with the rotor and air-gap flux density is produced. As salient
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rotor moves, the flux variation will produce back-EMF in the armature winding. Fig. 1.27
shows the open-circuit back-EMF with different DC excitations for the stator slot PM HE
machine. The back-EMF is almost 0 without DC excitation and the amplitude can be regulated

by the field current, verifying the theoretical analysis.

Compared with the stator WF machine, the introduction of PM alleviates the magnetic
saturation and further improves the torque density. Compared with other PM machine, the PM
flux hardly links with rotor without DC excitation, and the cogging torque is negligible.
Furthermore, the open-circuit back-EMF caused by PM only is almost 0. Therefore, the slot
PM HE machines exhibit high fault tolerant capability considering high speed operation (see
next sub-section), which is critical for EV/HEV.

(a) Without field excitation (b) With field excitation
Fig. 1.26. Schematic of PM and DC flux paths for stator slot PM HE machine at open-circuit.
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Fig. 1.27. Open-circuit back-EMF corresponding to the DC excitation current for the stator
slot PM HE machine.

For the EV/HEV with high requirements of safe operation and fault tolerance in extreme
environments, reliability of the machine system must be considered [WELO04] [LIU10b].
Among the various machine fault types, the uncontrolled generator fault (UCGF) at high speed
is one of the most serious faults that could damage the drive system [JAH99] [LIA05]. It occurs
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when the gating control signals of the inverter switches are suddenly removed during operation.
This damage can be more severe for the PM machines since the magnetic field is hard to
regulate and the back-EMF can be several times higher than the rated supply voltage at high
speed.

In order to extend the operating region within the current and voltage limits, flux-
weakening control is demanded for PM machines [SOO02] [REF05]. Should the flux-
weakening control signals unexpectedly disappear during high speed operation, the winding
with high back-EMF would instantaneously become a large voltage source and deliver
regenerated current back to the DC-link through the free-wheeling diodes of the inverter
switches, as shown in Fig. 1.28. If the DC-link capacitor cannot absorb the abruptly
regenerative energy, both the capacitor and inverter switches may be damaged as the result of
overvoltage. Therefore, a trade-off between healthy operating performance and fault tolerance

capability is required during optimization for PM machines [PEL11].

Fig. 1.28. Uncontrolled generator fault due to the remove of gate signals.

For HE machines with the combination of PM and FW magnetic fields, the magnetic field
can still be weakened by field excitation at the UCGF. In [ZHU19a], a field excitation control
strategy with fault protection is proposed as shown in Fig. 1.29. In normal operation, the
maximum flux-enhancing field excitation current is employed to achieve the highest torque.
When the UCGF occurs, the DC-link capacitor is rapidly charged by the regenerated current.
Therefore, the DC-link voltage can be measured as the detection of UCGF, and consequently

the field excitation current can be diminished to protect the inverter from overvoltage damage.

The UCGF experiment is conducted on a stator slot PM HE machine shown in Fig. 1.20 (a)
in [ZHU19a] and the test results are presented in Fig. 1.30. The field current is maximized to
achieve high output capability at healthy operation. When the UCGF occurs, the DC-link

capacitor is rapidly charged, which potentially damages the inverter. However, the overvoltage
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problem in the DC-link capacitor can be eliminated by removing the field excitation. The
regenerated current as well as power storage in capacitor can be sharply reduced to zero by

controlling DC excitation, which is beneficial to protect the capacitors and inverter switches.
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Fig. 1.29. Field excitation control strategy with fault protection [ZHU19a].
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Fig. 1.30. Measured regenerated current and power storage in capacitor of the proposed fault
protection method (izc= 0) compared to the method that utilising the maximum field

excitation current in whole regions (iac= 10 A) [ZHU19a].
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1.5.4 Integrated Hybrid Excitation with Open-Winding

Since the HE machine contains PM, field and armature windings, the spatial confliction
inevitably restricts the torque density as well as flux regulation capability. In [ZHU16], the
field and armature windings are integrated with open-winding inverter shown in Fig. 1.31.
Different from conventional machines, the neutral point of three-phase armature winding is
released. The terminals of each phase winding are connected to two inverters at the same time,
so that zero-sequence, i.e. DC excitation, can flow in the winding. Since the field winding is

removed with open-winding, it is DC coil free in the integrated HE machine [WAN19].

Besides, the conductor area for DC and AC excitation is enlarged with integrated winding,
and consequently, the copper loss can be reduced, and the operating range can be extended.
Furthermore, Fig. 1.32 shows the measured operating envelopes with separate as well as
integrated DC and AC winding. The operating range is extended, and efficiency is improved
due to the reduction of winding resistance. Moreover, the voltage utilization ratio is increased
with open-winding drive circuit, which is beneficial to the low voltage battery supplied

EV/HEV.
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Fig. 1.31. Open-winding inverter with single voltage source.

The concept to integrate field and armature winding using open-winding technique is firstly
introduced in the variable flux reluctance machine in [ZHU16]. Then, it is further extended to
the flux reversal HE machine (Figs. 1.33 (a) and (b) [JIA16] [JIA17b]), Vernier HE machine
(Fig. 1.33 (¢) [WANI17¢c]), and flux modulated HE machine (Fig. 1.33 (d) [JIA17a]). In fact,
the integrated field and armature winding technique is suitable for all the HE machines with

DC and AC coils in the same slots to further enhance the performances.
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Fig. 1.32. Measured operating envelopes with separate field and armature winding
(conventional method) as well as integrated field and armature winding (proposed method

with open-winding technique) [ZHU16].
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Fig. 1.33. HE machines with integrated field/armature winding.

1.6 Research Outline and Major Contributions

1.6.1 Research Qutline

The introduction in this chapter is mainly concerned with various HE machines, including

the machine topologies and control strategies. Then, the merits as well as challenges are

identified and compared with pure PM or FW excitation. Based on the existing HE machine

topologies, some novel HE machines are further proposed and investigated in this thesis. The

proposed HE machines are optimized in comparison with commercialized IPMM to

demonstrate the benefits and limitations. The research structure and methodologies of the thesis

are summarized in Fig. 1.34. The major HE machine (HEM) topologies proposed and

investigated in this thesis are presented in Fig. 1.35.
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Chapter 1

Overview of HE Machines
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Fig. 1.34. Illustration of the research scope in this thesis.
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(a) HEM with parallel flux path, (b) DSHEM with non-overlapped field winding,
Chapter 2 Chapter 3

(c) HEM with consequent-pole SPM rotor, (d) HEM with consequent-pole [PM rotor,
Chapter 4 Chapter 5

(e) HEM with consequent-pole 2IPM rotor, (f) HEM with consequent-pole VIPM rotor,
Chapter 5 Chapter 5

(g) HEM with consequent-pole UIPM rotor, (h) HEM with consequent-pole spoke-PM rotor,
Chapter 5 Chapter 5

Fig. 1.35. Configurations of the proposed HEMs in this thesis (Red and blue arrow

components indicate PMs, brown and green lines indicate field and armature windings).
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The contents of the subsequent chapters can be summarized as follows:
Chapter 2

This chapter proposes a novel HE machine with I'l-shape segment stator core to enhance
the flux regulation capability. The machine topology and operation principle are introduced in
detail from the perspective of PM and FW flux paths. Based on the 2D FE calculation, the
proposed machine is optimized and compared with an existing HE counterpart. Furthermore,
open-winding technique is employed to eliminate the field winding and reduce the copper loss.

Finally, a prototype is fabricated to validate the FE predictions.
Chapter 3

This chapter proposes a novel doubly salient HE machine with non-overlapped field
winding based on the conventional doubly salient PM machine. The machine topology and
operation principles are illustrated firstly. Then, the effect of iron bridge on the hybridization
of PM and FW excitations is derived from a simplified magnetic circuit model and verified by
the FE simulation. The electromagnetic performances of the proposed HE machine are

investigated with the 2D FE calculation and validated by the experiment.
Chapter 4

This chapter proposes a novel HE machine with stator non-overlapped FW and rotor
consequent-pole PM. The machine topology and operation principle are introduced based on
the interaction between the PM and FW excited magnetic fields with the armature winding
function. Then, the electromagnetic performances are investigated with 2D FE calculation, and
compared with the conventional SPM machines. Finally, the prototype is fabricated and tested

to validate the analyses.
Chapter 5

This chapter extends the HE machine in chapter 4 to various rotor configurations to retain
the PM and utilize flux-concentrating effect. The operation principles with different rotor
configurations are discussed from the PM and FW flux paths. The HE machines with different
rotor topologies are optimized under the same constraint and compared with 2D FE calculation.
The field winding can be eliminated with open-winding and the DC coil free HE machines are
introduced. Finally, the prototypes with different rotor topologies are fabricated and tested to

verify the FE simulation.
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Chapter 6

This chapter compares the proposed HE machines in chapters 2, 3, 4, 5 with the pure PM
and WF machines. A commercialized rotor IPM machine, Toyota Prius 2010, is selected as the
benchmark. The various HE machines are optimized under the same constraint of Toyota Prius
2010 with genetic algorithm based global optimization. Then the -electromagnetic
performances of the HE machines are compared with the IPM machine with 2D FE simulation

comprehensively.
Chapter 7

This chapter is a general conclusion based on the work of this thesis and includes the

potential future work in this research field.
1.6.2 Major Contributions and Publications Resulted from This Research
The major contributions of the thesis can be summarized as follows:

1. A novel HE machine with separated PM and FW flux paths is proposed in chapter 2. The
parallel PM and FW excitations are beneficial to the flux regulation, fault tolerant, and
demagnetization withstanding capability [CAI19a].

2. A novel doubly salient HE machine with non-overlapped field winding is proposed based
on the conventional doubly salient PM machine. The proposed machine inherits the
compact structure of doubly salient machine, and the field winding facilitates the field
regulation [CAI20a].

3. A novel HE machine with stator non-overlapped FW and rotor consequent-pole PM is
proposed. The abundant harmonics in the magnetomotive force (MMF) of non-overlapped
winding are utilized to regulate the magnetic field through field modulation [CAI20b].

4. The concept of HE machine with stator non-overlapped FW and rotor consequent-pole PM
is extended to various IPM rotor configuration to retain the PMs and achieve flux-
concentrating effect [CAI19b].

5. Open-winding technique proposed in [ZHU16] is employed in the HE machine to eliminate
the field winding, and novel DC coil free HE machines with reduced copper loss can be

achieved [CAI19a] [CAI20a] [CAI20b].
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CHAPTER 2

A Novel Parallel Hybrid Excited Machine with Enhanced
Flux Regulation Capability

This chapter presents a novel parallel hybrid excited (HE) machine with wide flux
regulation range. The flux paths of PM and field winding are separated to avoid irreversible
demagnetization and achieve improved flux regulation capability. Since the field winding and
armature winding are located in the same stator slots, a dual-electric-port inverter can be
employed to feed biased AC excitation in one set of winding and solve the spatial confliction
of conventional hybrid excited machine. Finite element method (FEM) is utilized to analyze
the electromagnetic performances of the proposed HE machine, in comparison with the original
HE machine. It is revealed that the proposed HE machine exhibits lower PM excited back-
EMF, which is beneficial to high speed fault tolerant operation, whereas the torque density can
be higher with flux enhancing, albeit with reduced PM usage. Finally, a prototype is
manufactured and tested to validate the FE predictions. This chapter is based on a published

paper [CAI19a] and extends the analyses.
2.1 Introduction

Due to high cost and potential supply shortage of rare earth permanent magnet (PM), less
or no PM machines are being reconsidered in recent years [BOL14] [LEE15]. Stator wound
field synchronous machines have been perceived as promising candidates owing to robust rotor
structure, good heat management, less potential demagnetization, elimination of brushes and
slip rings [BANO6] [TAN12]. Therefore, numerous machine topologies have been developed
such as doubly fed doubly salient machine [FANO6a], stator wound field Vernier machine
[YUI18], stator wound field flux-switching machine [CHE10] [ZUL10], variable flux
reluctance machine (VFRM) [LIU13] [FUKO08b].

Compared with the counterparts, VFRMSs have the distinct merits of short non-overlapping
field and armature windings, as shown in Fig. 2.1 (a). Moreover, the field winding and the
armature winding can be combined with an open-winding inverter, in which winding resistance
as well as copper loss can be reduced [ZHU16]. However, the torque density of VFRMs is
relatively small compared with PM machines and low power factor can be another fatal

problem [JIA15] [ZHU15].
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To maintain the benefit of flexible magnetic field regulation and improve the torque density,
PMs have been attached to assist the performance and hybrid excited (HE) machines are widely
investigated. Hybrid excited (HE) machines can be classified as series hybridization and
parallel hybridization according to the connection of PM and DC excited magnetic fields
[AMAOQ09] [OWEL11]. In the series HE machines, the flux generated by field coils passes
through PMs, otherwise parallel hybridization is obtained. Although the series HE machines
generally have simpler structure, the flux regulation capability is limited and irreversible
demagnetization should be considered [KAMI12]. Therefore, parallel hybridization is more

popular especially considering extension for flux weakening region [TAP03] [HUA16d].

In [AFI15], stator slot PMs with circumferential magnetization are introduced to reduce the
magnetic saturation. The hybrid excited machines have negligible PM excited back-EMF,
which is beneficial to eliminate the uncontrolled generator fault at high speed operation [JAH99]
[ZHU19a]. Besides, the introduction of PMs can alleviate the magnetic saturation and enhance
torque density. In [GAO18], PMs with radial magnetization are added in the tooth tip to
enhance the magnetic field. Since field winding provides an extra degree to adjust the magnetic
field, the power density at flux-weakening region is improved. In [XU16], a hybrid excited
machine with stator yoke PMs is proposed, as shown in Fig. 2.1 (b). The stator PMs can
enhance the magnetic field and improve the output capability. To avoid field winding flux
passing through PMs, additional magnetic bridge by PMs are attached. For the HE machines
developed in [AFI15] [GAO18] [XU16], the PMs are added in the flux path of DC excitation
to enhance the magnetic field. Therefore, the operating principle and winding configuration,

including field winding and armature winding are the same as VFRMs [HUA17b].

To further improve the flux regulation capability, this chapter proposes a novel parallel
hybrid excited machine, as shown in Fig. 2.1 (c). The doubly salient PM machine with the same
stator core has been reported in [DU18]. In [HE18], the field coils are introduced whereas the
flux regulation range is still limited due to the large reluctance in field excitation flux path. In
this chapter, the PM and field winding flux paths are separated to achieve parallel hybridization
and wide flux regulation region. The machine adopts modular stator segment technique, which
facilitates manufacturing and transportation [LI14]. Meanwhile, field winding and armature
winding can be integrated to obtain a DC coil free HE machine and solve stator space
confliction, as shown in Fig. 2.1 (d). It should be noted that the end-winding length can be
slightly increased by merging two coils into single-layer winding. The increased end-winding

length results in longer axial length and additional copper losses. Therefore, the selection of
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separate and integrated field/armature winding techniques should be determined with the

consideration of all the above aspects.

(a) VFRM [LIU13] (b) HE doubly salient machine with stator yoke
PMs [XU16]

(c) Proposed parallel HE machine with (d) Proposed parallel HE machine with

separate field and armature windings integrated field and armature winding

Fig. 2.1. Cross-sections of 12/11 stator/rotor-pole VFRM and HE machines.

This chapter is organized as follows. In section 2.2, the machine topology and operating
principle without field excitation are introduced. Then, in section 2.3, the flux regulation
mechanism is discussed in comparison with that of the original HE machine shown in Fig. 2.1
(b). In section 2.4, different stator and rotor pole number combinations are extended and the
condition to eliminate the even order harmonics in the back-EMF is illustrated. Further in

section 2.5, the machine optimization and the influence of iron bridge are presented. In section
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2.6, the electromagnetic performances are comprehensively compared with the original model.
Furthermore, the flux regulation capability and torque density for integrated field and armature
winding are investigated in section 2.7. Finally, a prototype is manufactured and tested to

validate the analyses and FE predictions in section 2.8.
2.2 Machine Topology and Operating Principle
2.2.1 Machine Topology

The cross-section of the proposed 12/11 stator/rotor poles parallel HE machine is illustrated
in Fig. 2.1 (c). The stator core comprises laminated II-shape segment, sandwiched by
circumferentially magnetized PM of alternate polarity. The rotor is salient and robust without
excitations. The field and armature coils are wound around the II-shape segment tooth
alternately, with each segment carrying one field coil and one armature coil. Therefore, pre-
wound segment process can be utilized to simplify the assembling and improve the winding
packing factor. Since all the excitations are located in the stationary part, the heat management

is easy and effective [CHE1 1a].

Compared with the HE doubly salient machine shown in Fig. 2.1 (b), the stator laminated
segment is modified from T-shape to II-shape. Besides, the PM pieces are reduced to half,
which facilitates assembling process and reduces the material cost [BAR14]. For the original
HE doubly salient machine, magnetic bridges are attached to increase the flux regulation ratio,
which connect the adjacent stator segments entirely. The ribs can be eliminated in the proposed
machine topology since it exhibits parallel hybridization inherently. Therefore, the proposed
machine shares the benefits of modular stator technique. As the PMs are merely attached to
assist the magnetic field of DC coils, the winding configuration of the original HE machine is
the same as the VFRM shown in Figs. 2.1 (a) and (b). However, the winding connections of

the proposed HE machine, both field coils and armature coils, are changed.
2.2.2 Winding Configuration

Similar to the torque production of doubly salient machine, the proposed HE machine
operates on the flux linkage variation caused by the rotation of salient rotor. As the salient rotor
rotates one rotor pole pitch, the electromagnetic field alternates one period. Therefore, the

relationship between the electrical position and mechanical position can be deduced as

0@ :AII’HI‘H (2-1)
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where @. and 6. are the electrical position and mechanical position, respectively, and N»

represents the number of rotor poles.

The field coils of adjacent segment are of opposite polarity, in accordance with PM polarity.
Therefore, the field winding allocation is different from that of VFRM and the original HE

machine, as shown in Fig. 2.1.

Besides, due to the fact that each stator segment carries one armature coil, the electrical
angle between two armature coils can be expressed as (2.2), where Ns is the number of stator

teeth.

e TAX r (2.2)

Therefore, the coil position and corresponding EMF phasor of 12/11 stator/rotor poles
proposed HE machine can be illustrated in Fig. 2.2. The superscript of coil »’ denotes the
opposite direction accounting for the alternate magnetization of PMs. The rotor pole number
is chosen to be close to stator pole number to ensure parallel hybridization and flux regulation
ratio. According to the coil EMF phasor region, the three phase armature winding can be
connected as shown in Fig. 2.1 (¢). It is worth emphasizing that unbalanced magnetic force
(UMF) exists with given stator and rotor pole number combination due to odd number of rotor
pole. Other stator and rotor pole number combinations with potential elimination of UMF will

be discussed in section 2.4.
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(a) Coil mechanical position (b) Coil EMF phasor
Fig. 2.2. Coil EMF phasor of 12/11 stator/rotor poles proposed HE machine.

2.2.3 Operation Principle
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With the assistance of 2D finite element (FE) calculation, the PM excited open-circuit fl

line distributions at four typical positions are illustrated in Fig. 2.3. The initial rotor positi
iz. 6. =0°, is aligned when phase A flux linkage is maximized.

§

(c) ~180°

(d) 6=270°

Fig. 2.3. Open-circuit (PM excited only) equipotential distribution at four typical rotor
positions.

As can be observed, the flux linkages coupled with coil Al and coil A2 vary with the
movement of salient rotor. The open-circuit flux linkage waveforms over one electrical period
are illustrated in Fig. 2.4. Although the flux linkage in single coil is unipolar, the phase flux

linkage is bipolar with DC-biased value eliminated. The positive and negative maximum phase

flux linkages are achieved at the rotor position of & =0° and & =180°, respectively. The
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The alternating phase flux linkage produces certain-frequency back-EMF in the winding.

When identical frequency alternating current is injected, electromagnetic torque can be

produced to transmit mechanical energy.

Flux Linkage (p.u.)

1
N

LA o o N ow

]
w

| ——— Coil A1 ——-Coil A2 — Phase A
e = 0° 0= 90° 0. = 180° 0. = 270°
0 60 120 180 240 300

Rotor Position (Elec. deg)

360

Fig. 2.4. Normalized PM excited open-circuit flux linkage waveforms over one electrical

period.

2.3 Flux Regulation Mechanism

In this section, the flux regulation mechanisms of original T-segment HE machine and

proposed I1-segment parallel HE machine will be discussed individually. To simply verify the

theoretical analysis, FE calculation is conducted on the two HE machines with initial

parameters, as shown in Table 2.1. The initial parameters of two HE machines are kept the

same, except the thickness of iron bridge. The iron bridge is required in the original design for

the consideration of flux regulation ratio [XU16] [OWE10], whereas it can be saved in the

proposed structure to achieve modular assembling.

Table 2.1 Initial parameters of investigated machines before optimization

Parameter Value Parameter Value
Stator teeth number 12 Rotor pole number 11
Stator outer diameter 90mm Stack length 25mm
Air-gap length 0.5mm Split ratio 0.6
Pm thickness 2mm Stator yoke thickness 4mm
Stator tooth pitch 0.4 Rotor pole pitch 0.4
Iron bridge thickness 0.5mm/0
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2.3.1 Original HE Machine with Iron Bridge

To demonstrate the flux regulation mechanism of original T-segment machine, the flux
paths with PM excitation, DC excitation, flux enhancing (PM and positive DC excitations),
flux weakening (PM and negative DC excitations) are illustrated in Fig. 2.5. It should be noted
only armature coil is drawn to show open-circuit coil linked flux. The solid lines with arrow
indicate the flux path for each consequence. To illustrate the effect of DC excitation during
flux enhancing and flux weakening, the DC contributed flux is marked with dashed green arrow

lines in Figs. 2.5 (c¢) and (d).
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Fig. 2.5. Flux path of original T-segment HE machine with different excitations.

When PM excitation is applied merely, part of the PM flux lines link with the coil whereas
the others are short circuited by the magnetic bridge. When DC excitation is applied, the flux
lines pass through the magnetic bridge. The existence of the ribs improves the demagnetization
withstanding capability since the flux lines of DC excitation pass by the PMs. However, with
PMs and field winding excited together, the reluctance of the ribs is still significant because

the short-circuited PM flux saturates the ribs, as shown in Figs. 2.5(c) and (d). Therefore, the
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flux regulation mechanism of the original T-segment machine is to regulate the tooth flux

linkage through the saturated magnetic bridge.

The normalized phase flux linkages with different excitations are shown in Fig. 2.6. The
DC excitation can regulate the magnetic field, and consequently, the coil-coupled flux linkage.
Besides, the flux linkage with DC excitation only is significant, fundamental being more than
0.5 normalized value. However, when PMs and DC excitations are applied together, the flux
linkage caused by DC is limited, fundamental being ~0.25 normalized value, owing to the

saturation of magnetic bridge.
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Fig. 2.6. Normalized phase flux linkage of original T-segment HE machine with different

excitations.
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2.3.2 Proposed HE Machine

Similarly, the flux paths of proposed Il-segment machine with different excitations are
illustrated in Fig. 2.7. The red and blue arrow lines indicate the flux paths of two adjacent PMs
with reverse polarity. The green arrow lines demonstrate the flux path of DC excitation. The
synthesized flux lines of either flux-enhancing or flux-weakening are further shown in Figs.

2.7 (c) and (d).
g ’ Coil A1 | - | g g J g
Jaey [ e L
o e N o I
(a) PM excited only (b) DC excited only
g =) | a ) g g e | (e g
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S ST,

(c) Flux enhancing (PM and positive DC (d) Flux weakening (PM and negative DC

excited) excited)
Fig. 2.7. Flux path of proposed I1-segment HE machine with different excitations.

As can be observed, the flux paths of PMs and DC excitation are separate inherently. The
flux lines of DC excitation pass through the two teeth in one segment, with reduced magnetic
reluctance compared with the original T-segment HE machine. When operating with flux
enhancing, the function of DC excitation can be perceived as pulling the PM fluxes from
armature coil wound tooth to field coil wound tooth. When operating with flux weakening, the
function of DC excitation can be perceived as pushing the PM fluxes from the armature coil
wound tooth to the field coil wound tooth. Therefore, the flux regulation mechanism of the
proposed I'I-segment machine is to allocate the flux in the two teeth of one stator segment, of

which are wound with field coil and armature coil, respectively.
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The phase flux linkages with different excitations are shown in Fig. 2.8. The axis of PM
induced flux linkage, which is marked with red dashed line, is unaligned with the axis of DC
induced flux linkage, which is marked with blue dotted line. This can be explained from the
separated flux paths of PM and DC excitations in Fig. 2.7. Although the phase of flux linkage
is shifted with DC excitation, the amplitude can be regulated flexibly due to less reluctance.
Since the axis of DC flux is close to PM flux with a similar number of stator and rotor poles,
the flux-enhancing is more effective than flux-weakening, phase fundamental flux linkage
being ~1.8 and ~0.5 normalized value, respectively. With half PM utilization, the PM flux
linkage can be reduced to achieve parallel hybridization and better flux regulation capability.
The benefit can be identified as the less PM consumption, enhanced flux regulation ratio and

fault tolerance, whereas the limitations are sacrificed PM torque density and efficiency.
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Fig. 2.8. Normalized phase flux linkage of proposed II-segment HE machine with different

excitations.
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Since the flux regulation principle of proposed HE machine is to allocate the flux in the
adjacent two teeth, the PM flux is not countered at flux-weakening operation. The flux linkage
waveform under flux-weakening is more distorted, indicating the abundant field harmonics
with negative field excitation. The air-gap flux density harmonics may have implications, e.g.

iron loss and sacrificed efficiency particularly at high speed operation.
2.4 Slot and Pole Number Combination

For the stator PM machine with doubly salient structure, the air-gap flux density is of
abundant harmonics with field modulation effect. Therefore, the back-EMF of single coil is
asymmetric and potentially has even order harmonics [CHE10b]. The even order harmonics in
the phase back-EMF are harmful to the voltage waveform and tend to produce low order
pulsating torques. Therefore, it is of high significance to select appropriate stator and rotor pole

combination to obtain the symmetrical phase back-EMF waveforms.

Firstly, the lowest stator slot number should be determined. In the proposed HE machine
with I'l-segment, one stator segment consists of two stator teeth and the unit machine should
have two stator segments per phase. Therefore, the number of stator slots should be multiples
of 4. For an m-phase machine, the stator slot number can be expressed in (2.3), where 4; is an

integer. Subsequently, the minimum stator slot number is Ns=12 for a 3-phase machine.

According to the flux path illustration in Fig. 2.7, the rotor pole number should be close to
the stator slot number. Therefore, the rotor pole number is expressed in (2.4), where k2 is an
integer. For the proposed HE machine with 12-stator slot, the rotor pole number can be selected

as N~=10, 11, 13, 14...
Ns :4mkl (23)

Nr = Nv * kZ (24)

The coil mechanical angle and corresponding back-EMF phasor diagram of 12/11
stator/rotor poles have been illustrated in Fig. 2.2. Similarly, the coil back-EMF phasors for the

HE machines with other rotor pole numbers can be extended as well, as shown in Fig. 2.9.
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Fig. 2.9. Coil back-EMF phasors for the proposed HE machines with 12-stator slot.

The open-circuit armature coil flux linkage of ‘coil 1’ can be expressed in (2.5) in Fourier
series, where w. represents the electrical rotating speed, w, is the amplitude of 1th harmonic,
@y 1s the phase of 1th harmonic. Subsequently, the flux linkage of ‘coil 1’ can be expressed in
(2.6), with the consideration of phase shift as reversed polarity in adjacent two segments as
well as electrical angle shift. It can be observed that various harmonics exist in the coil flux

linkage due to unipolar flux and abundant field harmonics.

According to the coil back-EMF phasors in Fig. 2.9, phase A is composed by coil 1 and
coil 4 for the HE machines with rotor pole of N;=10, 11, 13, 14. Meanwhile, coil 1 and coil 4
are connected in series for the HE machines with rotor pole of V=11, 13, whereas the two coils
are reversely connected for N,=10, 14. Therefore, the phase flux linkage can be expressed in
2.7).

+00

V()= 2 w.cos(voi-p,) (25)

v=0,1,2,3---

60



+

v, cos| vt —p, —r(i—1)— ]%]WZ N, (i-1) (2.6)
%

V(1)

00
v=0,1,2,3---

"(t)-v'(¢),N. =10,14
l//A(t):{l//() v () 2.7)

v (1) 49 (1), N, =11,13

By combining (2.5) - (2.7), the phase flux linkages of the HE machines with different
stator/rotor pole combinations can be expressed in (2.8). It can be identified that even order
harmonics are cancelled in the phase flux linkages of 11- and 13-rotor pole HE machines,
whereas the 10- and 14-rotor pole HE machines inherit the various harmonics of the coil flux
linkages. Moreover, the phase flux linkages are unipolar in the rotor pole of N,=10, 14, and

bipolar in the rotor pole of N,=11, 13.

2y, + i 2y, cos(va,t—g,),N, =10,14
v=1,23.--

vailt)=1 . (2.8)
> [1+(—1)M]1//V cos(va,t—¢,),N, =11,13

v=1,23--
To further illustrate this phenomena, 2D FE calculation is conducted on the proposed HE
machines with initial parameters in Table 2.1. Different stator and rotor pole numbers are
extended, and the armature winding connections are determined according to the back-EMF

phasors in Fig. 2.9.

The 2D FE predicted open-circuit coil flux linkages for the HE machines with different
stator/rotor pole number combinations are compared in Fig. 2.10. As illustrated in the operation
principle section, the coil flux linkages are maximized at the aligned rotor position and
minimized at the unaligned rotor position. Therefore, the coil flux linkage waveforms are

unipolar with various harmonics regardless of stator/rotor pole number combinations.
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Fig. 2.10. Open-circuit coil flux linkages for the proposed HE machines with 12-stator slot

without DC excitation (1 turn per coil).

Furthermore, the synthesized open-circuit phase flux linkages for the HE machines with
different rotor poles are illustrated in Fig. 2. 11. As analyzed in (2.8), the phase flux linkages
of rotor poles with N=11, 13 are bipolar with the elimination of even order harmonics.
Meanwhile, the HE machines with 10- and 14-rotor poles exhibit unipolar phase flux linkage
and the even order harmonics are inherited from the coil flux linkages. Since the even order
harmonics in the phase flux linkage will potentially produce asymmetric back-EMF and
additional pulsating torques, the HE machines with rotor poles of N/=11, 13 are preferred

although the potential unbalanced magnetic force (UMF) should be considered.
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Fig. 2.11. Normalized open-circuit phase flux linkages for the proposed HE machines with

12-stator slot without DC excitation (1 turn per coil).

It is worth noting that the HE machines with odd-rotor pole number inevitably suffer from
UMF which may cause noise and vibration. The UMFs of the 11- and 13-rotor pole HE
machines are further illustrated in Fig. 2.12. At open-circuit, the 11-rotor pole HE machine
exhibits higher UMF than the counterpart. However, the effect of armature reaction on the
UMF of 13-rotor pole is more significant compared with 11-rotor pole HE machine. Moreover,
it can be observed that the UMF is increased significantly with the DC excitation for both HE
machines. Although the UMF of the HE machines with odd-rotor pole number can be

eliminated by doubling the numbers of stator and rotor poles together, a high rotor pole number
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would significantly increase the fundamental frequency and the machine would be unsuitable

for high speed operation.
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Fig. 2.12. UMF in 11- and 13-rotor pole HE machines.

2.5 Design and Optimization

To evaluate the electromagnetic performances of the proposed I1-segment machine, 2D-FE
calculations are conducted in this section. According to the above discussion, the 12/11
stator/rotor pole number combination is selected for further investigation. In order to gain high

torque density as well as flexible flux regulation capability, the HE machines are optimized
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with flux-enhancing for maximized average torque. Under the constraints of fixed stator outer
diameter dso = 90mm, air-gap length /; = 0.5, axial stack length /» = 25mm, armature copper
loss pac = 20W, field current density Jsc = +10A/mm?, NdFeB PM thickness of 4py = 2mm, the
machines are globally optimized with genetic algorithm embedded in FE commercial Maxwell
software. To gain a fair comparison, the same optimization is conducted for the original 12/11
stator/rotor poles HE machine with T-segment stator as the benchmark. The relationship
between armature copper loss and machine parameters is given by
2 72
po = Lol Nl 29)

C P

where pcu 1s the copper electrical resistivity, Nac 1s the number of turn per armature coil, Zac 1s

the RMS of armature current, Sc is the single slot area, and &, is the packing factor.

It should be noted that the skin effect and proximity effect of the conductors on the copper
loss are not taken into consideration in (2.9). This constraints on armature winding copper loss
is more favourable in the design of machines for low speed applications since the iron loss
together with the skin effect wound not contribute to the major loss component at rated speed
of 400rpm. The armature winding copper loss and field winding current density are determined
to allow for the experiments on the same thermal condition as in [HUA16b] [HUA16c] and
[HUA16d].

To simplify the analyses, the number of turns of field coil is kept the same as that of
armature coil whereas the current amplitudes can be different. The numbers of turns in two HE
machines are determined proportional to the slot area. Therefore, the current density is kept
identical with same current value, e.g. Jic = 20A/mm2 with ize = 10A. The maximum field
current density to evaluate the field regulation capability is 20A/mm?, which is not the
continuous operation mode. The maximum field current is utilized to calculate the flux

regulation ratio and saturated field current.

After global optimization for maximum torque, the main design parameters are listed in
Table 2.2. It should be noted PM volume and material cost are not taken into consideration
during the optimization. Obviously, the proposed HE machine consumes less PMs since the

number of PM pieces is reduced to half.
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Table 2.2 Main design parameters of investigated machines after global optimization

Symbol Parameters Unit Original Proposed
- Stator segment type - T-Shape I1-Shape
Ns Stator slot number - 12
Nr Rotor pole number - 11
dso Stator outer diameter mm 90
Lst Stack length mm 25
lg Air-gap length mm 0.5
kp Slot packing factor - 0.6
By PM remanence T 1.1
Hc PM coercivity kA/m 824
hpym PM height mm 2
hrib Stator rib thickness mm 0.5 N/A
Yop Split ratio - 0.58 0.61
hy Stator yoke thickness mm 6.0 4.3
Gp Stator pole arc © 10.8 11.1
Oy Rotor pole arc © 11.5 11.1
Se Slot area mm? 156 166
Nac Turns per field coil - 93 99
Nac Turns per armature coil - 93 99

The effect of iron bridge on the open-circuit back-EMF fundamentals for two optimized
HE machines is evaluated in Fig. 2.13. The existence of iron bridge causes PM flux leakage
and reduces the PM excited back-EMF for both two machines. Besides, the iron bridge
provides additional flux path for DC excitation in original HE machine, and increases the DC
flux regulation ratio. Meanwhile, the introduction of ribs has little influence on the DC flux

path as well as flux regulation capability for the proposed structure.

Therefore, the thickness of iron bridge in the original structure should be determined as the
trade-off between PM excited output capability and flux regulation capability. However, the
iron bridge can be removed in the proposed machine and modular technique can be employed

to further improve the winding packing factor [AKIO3] [LIB06].
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Fig. 2.13. Open-circuit back-EMF fundamentals versus thickness of bridge with PM excited

only and DC excitation improvement (izc = 10A).
2.6 Performance Evaluation
2.6.1 Air-Gap Flux Density

The FE calculated air-gap flux densities for the 12/11 stator/rotor poles HE machines with
different field excitations are shown in Fig. 2.14 and Fig. 2.15. The abundant harmonics are
observed in the two HE machines due to doubly salient structure and flux modulation effect

[WAN17b].

To illustrate the flux regulation mechanisms for two types of machines, the stator teeth are
divided into two groups, one wound with armature coil marked with green arrow line, and the
adjacent tooth wound with field coil. For the original T-segment HE machine, the DC
excitation adjusts the flux density through the magnetic bridge. Therefore, the flux density
within each tooth pitch is increased with flux-enhancing and reduced with flux-weakening. For
the proposed HE machine, the DC excitation regulates the flux density by allocating the flux
in the adjacent two teeth, as shown in section 2.3. Therefore, with positive DC excitation, the
air-gap flux density under armature coil wound tooth is increased whereas that under field coil
wound tooth is reduced. On the contrary, with negative DC excitation, the air-gap flux density
under field coil wound tooth is increased whereas that under armature coil wound tooth is

reduced.
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Fig. 2.14. Air-gap flux density waveforms with different field excitations for original 12/11

stator/rotor poles T-segment HE machine.
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Fig. 2.15. Air-gap flux density waveforms with different field excitations for proposed 12/11

stator/rotor poles II-segment HE machine.
2.6.2 Flux Linkage

The effect of DC excitation on the open-circuit phase flux linkage for two HE machines
has been discussed in section 2.3. The d-g axis flux linkages variation with DC excitation for
two types of machines are compared in Fig. 2.16. For the original HE machine, the DC
excitation only regulates the d-axis flux linkage and has little influence on the g-axis flux
linkage. However, for the proposed parallel HE machine, both the d-axis and g-axis flux
linkage can be adjusted by the DC excitation. Although the inherent d-axis flux linkage of
original T-segment machine is larger owing to more PM usage, the flux regulation capability

of proposed parallel HE machine is improved significantly.
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Fig. 2.16. Open-circuit d-g axis flux linkage variation with DC excitation current for the

original and proposed HE machines.
2.6.3 Back-EMF

The open-circuit phase back-EMFs for the original and proposed parallel HE machines are
compared in Fig. 2.17. Without field current excitation, the fundamental back-EMF of
proposed IT-segment machine is smaller since only half volume of PM is employed. However,
with positive field excitation of iz = +10A, the back-EMF of proposed HE machine is higher
owing to the enhanced flux regulation capability, albeit with additional field winding copper
loss. Due to the coil connection with the 12/11 stator/rotor poles HE machines, even order

harmonics are cancelled and the waveform is symmetrical in the phase back-EMF [HUA18b].

To evaluate the effect of DC excitation on the fundamental back-EMF, the phase flux
linkage and fundamental back-EMF versus PM and DC excitation are deduced in (2.10) and
(2.11), respectively, where wrum is the PM flux linkage, Mqr and Mgy represent the mutual
inductance between field winding with d-axis and g-axis armature winding, respectively. For
the original T-segment HE machine, the mutual inductance between field winding and g-axis
is negligible, i.e. My= 0, as illustrated in Fig. 2.16. Therefore, as can be observed in (2.11), the
amplitude of fundamental back-EMF versus DC excitation current is linear neglecting
magnetic saturation. However, the coupling between field winding with both d-axis and g-axis
exists for proposed HE machine, and consequently, the fundamental back-EMF amplitude
varies non-linearly with DC excitation. Meanwhile, the effect of DC excitation on the d- and
g-axis fluxes imposes controlling challenges. However, the cross-coupling effect between d-
axis and g-axis exists even in conventional interior PM (IPM) machine [STUO03]. Moreover,
adaptive control of PM machine considering magnetic saturation and cross-coupling has been

investigated in [UND10].
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excitations for two HE machines.

back-EMF phase is shifted to more than 180°.
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Fig. 2.17. Open-circuit phase back-EMF at the rotor speed of 400rpm with different DC

The open-circuit phase back-EMF fundamental against DC excitation current is illustrated
in Fig. 2.18. The variation of fundamental phase back-EMF with DC excitation current agree
well with above theoretical analyses. Within the original regulated EMF limits, the regulation
of proposed machine is still linear, and the flux regulation ratio is enhanced significantly (i.e.
much less DC excitation current is required to regulate the voltage). It should be noted the

negative fundamental back-EMF is used to illustrate the flux regulation ratio and it denotes the



The fundamental back-EMF of the original HE machine is larger when the DC excitation
is zero, being 2.2V for the original HE machine and 1.5V for the proposed HE machine.
However, the fundamental back-EMF of proposed Il-segment HE machine can be more
advantageous when the DC excitation current density is higher than 3A, which indicates the

torque density can be higher for proposed HE machine even with reduced PM usage.
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Fig. 2.18. Open-circuit phase back-EMF fundamental at the rotor speed of 400rpm against

DC excitation current for the original T-segment and proposed I1-segment HE machines.

The fundamental back-EMF regulation ratio of DC excitation is defined as (2.12) to
evaluate the flux regulation capability, and the variation with DC excitation current is shown
in Fig. 2.19. The back-EMF regulation ratio for the proposed HE machine is non-linear whereas
it is almost linear for the original HE machine as theoretical analyses. Moreover, it is apparent

that the flux regulation capability has been intensified significantly.
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Fig. 2.19. Fundamental back-EMF regulation ratio against DC excitation current density for
the T-segment machine and I1-segment machine.
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2.6.4 Electromagnetic Torque

The electromagnetic torque performances of two HE machines with no DC excitation and
positive DC excitation, viz. flux-enhancing, are presented in Fig. 2.20. The current angle is
determined by maximum torque per current control (MTPA). Since the field excitation has
effect on both d- and g-axis flux linkages, the MTPA current angle is dependent on the dc
excitation. Furthermore, the torque performances of two HE machines with different field

excitations are compared in Table 2.3.

The electromagnetic torques of both HE machines can be regulated by the field current.
The average torque of proposed HE machine is smaller without field current excitation.
However, with positive DC excitation of +10A, the average torque can be larger than the
original HE machine thanks to the enhanced flux regulation capability. Moreover, the torque
ripple of the proposed machine is slightly more serious than the original HE machine since the
torque ripple is not considered during optimization. The techniques to suppress pulsating torque

of doubly salient machine can be found in [JIN10] [ZHU17a].
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Fig. 2.20. Electromagnetic torque waveforms with armature copper loss of p.c=20W at
different field currents for two HE machines.

Table 2.3 Torque performance of original and proposed HE machines with 20W armature
copper loss

Original Proposed Original Proposed

Field excitation ide=0 ide = 10A
Average torque 048 Nm 035Nm 090Nm 1.05Nm
Torque ripple 6.7% 9.3% 8.4% 9.9%
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Moreover, the average torques versus armature copper loss for the HE machines under
MTPA control are evaluated in Fig. 2.21. The field currents are kept the same for fair
comparison and not included in the armature copper loss. Without field current excitation, the
torque density of the proposed HE machine is weaker compared with the original HE machine.
With positive DC excitation of +10A, the average torque of the proposed HE machine is larger
at rated current. However, the proposed HE machine is easier to get magnetically saturated due
to less reluctance on the stator yoke, and consequently, the average torque gets smaller when

the armature copper loss is higher than 60W.
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Fig. 2.21. Average torque versus armature copper loss for two HE machines with different

field current excitations under MTPA control.

The average torques against field winding current for the two HE machines are predicted
in Fig. 2.22. The current electrical angle is determined by MTPA control. The proposed HE
machine exhibits lower torque without field excitation, whereas the average torque is higher
when the DC excitation current is large than +3A. It is revealed that the torque density of the
proposed HE machine is higher operating with flux-enhancing condition, albeit with reduced

PM usage.

Moreover, the torque performances at negative DC excitation is different accounting for
the flux regulation mechanism. The magnetic field of original HE machine is regulated by the
field excitation through the magnetic bridge. Therefore, the magnetic field can be counteracted
entirely by the field winding current, and the average torque is reduced to zero at the field

excitation of -8A. For the proposed HE machine, as shown in Fig. 2.16, the field current has
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the impact on both d-axis and g-axis flux linkages and the overall flux linkage cannot be zero.

Subsequently, the average torque can be weakened but not reduced to zero.
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Fig. 2.22. Average torque versus field winding current with maximum torque per armature

current control.
2.6.5 Torque-Speed Envelope

An essential benefit of HE machine is wide constant torque region with the regulation of
field current. The inductance and flux-weakening characteristics of two HE machines with
different DC excitations are compared in Table 2.4, in which the flux weakening factor is
defined as (2.13). The HE machines have infinite flux weakening region when the flux
weakening factor kqv > 1 [SOO02]. The proposed HE machine exhibits infinite flux weakening
region regardless of DC excitations, due to larger inductance.

k= Loty (2.13)

¥ pm+pe

Table 2.4 Inductance and flux-weakening characteristics

Original Machine Proposed Machine
ide=20 ide = 10A ide=10 idc = 10A
wemor yeyu+pc  4.8mWb - 9.5mWb 3. ImWb 11.5mWb

La 1.8Mh 1.6Mh 3.5Mh 2.7Mh
kfiv 1.88 0.84 5.65 1.17

The torque-speed curves under voltage and current limits of inverter with the consideration
of magnetic saturation and cross-coupling effect are predicted by the flux linkage method

proposed in [QI19]. The average torque is calculated within the d- and g-axis flux linkages in
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(2.14), where the d- and g-axis flux linkages ww and w4 are predicted by the 2D FE simulation

and dependent on the field excitation ia, d-axis current iz, and g-axis current iy. Furthermore,

the phase current and voltage are under the limits of inverter and expressed in (2.15). By

scanning different d- and g-axis currents at various operation speed, the maximum torque at

corresponding speed can be obtained.

T ZEP[Wd (idcoid’iq)iq ¥, (idC’id’iq)id]

) .2
1/ld +i, <I,

(2.14)

VR

2 2
-0y, (zdc,zd,zq)] +|:Rplq +oy, (ldc,ld,lq):| <U,

(2.15)

Within the same DC bus voltage and phase current limits of U»=12V and I»=5A, the

torque-speed curves of two HE machines are evaluated in Fig. 2.23. With positive DC

excitation, the torque density is enhanced during the operation region and torque-speed

envelopes are broadened. Moreover, the proposed HE machine exhibits highest torque and

power with flux enhancing, thanks to the extended flux regulation capability.
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Fig. 2.23. Torque and power-speed envelopes with different DC excitations.

Furthermore, the efficiency maps of two HE machines considering field and armature
winding copper losses and iron losses are compared in Fig. 2.24. Although the proposed HE
machine exhibits higher torque density with flux-enhancing due to wider field regulation
capability, the maximum efficiency is sacrificed due to additional field winding copper losses.
Therefore, the optimization of the HE machine in the future work will be focused on the
optimization considering the additional field winding copper loss and corresponding efficiency

reduction.
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Fig. 2.24. Operation efficiency considering field, armature winding copper losses and iron

losses. (colored contour indicating efficiency higher than 60%)

2.6.6 Fault Tolerant Capability

For the proposed HE machine, each armature coil belongs to one stator segment, and
consequently, is isolated from each other both mechanically and electrically. When single coil
is under unhealthy operation, other coils will not be influenced, which is critical for high fault

tolerant application [CAO12b].

Furthermore, the line back-EMF fundamental versus operating speed under different DC
excitations is illustrated in Fig. 2.25 for the two HE machines. To improve the output capability,
a positive DC excitation can be employed and the back-EMF can be increased. When operating
at high speed, the back-EMF with positive DC excitation is higher than the DC bus voltage,
and flux weakening current is demanded. However, the high voltage can be potentially
dangerous if the flux weakening signal suddenly disappears, which is recognized as
uncontrolled generator fault [JAH99]. The winding with high back-EMF becomes a large
voltage source and delivers regenerative current to the DC-link. If the DC-link capacitor cannot
absorb abruptly regenerative energy, both the capacitor and the inverter may be damaged as

the result of overvoltage.
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Fig. 2.25. Open-circuit line back-EMF fundamental versus operating speed for two HE

machines.

The uncontrolled generator fault for the proposed HE machine can be overcome by
removing DC excitation directly [ZHU19a], since the line back-EMF produced by the PMs
only is always less than DC bus voltage. Consequently, the high DC regulated back-EMF is
advantageous to the output capability, and the low PM excited back-EMF is beneficial to the
fault tolerant capability.

2.7 Improved DC Coil Free HE Machine

The electromagnetic performances of the proposed HE machine with DC and AC
excitations supplied separately have been discussed above. Furthermore, the field winding can
be integrated with armature winding with the utilization of dual electric port inverter in Fig.
2.26 [ZHU17Db]. In the separated field and armature winding HE machine, the armature current
is controlled by three-phase inverter with neutral point star-connection and the field excitation
is controlled by additional H-bridge inverter. Therefore, the field and armature excitations can
be expressed in (2.16). By utilizing the dual electric port inverter in Fig. 2.26, the neutral point
is released in the three-phase armature winding and biased AC excitation can be suppled.
Subsequently, the field winding can be eliminated and the integrated winding excitation can be

expressed in (2.17).
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Fig. 2.26. Dual electric port inverter with a single voltage source.
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In the integrated winding HE machine, the additional field winding is eliminated and the
spatial conflicts in the improved DC coil free HE machine is solved. Since the conducting area

for either DC or AC excitation is enlarged, the resistance as well as copper loss can be reduced.

In order to evaluate the benefit of integrated winding, the electromagnetic performances of
the proposed HE machine with separated and integrated windings are compared with 2D FE

calculation. To simplify the analysis, the machine parameters are kept constant as section 2.4,
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whereas the original field coils are removed with doubly number of turns for armature coils

and biased AC excitation is injected for the integrated winding.

The phase back-EMF fundamental versus DC excitation current for separated and
integrated windings are shown in Fig. 2.27. Without DC excitation, the back-EMF fundamental
is doubled since the slot area for field coils are spared out. Besides, the EMF regulation ratio
is increased since the turns of DC excitation is doubled with integrated winding. It should be
noted over-saturation is easier to occur for the integrated winding, in which back-EMF

fundamental even reduces with DC excitation [FODO07].

To gain the same ampere-turns of excitation, the current of integrated winding is reduced
to half since half of the original field winding slot area is spared for the armature excitation.
Therefore, the copper loss can be reduced neglecting the slightly enlarged axial length in the
integrated winding. The overall assessment of thermal model will be established in the future
work accounting for the increased end-winding length. The electromagnetic torque waveforms
at different DC excitations for the proposed HE machine with separated and integrated
windings are compared in Fig. 2.28. The average torque of integrated winding is enhanced
since the slot area of field winding is saved. Besides, the torque density at flux enhancing
condition is further improved since the slot area for DC excitation is expanded. The torque
ripple of integrated winding is slightly increased due to magnetic saturation caused by higher

ampere-turns within same copper loss.
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Fig. 2.27. Open-circuit phase back-EMF fundamental at the rotor speed of 400rpm against

DC excitation current for the proposed HE machine with separated and integrated windings.
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Fig. 2.28. Electromagnetic torque waveforms with armature copper loss of pac=20W MTPA
control at different field currents for proposed HE machine with separated and integrated

winding.
2.8 Experimental Validation

In order to validate the forgoing analyses and FE predictions, a prototype of the proposed
HE machine is manufactured. To ease the assembling and winding process, the stator
laminations are linked with iron bridge whose thickness is 0.5mm, and the slot packing factor
is reduced to 0.25. The HE machine is re-optimized and the main parameters of the prototype
are listed in Table 2.5. The photos of the assembled stator and salient rotor are shown in Figs.

2.29 (a) and (b), respectively.

Table 2.5 Main parameters of prototype

Parameter Value Parameter Value
Stator outer diameter 45mm Stack length 25mm
Air-gap Length 0.5mm PM height 3mm
PM remanence 1.1T PM coercivity 824Ka/m
Stator yoke thickness 5.5mm Stator tooth width 6.1lmm
Split ratio 0.65 Rib thickness 0.5mm
Rotor pole width 5.4mm Rotor pole height Smm
Turns per armature coil 30 Turns per field coil 30
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(a) Assembled stator (b) Rotor

Fig. 2.29. Photos of proposed HE prototype.

The open-circuit phase back-EMF waveforms with different DC excitations are measured,
in comparison with FE predictions in Fig. 2.30. Good agreement is achieved although FE
predicted back-EMFs are slightly higher due to 3D end-effect. Besides, the fundamental back-
EMF versus DC excitation current is illustrated in Fig. 2.31. The measured and FE predicted
fundamental back-EMFs vary with DC excitations, indicating the flux regulation effect of field
winding. Overall, the measured back-EMFs agree well with the 2D-FE predictions.
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Fig. 2.30. Measured and FE predicted open-circuit phase back-EMF waveforms at the rotor

speed of 400rpm with different DC excitations.
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Fig. 2.31. Measured and FE predicted open-circuit phase back-EMF fundamentals versus DC

excitation currents at the rotor speed of 400rpm.

The on-load static torque is measured within the method developed in [ZHUO09] and the
test rig is shown in Fig. 2.32. The prototype is clamped by the jaws of lathe, with the rotor shaft
connecting to the balance beam. The weight is added on the balance beam to ensure the beam
bar always contact the digital scale. Two DC supplies are employed to feed to field winding
and armature winding, respectively. By measuring the force via the digital gauge, the static

torque transmitted through the rotor shaft can be calculated.

Prototype | . |

Rotor Shaft |

DC Supply #1
(Field Winding)

J

Fig. 2.32. Test rig for static torque measurement.

Therefore, the static torque with the armature current of ix = -2i» =-2ic = 8A and various
field currents at different rotor positions can be measured, in comparison with FE predictions
in Fig. 2.33. The measured static torques are smaller than the FE calculations due to end effect
and friction. Overall, the measured static torques agree well with FE predictions, proving the

accuracy of FE torque calculations.
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According to the measurement in Fig. 2. 33, the rotor positions of d-axis and g-axis can be
identified. By fixing the rotor position with the alignment of stator phase A-axis and rotor g-
axis, the measured and FE predicted torques variation with i, and iz are shown in Fig. 2.34.
Again, the test results are in good agreement with FE predictions and it is verified that the DC

excitations can regulate the output torque effectively.
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Fig. 2.33. Measured and FE predicted static torques under the armature current of i = -2ip = -

2i. = 8A and different field currents.
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Fig. 2.34. Measured and FE predicted torques variation with DC excitation current at

different g-axis currents.

To fully illustrate the benefit of hybrid excitation during the whole operation region, the
torque-speed envelopes of the prototype with different DC excitations are measured. The flux-
weakening experiment is conducted within the limit of 8A phase current and 3V DC bus

voltage. The measured torque-speed curves with both zero DC and positive DC excitations are
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shown in Fig. 2.35, in comparison with FE simulations. Although the measured torques are
always smaller than the simulated results due to friction of the load machine (particularly for
the small prototype machine), the flux-weakening trends agree well. Moreover, the torque-
speed envelops can be broadened with positive DC excitation, verifying the benefits of hybrid

excitation.
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Fig. 2.35. Measured and FE predicted torque-speed envelopes with different DC excitations.
2.9 Summary

In this chapter, a novel parallel hybrid excited machine with wide flux regulation range is
introduced. All the excitations, including PMs, field and armature windings are located in the
stationary part, which is beneficial of heat management. The flux paths of PMs and field
excitations are separate and in parallel, which extends the flux regulation capability. The
electromagnetic performances of the proposed HE machines are evaluated in comparison with
the original counterpart. It is revealed that the proposed HE machine exhibits lower PM excited
back-EMF, and consequently, good fault tolerant capability at high speed flux weakening
region. Meanwhile, the torque density can be higher with positive DC excitation, albeit with
less PM usage. Moreover, dual-electric port inverter can be employed to integrate the field
winding with armature winding and a DC-coil free HE machine is obtained. Since the slot area
for field winding is saved, both the flux regulation ratio and torque density can be further
improved. Finally, a prototype is manufactured to validate the analyses and FE predictions, and

the measured back-EMF and static torque agree well with the FE predictions.
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Chapter 3

Investigation of Novel Doubly Salient Hybrid Excited
Machine with Non-Overlapped Field Winding

Hybrid excited machines, which synthesize the high torque density of permanent magnet
(PM) machine and controllable flux of wound field (WF) machine, are perceived as promising
candidate for variable speed application. A novel doubly salient hybrid excited (DSHE)
machine with non-overlapped field winding is presented in this chapter. It inherits simple
structure of conventional doubly salient PM (DSPM) machine and facilitates the regulation of
magnetic field by field winding. The electromagnetic performances of the proposed machine
with different stator and rotor pole number combinations are investigated by finite element
method (FEM), confirming these advantages. Furthermore, the effect of the iron bridge on the
hybridization between PM and WF excitations is analyzed to obtain a trade-off between high
torque density and wide flux regulation range with the frozen permeability method (FPM).

Finally, a prototype is fabricated and tested to validate the theoretical analysis.
3.1 Introduction

Permanent magnet (PM) synchronous machines have been widely investigated for decades,
due to the rapid development of magnetic materials, power electronics, and advanced control
techniques [BIAO6a]. The stator PM machines with doubly salient structure are popular and
the flexible location of PM results in diverse machine topologies [WANO1] [HUA08] [CHE20].
The concept of stationary PM with rotary salient pole to alter flux linkage is firstly introduced
in [RAUS5S5] for single phase alternator, and then extended to the three phase doubly salient PM
(DSPM) machine in [LIA95], as shown in Fig. 3.1 (a). The armature coils are non-overlapped
wound around the stator teeth, with potential high winding packing factor and compact volume
[RED12]. Since all the excitations are placed in the stationary component, there is no need of
brushes/slip rings for field winding excitation, while the heat management is more effective.
Moreover, the rotor is the same as that in switched reluctance machine, which is robust with

less concern about centrifugal force [CHI1S5].

Although the employment of high-energy-product PM is beneficial for high torque density
and compact structure, the magnetic field is fixed and the high reluctance of PM results in

difficulty to regulate the flux by d-axis current [SOO02]. Therefore, the efficiency and power
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factor are inevitably degraded at high speed operation, which has restricted the utilization in

the variable speed application.

To achieve flexible regulation of magnetic field, hybrid excitation is proposed to combine
the PM machine with wound field (WF) machine [FODO07]. Since an additional control degree,
i.e. DC excitation, is introduced for field regulation, the flux weakening performance can be
further improved compared with pure PM excitation [GIU15]. To achieve hybrid excitation for
the DSPM machine, various doubly salient hybrid excited (DSHE) machine topologies have
been investigated in [LI95] [CHEO1] [CHAO03] [ZHUO05] [YU11] [CHEOS8] [ZHA12] [CHE14]
[GEN15][WU18], as shown in Fig. 1.14 of chapter 1. In [LI95] and [CHEO1], the field winding
is wound around the PM poles to regulate the magnetic field. However, the flux lines of DC
excitation pass through the PMs, which restricts the flux regulation capability and potentially
causes irreversible demagnetization. To avoid the flux path of field winding passing through
the PM, additional air-gap and iron bridge are introduced for WF flux path in [CHAO03] and
[ZHUO05], respectively. As the reluctance of the additional air-gap and iron bridge is reduced
compared with PMs, the flux regulation capability can be enhanced. Furthermore, a DSHE
machine with outer rotor configuration is put forward in [YU11] for better spatial utilization.
To further improve the flux regulation ratio, the DSHE machine with parallel PM and DC flux
paths is proposed by allocating a pole-pair of PMs and a pole-pair of DC excitation coils
alternatively in [CHEOS] and [ZHA12]. Although the series DSHE machines generally possess
simpler topology, the parallel counterparts obviously exhibit better flux regulation capability
[CHE14]. Moreover, the stator incorporating PMs, field winding, and armature winding is
complicated, resulting in difficulty for manufacturing as well as assembling in mass production.
To separate the PM and WF flux paths, another parallel hybridization technique is presented in
[GEN15] and [WU18] by combining the doubly salient wound field machine and the rotor PM

machine axially.

The introduction of field winding facilitates magnetic field regulation for the DSHE
machine compared with pure PM excitation, which is more promising for the variable speed
applications [DRU17]. Nevertheless, the field winding as well as armature winding are
overlapped for the DSHE machines presented in [LI95] [CHEO1] [CHAO03] [ZHUO5] [YU11]
[CHEO08] [ZHA12] [CHE14] [GENI15] [WUI18] with the field winding coil pitch of 3 slot
pitches, as illustrated in Fig. 1.14 of chapter 1. Therefore, the hybridization is obtained as the
sacrifice of less compact volume and reduced slot filling factor for the overlapped field winding.

The purpose of this chapter is to present a novel DSHE machine with non-overlapped field
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winding, which inherits the compact structure of conventional DSPM machine. To achieve
hybrid excitation in the DSPM machine of Fig. 3.1 (a), field winding is introduced to replace
part of armature winding in Fig. 3.1 (b). It is worth emphasizing that iron bridge is attached
beside the PM to provide additional flux path for DC excitation, which will be investigated
subsequently. By allocating the stator teeth evenly, a novel DSHE machine with non-

overlapped field winding is presented.

In this chapter, the proposed DSHE machine topology as well as the operation principle
will be firstly illustrated from the perspective of PM and WF flux paths. Then, the possible
stator and rotor pole number combinations are presented and compared under the genetic
algorithm embedded global optimization. Furthermore, the effect of iron bridge on the
hybridization is investigated with frozen permeability method. Finally, the electromagnetic
performance of the proposed DSHE machine is evaluated with finite element (FE) analysis and

validated with experiments.

(a) Conventional DSPM machine with stator (b) Proposed DSHE machine
yoke PM [LIA95]

Fig. 3.1. Cross-sections of doubly salient machines (brown line coil indicates AC armature

coil, and green line coil indicates DC field coil).
3.2 Machine Topology and Operation Principle
3.2.1 Machine Topology

The proposed DSHE machine with both non-overlapped armature and field windings is
shown in Fig. 3.1 (b), with 12/8 stator-slots/rotor-poles (Ns/N;) as an example. The

circumferentially magnetized PMs are placed at the stator yoke, with adjacent pieces of
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opposite directions. Therefore, the flux concentrating effect of the doubly salient PM machine
1s inherited. The field coils are wound around the PMs sandwiched ‘one-tooth’, whereas the
armature coils are wound around the PMs sandwiched ‘three-teeth’. The polarity of all the DC
coils is identical, and the arrangement of armature coils will be discussed in section 3.3. The

iron bridge is designed besides the PMs to provide additional flux path for DC excitation.
3.2.2 Operation Principle

The open-circuit flux paths of the proposed DSHE machine with PM excited only are
illustrated in Fig. 3.2. At the rotor position of Fig. 3.2 (a), the coils Al, A2, and A3 wound
stator teeth are aligned with the rotor teeth, and the coil flux linkages are maximized. As the
rotor moves to the position of Fig. 3.2 (b), the coils B1, B2, and B3 wound stator teeth are
aligned with the rotor teeth, and the coil flux linkages are maximized. Similarly, the flux
linkages of coils C1, C2, and C3 are maximized in Fig. 3.2 (c). As the salient rotor moves, the
coil flux linkage alternates in turns. When the rotor moves one rotor pole pitch, the single coil
flux linkage changes one period. Therefore, the relationship between the electrical angle € and

mechanical angle 6, can be defined in (3.1).

6.=N0, 3.1)

To validate the theoretical analysis, finite element (FE) simulation is conducted on the
proposed DSHE machine with initial parameters listed in Table 3.1. The normalized PM
excited flux linkage waveforms with 2D FE calculation are shown in Fig. 3.3. The flux linkage
waveforms of coils Al and A3 are symmetrical, whereas the maximum flux linkage of coil A2
is smaller. This can be explained by the different flux path of coil A2 with coil A1/A3 in Fig.
3.2. The flux path of coil A2, which is wound around the middle tooth of ‘three-armature-teeth’,
circulates from the iron bridge besides the PMs, which is of higher reluctance. Therefore, the
maximum flux linkage of coils A2, B2, and C2 is smaller than the other counterparts. However,

the flux linkage waveforms of different phases are identical, with 120° phase shift.
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Fig. 3.2. Open-circuit flux path illustration of the proposed DSHE machine with PM excited
only at typical rotor positions (Ns/N,=12/4 as an example).
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Fig. 3.3. Normalized PM excited flux linkage waveforms for proposed doubly salient HE

machine with initial parameters.

Table 3.1 Initial parameters of proposed DSHE machine

Parameter Value Parameter Value
Stator outer diameter 90mm Stack length 25mm
Air-gap length 0.5mm Split ratio 0.5
Stator yoke thickness 8mm  Iron bridge thickness Imm
Stator tooth width Smm  Rotor tooth pole arc 0.45
PM remanence 1.1T PM coercivity 824Ka/m
PM thickness S5mm
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3.2.3 Flux Regulation Mechanism

To further illustrate the flux regulation mechanism of DC excitation, the DC excited open-
circuit flux path is shown in Fig. 3.4. Compared with the PM excitation at the same rotor
position of Fig. 3.2 (a), the flux path of WF is similar. The flux lines of DC excitation pass
through the iron bridge besides the PMs, and the demagnetization withstanding capability is
enhanced. Meanwhile, the flux path of PM excitation short-circuits through the iron bridge,
and the existence of iron bridge causes PM leakage flux. The introduction of iron bridge ensures
the two excitation flux paths in parallel and improves the flux regulation capability. Therefore,
the thickness of iron bridge should be designed as the trade-off between PM excited output
capability and DC excited flux regulation capability.

DC A1 D A2 A3
QD lopue D A0 olovuel
,_| | [T1 HER 11 .
S—JC g JAt - \
2z /]

Fig. 3.4. Open-circuit flux path illustration of proposed doubly salient HE machine with DC

excited only at the rotor position of maximum phase A flux linkage.

The effect of DC excitation on the phase flux linkages with the assistance of 2D FE is
illustrated in Fig. 3.5. It can be observed that the DC excitation can regulate the phase flux
linkages effectively. The fundamental flux linkage can be increased to several times of PM
excitation with positive DC excitation, and the PM flux can be totally countered by negative
DC excitation. Moreover, the flux weakening capability is better than the flux enhancing due

to magnetic saturation with positive DC excitation.
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Fig. 3.5. Normalized phase flux linkage regulation of DC excitation for proposed doubly

salient HE machine with initial parameters.
3.3 Stator and Rotor Pole Number Combination
3.3.1 Possible Stator and Rotor Pole Number Combination

As illustrated in Fig. 3.1 (b), the stator tooth of the proposed DSHE machine is composed
by field coil wound tooth and armature coil wound tooth separately. The minimum stator
element contains 1-field coil wound tooth and m-armature coil wound teeth for an m-phase
machine. To achieve symmetrical phase flux linkage, the stator core should include at least m-
unit machine. Therefore, the stator tooth and rotor pole number for an m-phase machine can be

defined in (3.2) to obtain the starting torque for the multiphase machine.
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{NS =m(m+1)k (3.2)

N, #k,m

where k7 and k2 are any integers.

The unit stator tooth number for the proposed 3-phase DSHE machine is N;=12, and the
rotor pole number can be N=4,5,7,8,10,11.... The following investigation will be focused on
the three-phase machine with unit stator tooth number of Ni=12, and other stator tooth number
can be extended as well. It should be noted that the unit machine with Ns=12 has three PM
poles in Fig. 3.1 (d), which potentially results in unbalanced magnetic force (UMF). The

asymmetric structure and UMF can be eliminated by doubling the stator and rotor poles.
3.3.2 Armature Winding Connection

The mechanical and electrical angles between two armature coils can be defined in (3.3)
according to the previous analysis, in which the stator tooth number of n=4k (k=1, 2, 3) is
wound with field coil. To illustrate the armature winding configuration, the coil EMF phasors
and winding connections of 12/7 and 12/8-stator slots/rotor poles HE machines are shown in
Fig. 3.6. Similarly, the armature winding connections of other rotor pole number with
N~=4,5,7,8,10,11... can be obtained. It is worth emphasizing that the EMF phasors in Fig. 3.6
indicate the phasor angle of corresponding tooth wound armature coil, whereas the amplitudes
of different coils can be different as discussed in Fig. 3.3. Obviously, the armature winding
distribution factor is 1 when the rotor pole number N;=4k, which can result in higher phase flux

linkage as well as back-EMF.

a™! :@(n—l),n + 4k
N

m
N

(3.3)
al” =3NﬂN,, (n—1),n+4k

e
N
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Fig. 3.6. Coil EMF phasor and winding connection illustration with N,=7 and N,=8 as

examples (at the rotor position of maximum phase A flux linkage).
3.4 Design Optimization

In order to evaluate the torque density of the proposed DSHE machine, global optimization
is conducted in this section. The design parameters for the proposed DSHE machine are shown
in Fig. 3.7. The split ratio is defined as the ratio of stator inner radius to outer radius, as shown
in (3.4). It should be noted that the field and armature winding wound tooth widths can be
different, and the ratio of field and armature coil wound teeth is defined as (3.5). The design
constraints are set as stator outer radius as rs,=45mm, stack length /+=25mm, air-gap length

[g=0.5mm, slot packing factor k,=0.6. To simplify the analysis, the PM thickness and iron
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bridge thickness are fixed as ~py=6mm, and /,»=0.5mm. The influence of iron bridge will be

investigated in detail in next section.

Yo =3 (3.4)
w
V= W—l (3.5)

Fig. 3.7. Illustration of design parameters for the proposed DSHE machine.

Global optimization is conducted by utilizing genetic algorithm (GA) coupled FE
embedded in the commercial software Ansys Maxwell. The design objective is set as maximum
average torque under the field excitation of Ju=+10A/mm? and armature winding copper losses
of pac=20W for high torque density as well as flexible field regulation capability. This
constraint on armature winding copper loss is more favorable in the design of machines for low
speed applications since the iron loss together with the skin effect wound not contribute to the
major loss component at rated speed of 400rpm. The armature winding copper loss and field
winding current density are determined to allow for the experiments on the same thermal
condition as in [HUA16b] [HUA16¢] and [HUA16d]. The numbers of turns of field and
armature windings are determined under the same copper loss and rated current. Take the 12/8
and 12/16-stator slot/rotor pole DSHE machines as example, the main parameters after global
optimization are listed in Table 3.2, whereas the initial parameters are shown in Table 3.1. The
electromagnetic torque waveforms before and after global optimization are compared in Fig.
3.8. It can be observed that the torque density can be improved significantly after global
optimization. It is worth emphasizing that the torque ripple is not concerned during the
optimization, since the objective of this chapter is to evaluate the torque density as well as flux

regulation capability.

96



Table 3.2 Design parameters of DSHE machine after optimization

Parameter Symbol Unit 8-rotor pole  16-rotor pole
Stator outer radius Fso mm 45
Stack length [st mm 25
Air-gap length lg mm 0.5
PM thickness wpem  mm 6
Iron bridge thickness hrib mm 0.5
Split ratio Yop N/A 0.55 0.62
Stator yoke thickness hy mm 8.6 9.0
Armaturti (():;)ﬁl V:\i/gglnd stator Wit mm 6.4 43
Field to agrcl)a;lurrgeltic;nl wound ” N/A 16 16
Rotor tooth width Wr mm 6.0 3.9
Rated field current Lde A 8
Rated armature current lac A 8
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Fig. 3.8. Electromagnetic torque waveforms of proposed DSHE machines with field
excitation of Ja=+10A/mm? and armature excitation of p.c=20W, i~=0 control before and

after global optimization.

Furthermore, global optimization is conducted on the proposed DSHE machine with
different stator/rotor pole number combinations for maximum average torque under flux
enhancing. After global optimization, the torque densities of the proposed DSHE machines are
compared in Fig. 3.9, in which the field winding regulation ratio is defined as (3.6). The
proposed DSHE machines with 8- and 16-rotor poles exhibit higher torque density. This can
be explained by the EMF phasor in Fig. 3.6, and the winding distribution factor is 1 when the
rotor pole number satisfies N/=4k. Therefore, the 12/8 and 12/16-stator slots/rotor poles DSHE

machines are chosen for further investigation.
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Fig. 3.9. Electromagnetic torque comparison of different rotor poles under the rated current of

8A with i7=0 control.
3.5 Influence of Iron Bridge on Hybridization

Since the magnetic field of HE machine is excited by both PM and field winding, it is worth
investigating the hybridization of two magnetic sources. The intense PM magnetic field is
beneficial for high torque density and compact structure, whereas the flexible DC excited field
contributes to wide operation for variable speed application. Therefore, a trade-off between the
PM and field winding hybridization should be determined according to the application

requirement.

It has been revealed that the iron bridge has a significant influence on the HE machines in
[WAN17d] and [OWEI10]. To investigate the effect of iron bridge on the proposed HE machine,
frozen permeability method (FPM) is employed to segregate the PM and DC excited magnetic
fields in the following steps [WALOS5]

e Step 1: Non-linear FE calculation is employed with PM and DC excitations together.

e Step 2: The permeability of each component is calculated and fixed with non-linear FE

simulation.

e Step 3: Linear FE calculation is applied with PM or DC excited individually under fixed

permeability.

The open-circuit field distributions of proposed HE machine without iron bridge under PM

and DC excitations are compared in Figs. 3.10 (a) and (b). It can be observed that the flux lines
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of DC excitation pass through PM, and the flux paths of PM and DC excitations are in series
[WANI17d]. Since the PMs are of large reluctance, the flux regulation capability of field
winding is limited. Moreover, the negative WF flux passing through PMs may potentially cause
irreversible demagnetization. For comparison, the PM and WF fluxes for the HE machine with
iron bridge are shown in Figs. 3.10 (c) and (d), respectively. It can be observed that the majority
of WF flux passes through the iron bridge, and the flux paths of PM and DC excitations are in
parallel [WAN17d]. Therefore, the demagnetization withstanding capability can be enhanced

(

with the utilization of iron bridge.
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(a) PM field without iron bridge (b) WF without iron bridge
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(c) PM field with iron bridge (d) WF with iron bridge
Fig. 3.10. Open-circuit field distribution segregation of proposed DSHE machine with FPM.

According to the flux paths of PM and DC excitations, a simplified open-circuit magnetic
circuit model of proposed DSHE machine with iron bridge is illustrated in Fig. 3.11, where
Fpry and Fpc represent the magnetomotive forces (MMFs) of PM and DC excitations,
respectively, Rpum 1s the PM reluctance, Ry 1s the iron bridge reluctance, Ry and R are the
reluctances of field and armature coils wound tooth, respectively, Rgrand Rgq are the reluctances
of air-gap at field and armature coils wound tooth, respectively, Ry is the rotor tooth reluctance,

and ¢ is the air-gap flux.

100



- L
R R
—Reu FPM|| ] Fewm RPMI_I
L | ) L
— Fnoc
Ria Rir Ria
Rga Rgf Rga
Z i —~ 7o
L L

Fig. 3.11. Simplified open-circuit magnetic circuit model of the proposed DSHE machine

with iron bridge.

With the utilization of Kirchhoff’s Law, the air-gap flux ¢ can be deduced in (3.7), in
which the iron bridge reluctance R;i» is shown in (3.8). It can be concluded from (3.7) and (3.8)
that the PM excited air-gap flux reduces with the thickness of iron bridge %:», whereas a large
iron bridge thickness 4:i» 1s beneficial to the DC excited air-gap flux. Subsequently, the

optimization of iron bridge should be considered as a trade-off between PM and DC excitations.

1
= F,
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rib
1 3.7
+ I Fo S
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w
R, =—"— (3.8)

- pl b,

To further illustrate the effect of iron bridge thickness on the electromagnetic performance,
the PM excited average torque as well as DC regulation ratio versus iron bridge thickness are
compared in Fig. 3.12. In consistent with the above theoretical analysis, the PM excited torque
reduces with the iron bridge thickness, whereas the DC regulation ratio increases with the iron
bridge thickness. To achieve high PM excited torque density as well as wide flux regulation

range, the iron bridge thickness is selected as 0.5mm in this chapter.
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Fig. 3.12. PM excited average torque and torque regulation ratio versus iron bridge thickness

under the copper loss of 20W with i=0 control.
3.6 Electromagnetic Performance Evaluation

3.6.1 Field Distribution

The open-circuit field distributions of the 12/8 and 12/16-stator slot/rotor pole DSHE
machines with different field excitations are shown in Figs. 3.13 and 3.14, respectively. It can
be observed that the DC excitation can regulate the magnetic field flexibly. With negative DC
excitation, the magnetic field is weakened which is beneficial for high speed operation. With
positive DC excitation, the magnetic field is enhanced to improve the output capability.
Nevertheless, the stator and rotor cores are saturated with the positive DC excitation in Figs.
3.13 I and 3.14 I, which restricted the flux-enhancing capability. Therefore, the HE machine

should be designed with consideration of operation requirement.
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Fig. 3.13. Open-circuit field distribution for the 12/8-stator slots/rotor poles HE machine with
different DC excitations.
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Fig. 3.14. Open-circuit field distribution for the 12/16-stator slots/rotor poles HE machine

with different DC excitations.
3.6.2 Back-EMF

Furthermore, three-phase back-EMF waveforms at the rated speed are compared in Fig.
3.15. Unlike the conventional DSPM machine with asymmetric back-EMF waveforms [ZE18],
the three phase back-EMF waveforms are identical in the proposed DSHE machine. Moreover,
the phase back-EMFs of the DSHE machines with 8- and 16-rotor poles at the rated speed of
400rpm are compared in Fig. 3.16. Even order harmonics are presented in the back-EMF,
which may potentially produce 3™ order pulsating torque. Overall, it can be identified that the

DSHE machine with 16-rotor poles exhibits higher back-EMF and less harmonics.
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Fig. 3.15. Open-circuit three-phase back-EMF waveforms without DC excitation for the 12/8

stator-slot/rotor-pole DSHE machine.
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Fig. 3.16. Open-circuit phase back-EMFs without DC excitation at the rotor speed of 400rpm.
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For the HE machine with field excitation, the flux regulation ratio is an essential
characteristic to evaluate the capability of field winding to regulate the magnetic field. The
variation of phase back-EMF fundamental as well as back-EMF regulation ratio with DC
excitation current, which is defined in (3.9), are compared in Figs. 3.17 (a) and (b), respectively.
It can be found that the field excitation can regulate the back-EMF effectively for both HE
machines. Although the DSHE machine with 16-rotor poles possesses higher PM excited back-
EMF, the field regulation ratio is lower than the 8-rotor poles DSHE machine. Moreover, the
flux regulation ratio at flux-enhancing is limited compared with flux-weakening due to

magnetic saturation with positive DC excitation, as verified in Figs. 3.13 and 3.14.
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DC .
ePM
5 .
S !
w 4 |
= ; b
5 3] '
: 1
() 1
€ 23 !
© |
T |
S 1 ! —6e— 8-rotor poles
[T 1
' —»—16-rotor poles
0 T t T
-20 -10 0 10 20
DC Excitation Current (A)
(a) Fundamental back-EMF
40% T
2 l
3 | :
X 20% - |
c |
2 !
TR e N ——
te)) 1
q, 1
o |
L -20% 4 : —o&—8-rotor poles
= '
w ! —%—16-rotor poles
40% : i .
-20 -10 0 10 20

DC Excitation Current (A)
(b) Back-EMF regulation ratio

Fig. 3.17. Phase back-EMF fundamental and regulation ratio versus DC excitation current
@A400rpm.
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3.6.3 Cogging Torque

Figs. 3.18 (a) and (b) show the cogging torque of the DSHE machines without field
excitation, and the cogging torque peak value variation with DC excitation current is illustrated
in Fig. 3. 18 (¢). The harmonic orders of cogging torque in two DSHE machines are identical,
whereas the 8-rotor pole DSHE machine exhibits higher cogging torque without field excitation.
Meanwhile, the cogging torque amplitude varies with the DC excitation. The variation of
cogging torque with DC excitation in the 8-rotor pole DSHE machine is larger, consistent with
the magnetic field regulation ratio in Fig. 3.17. The cogging torque reduction of the DS machine

has been investigated in [ZHU19d], which is not the focus of this chapter.
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(b) Cogging torque spectra without DC excitation
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(c) Cogging torque peak value versus DC excitation current.

Fig. 3.18. Cogging torque comparison of the DSHE machines with 8- and 16-rotor poles.

3.6.4 Inductance

Furthermore, the d- and g-axis inductances versus corresponding currents are illustrated in
Fig. 3. 19. The 8-rotor pole DSHE machine exhibits higher inductances than the counterpart.
Moreover, the negative d-axis current alleviates the PM excited magnetic saturation, and the
d-axis inductance hardly varies with the d-axis current. Nevertheless, the g-axis current tends
to increase the magnetic saturation, and the g-axis decreases with the current. Overall, the d-

and g-axis inductances of both DSHE machines are similar, indicating the machine saliency is

negligible.
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Fig. 3.19. D- and g-axis inductances versus corresponding currents.
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3.6.5 Electromagnetic Torque

The electromagnetic torque waveforms and spectra of two DSHE machines at the rated
armature current of i;=8A, i7=0 and no field excitation are shown in Figs. 3.20 (a) and (b),
respectively. It can be observed that the 16-rotor poles DSHE machine exhibits higher torque
density as well as lower torque ripple. To further illustrate the torque pulsating components,
the instantaneous electromagnetic torque with ideal sine-wave current drive is derived in (3.10)
when i7=0 control is utilized, where Q: and w. are the mechanical and electrical rotating speeds,
T. represents the cogging torque. It can be observed that both the cogging torque and the even
order harmonics in the phase back-EMF contribute to the 37 pulsating torque. The torque ripple

of the PM machine can be suppressed with both design and control techniques [JUN1S]
[COL99].
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Fig. 3.20. Electromagnetic torque waveforms with rated current of i;=8A, iv=0 and no DC

excitation.
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Moreover, the electromagnetic torque is segregated with PM aligned torque and reluctance
torque in Fig. 3.21. Due to the similar d- and g-axis inductances in Fig. 3.19, the reluctance

torque is negligible, and the optimal current angle is ~0 for both DSHE machines.
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(a) 8-rotor-pole DSHE machine
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(b) 16-rotor-pole DSHE machine

Fig. 3.21. Average torque against advanced current angle with armature current of 7»=84 and

no DC excitation.

Fig. 3.22 shows the average torques of two DSHE machines against DC excitation and g-
axis current with i7=0 control. It can be observed that the average torque can be regulated by
both field and g-axis currents. Similar with the back-EMF variation, the 16-rotor pole DSHE
machine exhibits superior torque density, albeit with sacrificed field regulation capability.
Moreover, the overload capability of 16-rotor pole DSHE machine is limited. At rated current,
the 16-rotor pole DSHE machine exhibits higher torque whereas the torque density is similar

with that of 8-rotor pole DSHE machine under heavy load.
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Fig. 3.22. Average torque against DC and g-axis current with i~=0 control.
3.7 Experimental Validation

As foregoing stated, the 12/16-stator slots/rotor poles DSHE machine exhibits higher
torque density and satisfied field regulation capability compared with the other counterparts.
In this section, the DSHE machine with 12-stator slots and 16-rotor poles is fabricated and
tested to validate the theoretical analyses and FE simulations. Fig. 3.23 shows the photo of the
DSHE prototype stator and rotor, which are of the same parameters in Table 3.2. Both the field
and armature coils are non-overlapped wound around the stator teeth, and the field winding is

wound around wider stator tooth to allow for WF flux path.
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Fig. 3.23. Photo of DSHE prototype with 12/16-stator slots/rotor poles.

A notable benefit of HE machine is the back-EMF regulation with field excitation, which
can potentially eliminate the uncontrolled generator fault at high speed operation [LIAOS5]. The
measured phase back-EMFs with various field excitations @400rpm are shown in Fig. 3.24, in
comparison with the FE predictions. The measured and predicted back-EMF waveforms agree
well, although the amplitudes of test results are slightly lower due to 3D end effect. As analysed
above, even order harmonics are presented in both the simulated and measured phase back-
EMFs regardless of DC excitations. Moreover, the field excitation can regulate the back-EMF
effectively, as can be seen in both predicted and tested results. Positive DC excitation can be
employed at low speed operation to enhance output capability, whereas negative field

excitation can be injected to reduce the back-EMF for higher speed operation.
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Fig. 3.24. Measured and FE predicted open-circuit phase back-EMF at the rotor speed of
400rpm.
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The cogging torque originates from the PM excited magnetic field with the salient rotor
teeth, and consequently, the mechanical period angle of cogging torque in the proposed DSHE
machine can be expressed in (3.11). Under open circuit, the cogging torque waveform is
measured in Fig. 3.25 (a) and the spectrum is further illustrated in Fig. 3. 25 (b) in comparison
with the FE simulation. As can be observed, the waveform of the measured cogging torque is
slightly distorted due to manufacturing tolerance and test error. Besides, the measured cogging
torque amplitude is lower than the FE prediction due to the 3D-end effect. Moreover, the
cogging torque amplitude varies with the DC excitation, as shown in Fig. 3.25 (c). Overall

good agreement is achieved between the simulated and measured cogging torques.
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(b) Cogging torque spectra without DC excitation
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Fig. 3.25. Measured and FE predicted cogging torque.

Furthermore, the static torques of the prototype are measured with the three phase armature
excitations of i-=-2i»=-2i.. As the salient rotor moves at different positions, the static torque
waveforms can be obtained. Fig. 3.26 shows the measured and FE predicted static torques with
different excitations. Overall, there is a good agreement between the measured and FE
predicted torques, although the measured results are slightly lower due to 3D flux leakage.
Meanwhile, the static torque can be controlled by field excitation effectively, verifying the

flexible flux regulation capability.

—— FEA-la=4A —-— - FEA-la=6A ———-FEA-la=8A
O Test-la=4A X Test-la=6A A Test-la=8A

1.2

Static Torque (Nm)

0 30 60 90 120 150 180
Rotor Position (Elec. deg)

(a) Static torque waveforms without field excitation
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Fig. 3.26. Measured and FE predicted static torque.

In order to fully demonstrate the benefit of field regulation, the torque-speed envelopes
with different field excitations are measured with the platform of Fig. 3.27. The prototype is
connected to a brushed DC generator as load. The operation point of the prototype can be
regulated by controlling the resistance linked to the armature winding of DC generator.
Moreover, the encoder and torque transducer are employed to detect the rotor position as well

as output torque of the prototype.
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Fig. 3.27. Test platform of dynamic experiment.
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The flux-weakening experiment is conducted within the limit of 8 A phase current, and 15V
DC bus voltage. The d- and g-axis currents within the operation limit are firstly predicted by
the flux linkage method in [QI09], as shown in Fig. 3.28. Obviously, the armature current can
totally contour the PM flux and the phase current is not maximized even at the maximum speed
of 1000rpm. Subsequently, positive DC excitation is beneficial to enhance the magnetic field

and torque density over the whole operation region.
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Fig. 3.28. 2D-FE predicted field, d- and g-axis currents with different DC excitations under

the voltage and current limits.

Based on the predicted d- and g-axis currents, the torque-speed envelopes with different
DC excitations are measured and compared with FE prediction in Fig. 3.29. It can be identified
that the positive field excitation is beneficial to higher torque density at low speed operation.

The difference between measurement and simulation can be summarized as follows. Firstly,
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the test accounts for 3D end-effect and flux leakage. Secondly, the friction torque is significant
especially for low-torque measurement. Thirdly, the manufacturing and assembling tolerances

influence on the output capability, which will be assessed for future work.
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Fig. 3.29. Measured and 2D FE predicted torque-speed curves with different DC excitations.
3.8 Summary

In this chapter, a novel DSHE machine with non-overlapped field winding is proposed,
which inherits the benefit of simple structure of conventional DSPM machine and facilitates
the magnetic field regulation by field winding, which is beneficial to the variable speed
application. Different stator and rotor pole number combinations are investigated. It has been
revealed that the machines with rotor pole with N,=4k exhibit higher torque density and
satisfied field regulation ratio. Moreover, the effect of the iron bridge on the hybridization is
investigated and the thickness of iron bridge should be designed carefully as the trade-off
between PM excited torque density and field regulation capability. Finally, the electromagnetic
performances of the proposed DSHE machine are evaluated with FE simulation and verified

with experiments.
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Chapter 4

A Novel Fractional Slot Non-Overlapping Winding
Hybrid Excited Machine with Consequent-Pole PM Rotor

This chapter presents a novel fractional slot non-overlapping winding (FSNW) hybrid
excited (HE) machine with consequent-pole permanent magnet (PM) rotor. The abundant
harmonics in the stator magnetomotive force (MMF) of FSNW, which are harmful and tend to
cause parasitic effects in conventional PM machines, are utilized to regulate the magnetic field
and produce torque through field modulation. The DC excitation current can be injected by
dual-electric-port drive circuit and a biased current excited HE machine without field winding
can be achieved, which solves the spatial confliction of field and armature windings. The
electromagnetic performances of the proposed HE machine are evaluated with finite element
method (FEM). It is revealed that the DC excitation can effectively regulate the magnetic field,
and consequently, the back-EMF as well as electromagnetic torque. Finally, a prototype is
fabricated and tested to validate the theoretical analyses and FE calculations. This chapter is

based on an accepted paper in [CAI20a] and extends the analyses.
4.1 Introduction

Permanent magnet (PM) machines have attracted extensive attention due to the distinct
merits of high torque density and high efficiency [ZHUO09]. The applications of PM machines
can be found from more electric aircraft (MEA), wind power generation, electric vehicle/
hybrid electric vehicle (EV/HEV), automation, to domestic appliance [CAO12b] [FANO6b]
[RED12] [RAMI11]. More specifically, the PM machines equipped with fractional slot non-
overlapping winding (FSNW) possess the benefits of compact structure, short end-winding
length, high fault tolerant capability, low cogging torque, and good flux-weakening capability
[ZHU11b] [CROO02]. Based on the FSNW PM machines, some modular-stator structures can
be developed to facilitate the manufacturing and transportation, and further improve the slot

filling factor [L114].

However, some parasitic effects, such as iron loss, demagnetization, unbalanced magnetic
forces, and acoustic noise are significant in the FSN'W PM machines due to the abundant spatial
harmonics in the non-overlapped armature winding magnetomotive force (MMF) [RAF10]. To

reduce the low-order spatial harmonics, various techniques have been proposed, such as multi-
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layer tooth concentrated winding [CIS10], winding coils with unequal turns per coil side
[DAJ11], coil pitch of two slot-pitches [WAN14], and novel stator design with yoke flux
barrier [DAJ14]. Nevertheless, these techniques inevitably result in complex manufacturing

and assembling, and even sacrificed output capability.

Moreover, PM machines have inherent drawback of fixed magnetic field, which restricted
the spread in the variable speed application. Although negative d-axis current can be utilized
to weaken the magnetic field, the d-axis current excited flux passes through the PM and may
potentially cause irreversible demagnetization [SOO02]. Meanwhile, the negative d-axis
current reduces the efficiency and power factor, and consequently, a higher power rating
inverter is demanded for the drive system. An alternative solution is to develop hybrid excited
(HE) machines, which combine the high-energy PM excitation and controllable DC excitation
together. At low speed operation, positive DC excitation is employed to enhance the peak
torque for starting region. At high speed operation, negative DC excitation can be utilized to
weaken the magnetic field for wider operation region. In [AMA09] [ZHU09] and [WAN12b],
numerous HE machines have been investigated as the alternatives for variable speed

application.

In this chapter, a novel FSNW HE synchronous machine with consequent-pole PM rotor is
proposed, as shown in Fig. 4.1 (a). The abundant harmonics in the FSNW MMF, which
originally causes parasitic effect, are utilized to regulate the magnetic field and produce torque
through field modulation. Since the proposed HE machine accommodates the PMs in the rotor
and field winding in the stator, the mechanical slides, i.e. brushes and slip rings are removed,
and the systematic reliability is enhanced. Moreover, the field current can be injected through
the dual-electric-port drive circuit [ZHU16] [JIA17a] [WAN19], and a biased current excited
HE machine without field winding can be further achieved in Fig. 1 (b) to solve the spatial

confliction of field and armature windings.

This chapter is organized as follows. In section 4.2, the novel HE machine topology is
presented, together with the biased current excited DC coil free topology. Then in section 4.3,
the operating principle is analyzed from the perspective back-EMF and electromagnetic torque
production. In section 4.4, the HE machine is optimized and the electromagnetic torque is
evaluated with finite element (FE) method. Furthermore, the proposed HE machine is
compared with the conventional SPM machine in section 4.5. Finally, in section 4.6, a

prototype is fabricated and tested to validate the theoretical analysis and FE calculation.
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4.2 Machine Topology

The proposed HE machine with FSNW and consequent-pole rotor PM is shown in Fig. 4.1,
with 12/14 stator-slots/rotor-poles single-layer winding as an example. The stator
accommodates field winding and armature winding alternatively, and the rotor is allocated with
PMs. The PMs are inset into the rotor surface with the same magnetization direction, and
therefore, the rotor pole-pairs are equal to the PM pieces. The DC conductors are identically
located in each stator slot, and all the DC coils are of the same polarity as shown in Fig. 4.1.
The armature winding connection diagram of FSNW rotor PM machine can be found in
[BIAO6b]. Furthermore, the field winding can be integrated with armature winding through
dual-electric-port driving circuit [ZHU16], as shown in Fig. 4.1(b). It can be identified that the
proposed HE machine possesses similar topology with the FSNW PM machine with
consequent pole rotor [CHU16] [LI18], except with the introduction of field winding. The
utilization of field winding in the proposed HE machine facilitates the regulation of magnetic

field, and is more beneficial for variable speed applications.

(a) Separated AC and DC windings (b) Integrated AC and DC windings
Fig. 4.1. The proposed FSNW consequent pole rotor PM HE machine topology (12/14 stator

slots/rotor poles single-layer armature winding as an example).

It is worth emphasizing that the proposed HE machines in Figs. 4.1 (a) and (b) share the
same operating principle, albeit with different winding configurations. In Fig. 4.1 (a), the
armature winding is excited by a single inverter and the field winding is fed through an H-
bridge. Meanwhile, the field and armature windings are synthesized in Fig. 4.1 (b), and dual-
electric-port drive circuit can be employed to feed biased AC excitation directly [ZHU16].

Since the conducting area for both DC and AC excitations is enlarged with integrated winding
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in Fig. 4.1 (b), the winding resistance as well as copper loss can be reduced. To simplify the
analysis, only the principle of the HE machine with field winding (i.e. Fig. 4.1 (a)) is
investigated in this chapter. The DC coil free HE machine with biased current (i.e. Fig. 4.1 (b))
can be obtained correspondingly and the electromagnetic performance will be investigated in

next chapter.
4.3 Operation Principle

The PM excited MMF generated by rotor consequent-pole PM considering rotor saliency,

i.e. alternate location of PM and iron on the rotor surface, can be expressed by (4.1) [LI19].

Sons (6,8) = i FM[ cos|ip, (0-Q,1)] 4.1)

i=1,2,3-
where pr is the number of rotor pole-pairs, e.g. p/=7 for the investigated 14-rotor pole machine

in Fig. 1, @is the mechanical position in stationary coordinate, and €, is the rotor rotating speed.

Similarly, the stator field winding excited MMF can be expressed in (4.2), since the DC

excitations in adjacent slots are in opposite polarities.

foe(0)= 3 Fu cos(kN Sej 4.2)

k=1,3,5-- 2

where N; is the number of stator slots, e.g. Ns=12 for the investigated machine in Fig. 4.1.

Meanwhile, the air-gap permeance model accounting for stator slots and rotor slots,

respectively, can be expressed in Fourier series, as shown in (4.3) and (4.4).

A, (0)= Y. A, cos(jN,6) (4.3)
Jj=0,1,2,
(0.0)= > Aﬂ cos| Ip, (0-Q,1)] (4.4)
1=0,1,2-

Therefore, the air-gap flux density excited by PM and DC only can be deduced as (4.5) and
(4.6), respectively. The PM and DC excited air-gap field harmonics are further summarized in
Table 4.1.

B, ., (0.t)= fPM(e,t)AS(e);Z > BPM(i’j)cos[(ipri JN,)0—ip, Q1] (4.5)

B 00= e @A 0)= 3 3 B sl (155 0-ps| e
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Table 4.1 Characteristics of PM and DC excited air-gap field harmonics

Harmonic Order ~ Rotating Speed

PM Excited Ip. T JIN, |l'P, N,
Q

ited i+, = N |

DC Excite p, T 5 ‘lp,i Zs

With the assistance of finite element (FE) calculation, the open-circuit air-gap flux density
of proposed HE machine is shown in Fig. 4.2. The corresponding harmonics in related to the /,
J, k, in Table 4.1 are further marked in the spectra. It should be noted that the same number of
i, j can produce diverse harmonics according to the modulation in Table 4.1. Therefore,
abundant harmonics are observed in the air-gap flux density due to field modulation effect.
Moreover, the magnetic fields excited by PM and DC are of different harmonic orders, as

illustrated in Table 4.1.
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Fig. 4.2. Open-circuit air-gap flux density produced by PM and DC excitations.
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Subsequently, the phase back electromotive force (EMF) can be obtained in (4.7).

Eph(z):-j[gﬂj B,(0.0)N, (H)dﬁ:l @.7)

where rg is the air-gap radius and /s is the stack length. Ny is the phase winding function, which
is expressed in (4.8) and shown in Fig. 4.3 for the 12/14 stator-slot/rotor pole single layer non-

overlapping winding.

Z o, COS (m0) (4.8)
m=1,3,5--
1.5
1 -
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Fig. 4.3. Single phase winding function of 12/14 stator-slot/rotor-pole single layer non-
overlapping winding (Normalized value).

It can be observed that abundant harmonics exist in the winding function N of fractional
slot non-overlapping winding machine. The harmonics are of low order and high amplitude,

especially the sub-harmonics. Although the 3™ harmonics are cancelled in the three-phase
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synthesized armature winding MMF, other harmonics, e.g. 1%, 5% 11% .. are remained and

cause parasitic effects [RAF10].

Combining (4.5) — (4.8), the PM and DC excited phase back-EMFs can be expressed in
(4.9) and (4.10), respectively. Therefore, the PM and DC excited phase back-EMF

fundamentals are not zero in the condition that the harmonic orders of (4.11) and (4.12) are

satisfied.
o w  m=lip,£jN,] .
E, oy (O)=rl, D D> > Epy,, sin (ip,Q,t) (4.9)
i=1,2,3--- j=0,1,2 m=1,3,5---
" " m—lp,‘igN‘
E,pe()=rl, 2 2 2 Epy sin(lpQr) (4.10)

It can be observed from (4.11) that not only the winding function fundamental (p-) but also
the slot harmonics (pr = jns) contribute to the PM excited back-EMF fundamental, which is
denoted as magnetic gearing effect in fractional slot non-overlapping winding machine
[LIU17b]. Overall, the winding function fundamental, i.e. p=7", and the corresponding slot
harmonics, e.g. 5,17 19", are utilized to interact with the PM excited magnetic field and
produce fundamental back-EMF as illustrated in (4.9) (4.11) and agree well with the conclusion
in [LIU17b]. Similarly, it can be concluded from (4.10) and (4.12) that the other harmonics in
the winding function satisfying |p£k/2Ny|, e.g. 15,11™,13™, . interact with the DC excited
magnetic field and produce the fundamental back-EMF. It should be noted that the 6™ order
field harmonic excited by DC winding will not contribute to the phase back-EMF, albeit with
significant amplitude in Fig. 4.2 (b), since the same order is not present in the winding function
of Fig. 4.3 (b). The abundant harmonics in the winding function of fractional slot non-
overlapping winding, especially the 1% sub-harmonic which is acknowledged as the main

harmful source of parasitic effects, are utilized to produce back-EMF through field modulation.

- pri]Ns

Mpy,

,J=0,1,2... @.11)

P iéN

r N

Mpe =

Je=1,35... (4.12)

The open-circuit phase back-EMFs of the proposed HE machine with PM and DC
excitations @400rpm in one mechanical period are illustrated in Fig. 4 with FE simulation.
The fractional slot non-overlapping winding interacts with the PM and DC excited magnetic
fields and periodic back-EMFs can be produced. As illustrated in (4.9) and (4.10), the least
order of back-EMFs produced by PM and DC are identical and the order is p,=7 in one
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mechanical period. Therefore, the relationship between electrical and mechanical speeds can
be defined as (4.13). When the corresponding three phase currents with identical frequency are

applied, electromagnetic torque can be produced.

o, = p (4.13)

r
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Fig. 4.4. Open-circuit phase back-EMF with PM and DC excitations at 400rpm.

4.4 Performance Evaluation

In this section, the performance of the proposed HE machine is analyzed with FE
calculation in detail. To gain high torque density as well as flexible flux regulation capability,
the HE machine is optimized with flux-enhancing for maximized average torque. Under the
constraints of fixed stator outer diameter dso = 90mm, air-gap length /; = 0.5, axial stack length
Iy = 25mm, armature copper loss p.c = 20W, field current density Ju. = +10A/mm?, the

machines are globally optimized with genetic algorithm embedded in FE commercial Maxwell
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software. The relationship between the armature copper loss and the machine parameters is

given by (4.14) supposing the slot areas for field and armature windings are identical.

pCu 'Ns .lst'Nacz 'Iacz
S -k

P = (4.14)

»
where pcu 1s the copper electrical resistivity, Nac 1s the number of turns per armature coil, Zac 1S
the amplitude of armature current, Sc is the complete single slot area including both field and
armature windings, and kp is the packing factor. For the concentrated winding, the typical
packing factor (slot filling factor) is chosen as 0.6 [JACO00]. After global optimization, the main
parameters are listed in Table 4.2, in which the split ratio is defined as the ratio of rotor outer

diameter to stator outer diameter.

Table 4.2 Main design parameters of the HE machines after global optimization

Parameter Value Parameter Value
Stator slot number, Ny 12 Rotor pole number, 2p- 14
Stator outer diameter, dso 90mm Stack length, /s 25mm
Air-gap length, /g 0.5mm PM height, hrm 2mm
PM remanence, B 1.1T PM coercivity, Hc 830Ka/m
PM pole arc ratio, aru 0.65 Split ratio, yp 0.6
Stator yoke thickness, Ay 4.5mm Stator tooth width, wr 7.5mm
Tooth tip thickness, /4 1.5mm Slot opening, ws 4mm
Slot packing factor, &p 0.6 Stator slot per area, Sc 127 mm?
Turns per phase, N 120 Turns of field winding, Nac 360
Rated Current, /- 8A DC bus voltage, Uac 24V
Rated Speed. Q- 400rpm Phase resistance, Ry 0.16

4.4.1 Open-Circuit Field Distribution

The open-circuit field distributions with different DC excitations are compared in Fig. 4.5.
The corresponding air-gap radial flux densities are shown in Fig. 4.6. With PM excited only,
the flux path is short in Fig. 4.5 (b), and consequently, the stator yoke is generally designed to
be thin for FSNW PM machines. With PM and DC excitations together, either flux-enhancing
or flux-weakening, the flux path is lengthened as the result of rotor modulation effect with DC
established magnetic field. Therefore, the FSNW HE machine should be re-designed

considering hybridization and the thickness of stator yoke should be increased.
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Fig. 4.5. Field distributions at open-circuit with different DC excitations.
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Fig. 4.6. Air-gap radial flux density at open-circuit with different DC excitations.
Corresponding phenomena can be explained from the air-gap flux density. The

fundamental air-gap flux density, i.e. rotor pole-pair number p,=7, is reduced for either flux-
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enhancing or flux-weakening. Since the magnetic fields of PM and DC excitations are of
different harmonic orders, both positive and negative DC excitations intensify the magnetic
saturation. Besides, additional harmonics are introduced for the DC excitation and salient rotor
modulation, e.g. 1%, 6% 13", The low order harmonic in the DC excited magnetic field

accounts for the long flux path in Fig. 4.5.
4.4.2 Back-EMF

The open-circuit back-EMFs with different DC excitations are compared in Fig. 4.7. The
back-EMF waveforms are trapezoidal with a 3™ order harmonic regardless of DC excitation.
However, the 3" order harmonic can be cancelled in the line-line back-EMF with star-
connection. It is obvious that the DC excitations can regulate the amplitude of back-EMF
effectively. Besides, the regulated EMF of flux enhancing is less significant compared with

flux-weakening as the result of magnetic saturation.
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Fig. 4.7. Open-circuit phase back-EMF @400rpm with different DC excitations.
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The fundamental back-EMF versus DC excitation current is shown in Fig. 4.8. With the
increase of DC excitations, the increase of fundamental EMF regulation ratio slows down and
even reduces. The magnetic saturation is severe with heavy DC excitation, and the phase flux
linkage even tend to reduce with the field current. Therefore, the HE machine should be

optimized with the consideration of DC regulation range to avoid over-saturation.

Fundamental EMF (V)
N

-10 -8 -6 -4 -2 0 2 4 6 8 10
DC Excitation Current (A)

Fig. 4.8. Open-circuit phase fundamental back-EMF @400rpm versus DC excitation current.
4.4.3 Cogging Torque

Since the PM and DC excited magnetic fields co-exist in the HE machine, the cogging
torque components are more complex. The periodicity of PM caused cogging torque in one
electrical cycle can be expressed by (4.15), as the result of PM excited magnetic field (2p,-
poles) with the stator slots (Ns-teeth). Similarly, the periodicity of DC caused cogging torque
in one electrical cycle can be expressed by (4.16), as the result of DC excited magnetic field
(Ns-poles) with salient rotor iron poles (p--teeth). When the rotor PM and stator DC excitations
are applied together, the synthesized cogging torque originates from the interaction between
PM field (pr-pole pairs) and WF (Ns/2-pole pairs). Therefore, the synthesized cogging torque
periodicity is expressed in (4.17), which differs from that with PM and DC excitations

separately.
_LCM(2p,.N,) 4.15)
P, '
_LCM (N,,p,) 4.16)
p, '
NS
:LCM(p” 4) (4.17)
CHE pr
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For the investigated HE machine with 12-stator slots and 7-rotor poles, the PM and DC
excited individual cogging torque periodicities are Ne pv= Ne pc=12 whereas the synthesized
value is Ne ne=6. Therefore, the utilization of hybridization is disadvantageous to the cogging

torque regardless of flux-enhancing or flux-weakening.
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Fig. 4.9. Cogging torque with different DC excitations (the DC excitation amplitude is
idc:6A).

To further illustrate this phenomenon, the cogging torques of the HE machine with different
DC excitations are shown in Fig. 4.9. It can be identified that the amplitude of cogging torque
is small either with PM or DC excitation. However, the synthesized cogging torque with PM
and DC excitations together is significantly increased. With both positive and negative DC
excitations, the 6™ order harmonic is introduced in the cogging torque with reversed phases.

Since the 6™ order harmonic in the cogging torque is caused by the interaction between rotor

130



consequent-pole PM and stator DC excitations, positive and negative DC excitations result in
opposite torque from aligned rotor position. It should be noted that some low order harmonics
are present in the cogging torque, which is mainly caused by the FE mesh symmetry and

calculation accuracy.
4.4.4 Inductance

The variation of d- and g-axis inductances with corresponding currents with different DC
excitations is illustrated in Fig. 4.10. It can be identified that the d-axis and g-axis inductances
are similar regardless of DC excitations, indicating the reluctance torque of the proposed HE
machine is negligible. The negligible saliency can be explained by the non-overlapped
armature winding and significant harmonic leakage inductance caused by the abundant
harmonics in armature winding function. Moreover, the g-axis inductance reduces with the g-
axis current due to the magnetic saturation caused by armature current. Meanwhile, the d-axis
inductance increases with the negative d-axis current at the DC excitation of iv=0 and +6A,
since the negative d-axis current tends to alleviate the PM excited magnetic field. Nevertheless,
the phenomenon is reversed with the DC excitation of iz-=-6A since the PM excited magnetic
field has been countered by the field excitation and the negative d-axis current intensifies

magnetic saturation.
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Fig. 4.10. D- and g-axis inductances variation with corresponding currents.
4.4.5 Electromagnetic Torque

The electromagnetic torques at the rated armature current of 8 A and zero d-axis current

ia=0 control with different DC excitations are compared in Fig. 4.11. Obviously, the average
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torque can be controlled with different DC excitations. Besides, the torque regulation with flux-
weakening is more obvious than flux-enhancing, in accordance with back-EMF variation in
Fig. 4.8. The main pulsating torque component is the 6™ in the torque spectra. The DC

excitation amplifies the 6™ fluctuating torque, especially with flux-enhancing.
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Fig. 4.11. Electromagnetic torque at the armature excitation of i~=0, i;=8 A with different DC

excitations.

Moreover, the average torque against current angle at the rated armature current is
illustrated in Fig. 4.12. Since the d- and g-axis inductances for the FSNW consequent-pole
rotor PM machine are similar as illustrated in Fig. 4. 10, the reluctance torque is negligible and
the optimal current angle is ~ 0. Subsequently, i=0 control is preferred at constant torque
region regardless of DC excitation. Moreover, the flux-enhancing phenomena (positive DC
excitation) is more effective with i4<0, since the negative d-axis current tends to alleviate the

magnetic saturation.
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Fig. 4.12. Average torque against current angle at the armature current of 8A with different

DC excitations.

The average torque versus DC and AC excitation currents is illustrated in Fig. 4.13. With
the increase of g-axis current, the magnetic saturation becomes severe and the torque
improvement ratio slows down. Moreover, the DC excitation current can regulate the air-gap
flux density, back-EMF, and consequently the electromagnetic torque effectively. In
accordance with the back-EMF regulation, the flux-enhancing effect is less obvious compared
with flux-weakening due to magnetic saturation. Therefore, the output capability can be

regulated by both the field and g-axis currents according to the requirements.
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Fig. 4.13. Variation of average torque against DC and AC excitation currents with i7—0

control.
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4.4.6 Torque/Power-Speed Envelope

One of the distinct advantages to adopt HE machine is the wide constant power speed range.
Therefore, it is essential to evaluate the flux-weakening capability and operating range. The
flux-weakening factor ks has been introduced in (2.7) to evaluate the flux weakening capability.
If the flux weakening factor ks>1, the PM and DC flux linkage can be countered and ideally

infinite flux weakening operation can be achieved.

Within the rated current and maximum bus voltage in Table 4.2, the flux linkage,
inductance and flux weakening factor are shown in Table 4.3. The flux weakening factor can
be regulated by DC excitation effectively, and ks>1 can be achieved with negative DC
excitation. Based on the FE predicted flux linkage method in [QI09], the torque- and power-
speed curves within the voltage and current limits can be obtained. The torque and power-speed
envelopes with/without DC regulations are compared in Fig. 4.14. The corresponding field, d-
axis and g-axis currents with/without DC regulation are compared in Fig. 4.15. At low speed
operation, positive DC excitation is employed to enhance the torque of constant torque region.
At high speed operation, negative DC excitation is injected to weaken the magnetic field and
achieve wider flux-weakening region. Subsequently, the torque-speed envelopes and flux
weakening capability are improved with the regulation of DC excitation, verifying the benefit

of hybrid excitation.

Table 4.3 PM flux linkage, d-axis inductance and flux weakening factor with different DC

excitations
WPM £ WYDC La kepw
Positive DC iac=+6A 27.2mWb 2.45Mh 0.72
No DC 25.0mWb 2.75Mh 0.88
Negative DC iac=-6A 21.2mWb 2.72Mh 1.03
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Fig. 4.14. Torque and power-speed envelopes with different DC excitations.
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Furthermore, the efficiency maps with/without field excitations are compared in Fig. 4.16.
The torque-speed envelope is extended and high efficiency region can be enlarged with the
control of DC excitation. It is worth emphasizing that although the operation range is broadened
with the regulation of field excitation, the efficiency at extended range is limited due to the

field excitation copper loss.
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Fig. 4.16. Efficiency maps with/without field excitations.
4.5 Comparison with Conventional SPM Machine

To further illustrate the characteristics of the proposed HE machine, a comparison with the

conventional surface mounted PM (SPM) machine is conducted in this section.

The stator/rotor pole combination, armature winding configuration, as well as stator
geometry of the SPM machine are kept the same as the HE machine in Table 4.2, except that
the field winding is removed. The thickness of PMs is maintained the same as the proposed HE
machine for simplification, and the PM pole arc ratio of aps=1 (shown in Fig. 4.17 (a)) and
0.65 (i.e. the same as the HE machine, shown in Fig. 4.17 (b)) are chosen for comparison,

respectively.
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(a) PM pole arc ratio of 1 (b) PM pole arc ratio of 0.65

Fig. 4.17. Machine topology of conventional SPM machine.

The average torques of the HE and SPM machines at the same rated armature current of
i7=8A, i=0 are compared in Fig. 4.18. The average torque of SPM machine is constant, while
the torque of HE machine can be regulated by DC excitation. Without DC excitation, the
average torque of proposed HE machine is higher than the SPM machine with the same PM
consumption. With positive DC excitation of ia-=+6~8A, the average torque of the HE machine
can be comparable with conventional SPM machine of PM pole arc ratio apnv=1, whereas the

PM usage is reduced significantly.

Furthermore, at the DC excitation of ia=+6A (to gain maximum average torque for HE
machine from Fig. 4.18), the average torques versus g-axis current of the HE machines are
compared with the SPM machines in Fig. 4.19. Within the same PM usage, the torque density
of proposed HE machine at flux-enhancing is higher than the SPM machine. Moreover, the
torque density of the HE machine is comparable with the SPM machine of PM pole arc ratio
apry—=1 at rated armature current. However, the magnetic saturation of the HE machine is more
severe, and the torque density becomes lower than the SPM machine of arn=1 at heavy load.
It should be noted that the introduction of DC excitation produces additional field winding
copper loss compared with the conventional SPM machine, and the operation efficiency should

be evaluated.

137



0 o9
Z e _____ "% )
[«}]
-
g
(]
- —6— Proposed HE
Q
> ——— SPM-PM Ratio=1
g 0.5 1 ———-SPM-PM Ratio=0.65
O T T T T T T
20 15  -10 5 0 5 10 15 20

DC Excitation Current (A)

Fig. 4.18. Average torque against DC excitation current with the armature current of i==0,

quSA

6 .
T —o— Proposed HE (Idc=+6A)
3 —— SPM-PM Ratio=1 \
® 4 {|__—#—SPM-PM Ratio=0.65 S
s
o
-
>
s 2]
2
<

0 .

0 5 10 15 20
Q-axis Current (A)

Fig. 4.19. Average torque against g-axis current (iazc=+6A for the HE machine).

To further illustrate the flux weakening performance and operating efficiency, the
efficiency maps of three machines are compared in Fig. 4.20 under the same operation limit of
Table 4.2. In constant torque region, the output capability of the proposed HE machine is
comparable with the SPM machine of PM pole arc ratio arn=1, albeit with reduced PM usage.
Nevertheless, the efficiency at high torque operation is slightly lower due to additional field
winding copper loss. For the HE machine, an extra degree, i.e. DC excitation, is introduced to
regulate the magnetic field, and the flux weakening control strategies are more flexible. The
flux-weakening regions for the two SPM machines are limited whereas the HE machine has a
wider operating range, as illustrated in section 4.4.6. Moreover, the colored contour in the

efficiency map indicates the operating region with efficiency higher than 75%. Although the
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highest efficiency region (=94%) is shrunk in the HE machine due to the introduction of
additional field winding copper loss, the potential operating region efficiency is enhanced,
which is beneficial for the frequently variable speed application, e.g. EV/HEV and domestic

appliances.
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Fig. 4.20. Efficiency map comparison (colored contour indicating efficiency higher than

75%).

Since DC coils and correspondingly additional field winding copper loss are introduced in
the HE machine, it is important to evaluate the copper losses compared with pure PM machine.
The copper losses of three machines in the operation region are compared in Fig. 4.21. Since
additional field copper loss is introduced in the HE machine, the copper loss is higher compared
with SPM machines, albeit with wider operation range. The copper loss is significant for the
HE machine at the low-speed high-torque region and high-speed region, since the field
excitations are employed to either enhance or weaken the magnetic field. Therefore, the HE
machine exhibits wider operation region with the sacrifice of additional field winding copper

loss, and the heat management should be considered.
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Fig. 4.21. Copper loss comparisons (colored contour indicating efficiency higher than 75%).
4.6 Experimental Validation

In order to validate the theoretical analysis and FE calculation, a prototype of the proposed
HE machine is manufactured, as shown in Fig. 4.22. The main design parameters are kept the
same as Table 4.2. The field winding and armature winding are wound separately and
alternatively around the stator teeth, as shown in Fig. 4.22 (a). The PMs are inset in the slot of
salient rotor with glue, as shown in Fig. 4.22 (b). It is worth mentioning that the purpose of this
section is to verify the theoretical flux regulation capability, and the accuracy of FE calculations.
Therefore, the winding turns are not the same as in the previous analyses, and the armature
winding is reduced to 80 turns per phase, and the field winding is reduced to 240 turns to ease

the hand winding process in academic laboratory.
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(a) Stator (b) Rotor

Fig. 4.22. Prototype of proposed HE machine.

The measured open-circuit three phase back-EMFs with different DC excitations @400rpm
are compared in Fig. 4.23. The three phase back-EMF waveforms are symmetrical regardless
of DC excitation and the DC excitation can regulate the back-EMF effectively. In Fig. 4.24,
the phase back-EMF with different DC excitations are compared with FE calculation, in which
good agreement is observed. To validate the flux regulation effect of field winding, the
fundamental back-EMF against DC excitations is shown in Fig. 4.25. Although the measured
back-EMF fundamental is slightly smaller than the FE prediction due to the end effect, satisfied

agreement is achieved, indicating the field regulation effect of DC excitation.
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Fig. 4.23. Measured open-circuit three phase back-EMF waveforms at the rotor speed of

400rpm with different DC excitation currents.
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Fig. 4.25. Measured and FE predicted open-circuit phase back-EMF fundamental versus DC

excitation currents at the rotor speed of 400rpm.

The phase self- and mutual-inductances are calculated with (4.18) in FE simulation and
measured with LCR meter for validation. The mutual-inductance is indirectly measured from
the self-inductance of phase A, phase B, and the series connection of phase A and B according

to (4.20).

L Yl . (4.18)

JYA/A . (4.19)

(4.20)
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The measured and FE predicted phase self- and mutual-inductances are compared in Fig.
4.26. The mutual inductance is negligible as the result of non-overlapped single layer armature
winding, and the proposed HE machine exhibits highly fault tolerant capability. Besides, the
self-inductance reduces with the DC excitation since the field excitation aggravate the magnetic
saturation and the reluctance is reduced correspondingly. The measured inductances are always
slightly larger than the FE prediction due to the 3D end effect. Overall, the measured

inductances agree well with the simulations, verifying the validity of FE calculations.
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Fig. 4.26. Measured and FE predicted phase self- and mutual-inductances.

To validate the effect of DC excitation on cogging torque, the cogging torques with
different DC excitations are measured. Without DC excitation, the cogging torque is negligible
due to the fractional pole-slot combination with the amplitude of ~40mNm, as illustrated in

Fig. 4.9. When the DC excitation is employed, the cogging torque is increased significantly,
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and measured in comparison with FE prediction in Fig. 4.27. It can be observed that the cogging
torque amplitudes are similar with positive and negative DC excitations, whereas the phases
are reversed as analyzed above. Although a significant difference between the simulated and
measured amplitudes is observed due to test error for the relatively small amplitude of cogging

torque, the periodicity of cogging torque agrees well, verifying the theoretical analyses.
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Furthermore, the static torques are measured with the three-phase armature excitations of
ia=-2ir=-2ic. As the rotor moves at different positions, the static torque waveforms can be
obtained with the method present in [ZHUO09]. The measured static torques are compared with
FE calculations in Fig. 4.28. By fixing the rotor position to align g-axis with phase A axis, the
variation of measured and FE-predicted torque with iac and ia is shown in Fig. 4.29. Again, the
test results are in good agreement with FE prediction and it is verified that the DC excitation

can regulate the output torque according to the output requirement.
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Fig. 4.28. Measured and FE predicted static torque with l,=4A and different DC excitation

currents.

———FEA-Ig=2A ——— FEA-Iq=4A — — - FEA-Iq=6A — — FEA-Iq=8A
0 Testlg=2A x Testlg=4A A Testlg=6A 0O Test-Ig=8A
1.5

J— R e 4
- | =TT D__. ..... E] D
é 1 E]_- D D i —— E ..... _A ..... 1_——23
'''''''''''' AT A
Q | —"_'Z X
E- | IS S 3————x—-—e<————>e—__;
L0544 ———x X X
© e o o) o 9
q O O ©
0 . : . | | |
otz 0 2 4 6 8

DC Excitation Current (A)

Fig. 4.29. Variation of measured and FE-predicted torque with DC excitation at different g-

axis current.

147



To further illustrate the benefit of hybrid excitation, the torque-speed curves of the
prototype with different DC excitations are measured with the test platform in Fig. 4.30. The
prototype is connected with a brushed DC generator as load. The output requirement of the
prototype can be adjusted flexibly by regulating the field current of DC generator through the
DC Supply #1 as well as the resistance bank. Besides, an individual DC Supply #2 is connected
with the field winding of prototype to adjust the field current continuously. The DC Supply #3
is utilized to feed the armature winding through the inverter, which is based on the Dspace

controller.
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Fig. 4.30. Test platform for dynamic experiments.

The flux-weakening experiment is conducted within the limit of SA phase current, and 15V
DC bus voltage. With the utilization of flux-linkage method in [QI09], the field winding, d-
and g-axis currents under the voltage and current limits are predicted in Fig. 4.31. In constant
torque region, the d-axis current is almost 0 regardless of DC excitation as the result of
negligible reluctance torque. As the rotor speed increases, the line-line voltage approaches the
DC bus voltage and flux-weakening control is required to reduce the back-EMF. When the
machine operates at the flux-weakening region, negative d-axis current is applied to contour

the PM flux and reduce the back-EMF to satisfy the limit of DC bus voltage. Under the limit
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of phase current, the g-axis current is inevitably decreased and the output torque reduces in the

flux weakening region.
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Fig. 4.31. FE predicted field winding, d- and g-axis currents with different DC excitations

under the voltage and current limits.
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With zero and positive DC excitations in Figs. 4.31 (b) and (c), the PM flux cannot be
cancelled with the limit of armature current, and the machine exhibits limited operating range.
However, with the utilization of negative DC excitation, the PM flux can be totally contoured
by the field and d-axis currents together. The d-axis current is not negative maximized even at
the rotor speed of 1200rpm, indicating the machine operation region is broadened with the

assistance of flux-weakening field current.

With the employment of field and armature currents in Fig. 4.31, the torque-speed
envelopes with different DC excitations are measured in comparison with FE prediction in Fig.
4.32. Overall, the measured torques are smaller than FE calculation regardless of DC excitation
currents, due to 3D flux leakage and friction at low speed operation. However, the benefit of
hybrid excitation can still be observed from the test results. At constant torque region, the
output torque is higher with positive DC excitation. Nevertheless, the output capability is
superior with negative DC excitation at high speed region. Subsequently, the torque-speed

envelopes can be broadened with the regulation of field excitations among the operation region.
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Fig. 4.32. Measured and FE predicted torque-speed curves with different DC excitation

currents.

Moreover, the efficiency map with/without DC regulations are predicted in Fig. 4.33 firstly.
The predicted efficiency map has taken the copper loss and iron loss into consideration. To
simplify the measurement, the field, d- and g-axis currents to achieve the maximum efficiency
at specific torque and speed point are calculated based on the FE simulation. By employing the
field, d- and g-axis currents, the output and input powers at each point are measured.

Furthermore, the efficiency map with/without DC regulations are gained and shown in Fig.
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4.34. With the utilization of field excitation, the low-speed high-torque region as well as high-
speed operation region are broadened. Nevertheless, the efficiency of broadened region is
limited due to additional field winding copper loss. As stated above, the measured torques as
well as efficiency are always lower than the FE simulations due to 3D end effect as well as
friction loss at low speed operation. The maximum operation efficiency in simulation is 90%,
whereas that for the test result is only 88%. The difference between measurement and
simulation can be summarized as follows. Firstly, the test accounts for 3D end-effect and flux
leakage. Secondly, the friction torque is significant especially for low-torque measurement.
Thirdly, the manufacturing and assembling tolerances influence on the output capability, which
will be assessed for future work. Although there exists difference between the simulation and
test results, the benefit of hybrid excitation can be identified. As expected, the overall efficiency

is improved with the regulation of DC excitation especially at low speed high torque region,

which is beneficial for starting operation.
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Fig. 4.33. FE Predicted efficiency map against torque-speed (colored contour indicating
efficiency higher than 65%).
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Fig. 4.34. Measured efficiency map against torque-speed (colored contour indicating

efficiency higher than 65%).

4.7 Summary

In this chapter, a novel FSNW HE machine with consequent-pole PM rotor is proposed.
The abundant field harmonics in the FSNW, which tend to cause parasitic effects, are utilized
to regulate the magnetic field and produce electromagnetic torque through field modulation.
The electromagnetic performances are evaluated with FE simulation, and it is revealed that the
DC excitation can effectively regulate the air-gap flux density, phase back-EMF, and

consequently, electromagnetic torque flexibly. Moreover, the torque density of the proposed
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HE machine can be comparable with the SPM machine under positive DC excited flux
enhancing, and meanwhile, the PM usage can be saved significantly. Finally, a prototype is
fabricated to validate the theoretical analyses and FE simulation. Overall, the test results,

including back-EMF, static torque and torque-speed envelope, agree well with the FE analyses.
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Chapter 5

Comparative Analysis of Novel Fractional Slot Non-
Overlapping Winding Hybrid Excited Machines Having
Different Consequent Pole Rotor Topologies

This chapter further investigates novel fractional slot non-overlapping winding hybrid
excited (HE) machines with consequent pole permanent magnet (PM) rotors presented in
chapter 4. Different consequent pole interior PM rotor configurations are employed to retain
the PMs and utilize the flux concentrating effect. The optimal current ratio between the field
and armature windings is identified theoretically and the torque improvement ratio by hybrid
excitation is demonstrated to show the benefits of hybrid excitation. It is revealed that the
machine topologies utilizing flux concentrating effect exhibit higher PM torque but sacrificed
flux regulation capability due to magnetic saturation. Moreover, the DC coil free HE machine
can be obtained with dual electric port inverter to supply biased AC excitation and solve the
spatial confliction of field and armature windings. Finally, the prototypes with different rotor
configurations are fabricated and tested to validate the analyses. This chapter is based on a

paper presented at ECCE 2019 [CAI19b] and extends the analysis.
5.1 Introduction

Due to rapid development of magnetic materials, power electronics, and micro-processors,
permanent magnet (PM) brushless machines have attracted much attention in decades [ZHUO07].
The PM synchronous machines are generally classified into stator PM and rotor PM types
[ZHUO7] [CHE11a]. Various stator PM machine topologies have been investigated in [LIA95]
[DEO97] [HOA97] for different location of stator PMs, e.g. doubly salient PM machines, flux
reversal PM machines, and switched flux PM machines. However, the stator PM machines
mainly suffer from two distinct disadvantages, which have restricted the wide spread for
industrial applications. Firstly, the stator is crowded with PMs and armature windings, and the
magnetic saturation is severe which limits the overload capability [CAO12a]. Besides, iron loss
as well as PM eddy current loss are significant as a result of doubly salient structure and
abundant field harmonics, which sacrifices the operation efficiency [ZHUO8b]. Therefore, the

rotor PM machines are more popular and have been commercialized in electric and hybrid
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electric vehicles (EV/HEV), power generation, domestic appliance, marine propulsion, and

aerospace [SAT11] [LIO8] [REF10] [CAO12b].

Although the utilization of high-energy-product PM is beneficial for high torque density
and compact structure, the shortcoming is also obvious due to the fixed PM excitation and
difficulty in flux weakening due to high reluctance of PMs [REFO05]. Therefore, the hybrid
excited (HE) machines are developed to combine the synergies of high torque density of PM
machines and flexible flux regulation of wound field (WF) machines [AMAO09] [WAN12a].

To achieve hybrid excitation and better flux regulation in the rotor PM machines, numerous
rotor PM HE machine topologies have been investigated in decades [ZHU19c]. The HE
machines with rotor PMs can be developed by attaching DC coils around PM poles [HEN94a],
replacing some PM pole-pairs with DC pole-pairs [LUOO0], or combining PM rotor and WF
rotor axially [SYV95]. However, brushes and slip rings are required to feed the DC excitation
to the rotary part, which degrades the system reliability and increases the maintenance cost. To
eliminate the brushes and slip rings, HE machines based on brushless wound rotor synchronous
machine are proposed in [ALI16] and [HUS18]. Nevertheless, additional harmonic winding is
required to feed the excitation to the field winding, and therefore, the rotor is crowded with
PM, harmonic and field windings. Besides, extra techniques are required to produce the current
in the harmonic winding, e.g. third harmonic current injection [YAO15], unequal turns of
armature coil [HUS17], etc., making the system complicated. Another hybridization method is
to introduce a toroidal field winding and produce an axial flux for DC excitation. In [FRE87]
and [VIDO5a] [ZHAO08], HE machines with a toroidal field winding are proposed for
consequent pole PM machine and spoke-type IPM machine, respectively. Nevertheless, 3D
magnetic fields make manufacturing and assembling complex, and soft magnetic composites

(SMC) material is usually required to allow for axial DC flux.

In this chapter, novel HE machines with fractional slot non-overlapping winding and
different consequent pole PM rotors are investigated, as shown in Fig. 5.1. The stator
accommodates field and armature coils, and consequently, brushes and slip rings can be
eliminated. The consequent pole PM rotor topology can be extended to various interior PM
(IPM) configurations to retain the magnets, and even achieve flux concentrating, like the
conventional IPM machines [LEE13], as shown in Figs. 5.1 (a)-(f). Different from the HE
machines presented in [WANI18] [QU19] with salient and unequal length stator teeth, the

proposed HE machines possess evenly distributed stator teeth and less field harmonics. It can
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be observed that the proposed HE machines have a similar topology with the conventional
consequent-pole PM machine [CHU16] [L118], but the introduction of field winding facilitates

flexible magnetic field regulation, making it more promising for variable speed applications.

This chapter is organized as follows. In section 5.2, the machine topologies and flux
regulation mechanism are presented. Then in section 5.3, the optimal current ratio between the
DC and AC excitations and the torque improvement with optimal current ratio are derived
theoretically. Moreover, the electromagnetic performances of the HE machines are
comparatively analyzed with finite element (FE) simulations in section 5.4. Furthermore, the
DC coil free HE machines with dual electric port inverter are further developed to eliminate
the field winding in section 5.5. Finally, in section 5.6, prototypes with various rotors are

fabricated and experiments are carried out to verify the above analyses.
5.2 Machine Topology and Operation Principle
5.2.1 Machine Topology

The investigated fractional slot non-overlapping winding HE machine configurations are
shown in Fig. 5.1. The stator accommodates the field winding and the armature winding
alternatively, and the rotor is equipped with PMs. The field winding is in stator slots, with
adjacent conductors of opposite polarities. The armature winding connection diagram of
fractional slot non-overlapping winding can be found in [BIA06b]. All the PMs are magnetized
with the same direction and the consequent-pole PM rotor is employed. Correspondingly, the
proposed HE machines with inset-PM, interior PM (IPM), double layer IPM (2IPM), V-shaped
IPM (VIPM), U-shaped IPM (UIPM), and spoke-type IPM rotors are illustrated in Figs. 5.1

(a)-(f), respectively.
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(e) UIPM HE machine (f) Spoke-IPM HE machine

Fig. 5.1. Novel fractional slot non-overlapping winding HE machines with consequent pole

rotor.
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5.2.2 Operation Principle

The operation principle of the HE machine has been investigated in chapter 4 from the
perspective of interaction between PM and DC excited magnetic fields with the armature
winding function. To demonstrate the flux regulation mechanism of DC excitation and to
further illustrate the difference between different rotor configurations in Fig. 5.1, the flux paths
of the proposed Inset-PM HE machine with PM and WF excitations are illustrated in Figs. 5.2
(a) and (b), respectively. To simplify the analysis, only single armature coil is drawn to show
open-circuit linked flux and the rotor is aligned at the position of maximum coil flux linkage.
The PM flux path circulates from the PM pole to the rotor iron pole for the consequent-pole
machine. Meanwhile, the flux lines of DC excitation pass from the one rotor iron pole to
adjacent iron pole, since the reluctance of iron is smaller than the PM. Subsequently, the DC

excitation can regulate the flux linkage, with both flux-enhancing and flux-weakening

capability.
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Fig. 5.2. Linear illustration of open-circuit flux paths at the rotor position of maximum coil

flux linkage (Inset-PM HE machine as an example).

As the rotor moves by one rotor pole pitch, the PM flux alternates by one period. Meanwhile,
the reluctance of rotor changes once and the DC linked flux varies by one period as the same.
To achieve PM flux as well as WF flux varying one period when the rotor moves from one iron
pole to the adjacent one, consequent pole PM rotor is required. The relationship between the

mechanical position and the electrical position can be defined by

0,=p.0, (5.1)

where pr is the number of rotor pole pairs.
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The normalized open-circuit phase flux linkages with different excitations are illustrated in
Fig. 5.3. Both the PM and DC flux linkages alter by one period as the rotor moves by one rotor
pole pitch, verifying the theoretical analysis. The phase flux linkage can be enlarged with
positive DC excitation and weakened by negative DC excitation, without even order harmonics.
Nevertheless, the DC flux linkage at flux-enhancing is limited due to magnetic saturation. With
the increase of DC excitation, the armature coil flux linkage even tends to reduce, as shown in
Fig. 5.4. Under heavy magnetic saturation, the field winding excited flux hardly increases with
the current, whereas the PM excited flux reduces due to increased reluctance, which is denoted

as ‘over-saturated effect’ in the HE machine [ZHA11].
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Fig. 5.3. Normalized open-circuit phase flux linkages for the HE machine with different

excitations (Inset-PM rotor as an example).
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for the HE machine with different excitations (Inset-PM rotor as an example).

The flux paths of HE machines with IPM, 2IPM, VIPM, and UIPM rotors in Fig. 5.1 are
similar, and the IPM-HE machine is taken as an example in Fig. 5.5 (a). Therefore, the flux
regulation mechanism and operating principle discussed above are still valid for these HE
machines. However, the flux paths of spoke-IPM HE machine is different, as illustrated in Fig.
5.5 (b). The flux lines of DC excitation are blocked by the spoke-type PMs. Since the
permeance of PM is similar with air, the reluctance of DC excitation flux path hardly changes
as the rotor moves. Therefore, the flux regulation capability of DC excitation is limited

compared with the other counterparts, and the spoke-IPM HE machine will not be discussed.
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Fig. 5.5. Open-circuit flux paths of PM and DC excitations at the rotor position of maximum

coil flux linkage under positive DC flux-enhancing.
5.3 Torque Improvement with Hybrid Excitation

For the rotor consequent-pole PM machine with fractional slot non-overlapping winding,
the reluctance torque is negligible and iv—=0 control is preferred according to the discussion in
chapter 4. Therefore, the average torque with i/=0 control can be expressed in (5.2), where wru

is the PM flux linkage, Maris the mutual inductance between the field winding and the d-axis,
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idc and iq are the field current and the g-axis current, respectively. To simplify the analysis, the
number of turns and dimensions for the armature coil as well as the field coil are kept the same.
Subsequently, the resistances of field coil and armature coil are identical, and the copper loss
can be expressed in (5.3), where Ry is the phase resistance of armature winding and the ratio

between the armature current RMS and the field current is defined as (5.4).

3 ) ) 3 SN
Tave :Epr (l//dl _l//qld):Epr (l//PM +M¢/‘ f’)lq (52)
A2 3 .2
Pe, = 31, Rp +Elq Rp (5.3)
J2i
ky=—% (5.4)

q

With fixed copper loss in (5.3), the optimal current ratio to achieve the maximum average
torque can be solved by (5.5). The optimal current ratio is shown in (5.6), where k» is defined
as the hybridization factor and I» is the maximum phase current as shown in (5.7).
Correspondingly, the torque improvement ratio y7, with optimal current ratio compared with
AC excitation only under the same copper loss and thermal condition can be expressed in (5.8).
It can be concluded from (5.5) — (5.8) that the optimal current ratio and torque improvement
ratio are only determined by the hybridization factor 4 if the PM flux linkage and inductances

are constant.

aTave — O
ok = (5.5)
! Ppc,=Const
k> +1—4k> +1
\/ h k,’ 2h k72
Kt opr) = " (5.6)

M. .1
by =—2 ’”,Im=‘/2pc” (5.7)
l//PM 3Rs

_ Tk =)~ T (e, =0)
T,.(k,=0)

According to (5.6) and (5.8), the variations of optimal current ratio and torque improvement

(5.8)

Vr

ratio with hybridization factor k» are shown in Fig. 5.6. For the PM synchronous machine, the
hybridization factor k»=0, and consequently, both the optimal current ratio and torque

improvement ratio are 0. For the WF synchronous machine, the hybridization factor is infinite,
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and the optimal current ratio is 1 according to (5.6), in consistent with [CHE10]. Theoretically,
the optimal current ratio and the torque improvement ratio increase with the hybridization
factor. Consequently, it is beneficial to employ hybrid excitation with a relatively large
hybridization factor, e.g. low PM flux linkage or high current. Moreover, the PM torque is
dominant when the hybridization factor k»<\6, and the DC component can be regarded as
assisted field regulation. Otherwise the DC torque outweighs the PM torque and the machine

can be perceived as PM assisted WF machine.

It should be noted that the PM flux linkage and inductances are perceived as constant during
the above derivation. In fact, the machine parameters vary when considering magnetic
saturation and cross-coupling effect [STUO03]. However, the hybridization factor can still be
utilized to calculate the initial current ratio between the AC and DC excitations and identify

the benefit of hybrid excitation considering torque improvement.
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Fig. 5.6. Variation of optimal current ratio between DC and AC excitations and torque
improvement ratio with hybridization factor (under fixed copper loss of field and armature

winding).
5.4 Comparison of Electromagnetic Performance
5.4.1 Design and Optimization

In this section, the above HE machines with different rotor configurations are compared
comprehensively. Firstly, the parametric model is established in a commercialized FE software,
in which the machine geometric parameters can be adjusted flexibly. Afterwards, the
parametric sensitivity analysis about the key design parameter is carried out individually to

obtain the maximum output capability. Then the genetic algorithm base global optimization is
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utilized for maximizing the average torque output with the fixed copper losses in armature
windings under flux-enhancing operation, with which both the torque output and the flux

regulation range (the contribution of field current on back-EMF) can be considered.

The machine dimension is constrained as 45mm outer radius and 25mm active axial length.
Moreover, the fixed 20W copper loss in armature windings is applied, in which the applied
phase current will change with the variation of the slot area. If the slot area is increased, the
available area for winding is boosted and hence the phase current could be higher for the fixed
copper loss. The d-axis current is kept at zero. In addition, the fixed SA/mm? current density is

injected to field coil slots to realize flux-enhancing operation

Global optimization is conducted with the flowchart shown in Fig. 5.7, with genetic
algorithm (GA) coupled FE embedded in the commercial software Ansys Maxwell. After
global optimization, the main parameters of the HE machines are listed in Table 5.1. Obviously,
the 2IPM, VIPM, and UIPM-HE machines consume higher PM usage owing to more pieces of

magnets. The winding turns are chosen for a fixed slot filling factor for the four HE machines.

Parameter
Initialization
\I/ Generation.0

FE Simulated Torque
under Flux Enhancing

Variable Range
X17min<X1<X17max
X2_min<x2<x2_max

New Generation.
n+1

Xi min<Xi<Xi max

GA Operator
Selection, Crossover, Mutation

A

FE Simulated Torque
under Flux Enhancing

Abs(T,-Th.1)<AT

Fig. 5.7. Flowchart of GA coupled FE multi-parameter global optimization.
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Table 5.1 Main parameters of HE machines with different rotors after optimization

Parameter Inset-PM  IPM 2IPM VIPM UIPM
Stator slot number 12
Rotor pole-pairs 7
Stator outer diameter (mm) 90
Stack length (mm) 25
Air-gap length (mm) 0.5
PM remanence (T) 1.1
PM coercivity (Ka/m) 830
PM thickness (mm) 2
Split ratio 0.6 0.64 0.64 0.63 0.63
Stator yoke thickness (mm) 4.5 4.1 3.9 4.2 4.3
Stator tooth width (mm) 7.5 7 6.8 7.5 7.6
8.9
13.5
PM length (mm) N/A 15.3 11.4 54
13.1 -
1.6
PM buried depth (mm) N/A 1.6 6 N/A
Angle between PMs (°) N/A 70 40
Iron bridge thickness (mm) N/A 0.5
Area per slot (mm?) 127 123 128 120 118
Turns per phase 120 116 120 114 112
Turns of field winding 360 348 360 342 336
PM volume (mm?) 5513 5355 9310 7980 8120
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5.4.2 Back-EMF

The open-circuit back-EMFs of the five HE machines without DC excitation are compared
in Fig. 5.8. The UIPM- and VIPM-HE machines exhibit higher back-EMF fundamental due to
the flux concentrating effect, although the PM usage is more than that of Inset-PM and IPM
HE machines. Meanwhile, the IPM-HE machine possesses the lowest fundamental EMF due
to flux leakage in the iron bridge. The main phase back-EMF harmonic in Inset-PM, VIPM,
and UIPM-HE machines is the 3" order, and it can be eliminated in the line back-EMF with

star connection.
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Fig. 5.8. Open-circuit phase back-EMFs at the rotor speed of 400rpm without DC excitation.
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Flux regulation capability is an essential characteristic of HE machine, which reflects the
effect of field excitation on the magnetic field. Fig. 5.9 shows the open-circuit phase back-EMF
fundamental against DC excitation current density. Without DC excitation, the back-EMF
fundamental of UIPM-HE machine is the highest due to the flux concentrating effect. However,
the back-EMF tends to reduce with DC excitation after the knee point. The knee point DC
excitation current of VIPM and UIPM-HE machines are relatively low, indicating the magnetic

saturation is severe.
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Fig. 5.9. Open-circuit phase back-EMF fundamental versus DC excitation current at the rotor

speed of 400rpm.

To evaluate the flux regulation potential, the back-EMF regulation ratio is defined as (5.9),
and the regulation ratio against DC excitation current is shown in Fig. 5.10. Obviously, the flux
enhancing capability is limited due to magnetic saturation, regardless of rotor configurations.
With negative DC excitation, the flux regulation of Inset-PM HE machine is the best, and the
others are similar. With positive DC excitation, the flux regulation ratio tends to reduce after
the knee point due to magnetic saturation, in accordance with the flux linkage variation in Fig.

54.

Cpuyine — €
Voo = —2MapC ~ Cru (5.9)

Cru
When the stator and rotor cores of HE machine are designed to operate around the knee
point of B-H curve with PM excitation only, magnetic saturation becomes severe with DC
excited flux enhancing. However, when the stator and rotor cores are designed to operate far
below the knee point of B-H curve with PM excitation only, the materials are not fully utilized,

although flux regulation of DC excitation can be increased. Therefore, the optimization of HE
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machine should be conducted with the consideration of DC excitation range, as the trade-off

between PM excited output capability and DC excited flux regulation capability.

20%
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——IPM
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EMF Regulation Ratio

-20 -15 -10 -5 0 5 10 15 20
DC Excitation Current Density (A/mm2)

Fig. 5.10. Open-circuit phase back-EMF regulation ratio versus DC excitation current at the

rotor speed of 400rpm.

5.4.3 Cogging Torque

It has been illustrated in chapter 4 that the periodicity and amplitude of cogging torque in
the proposed HE machine is influenced by the field excitation. The cogging torques of the five
HE machines with/without DC excitation are compared in Figs. 5. 11 and 5.12, respectively.
The Inset-PM HE machine exhibits the highest cogging torque amplitude regardless of DC
excitation. In consistent with the analyses in chapter 4, the least cogging torque periodicity
without DC excitation is Neogging=12 in Fig. 5.11 (b), whereas the least periodicity is 6 with DC
excitation in Fig. 5.12 (b). Without DC excitation, the cogging torque of the HE machine
originates from the interaction between the rotor PM excitation and the stator slots. When stator
field winding is excited, the stator DC excited magnetic field interacts with the rotor PM excited
magnetic field, and additional cogging torque component is produced. Subsequently, the

cogging torque amplitudes are increased with DC excitation for the five HE machines.
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Fig. 5.11 Cogging torques without DC excitation.
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Fig. 5.12. Cogging torques with DC excitation of Ju=+10A/mm?.
5.4.4 Inductance

The variations of d- and g-axis inductances with corresponding currents of the five HE
machines are compared in Fig. 5. 13. With the increase of negative d-axis current, the d-axis
inductance increases slightly and then reduces. This can be explained by the magnetic
saturation alleviation of negative d-axis current, whereas a large amplitude of flux weakening
current causes reversed magnetic saturation. Meanwhile, the g-axis current intensifies the
magnetic saturation and the inductance reduces with the current. Overall, the d- and g-axis

inductances are similar for all the HE machines, indicating the reluctance torque is negligible.
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Fig. 5.13. Variation of d- and g-axis inductances with corresponding currents (without field

excitation).
5.4.5 Electromagnetic Torque

The electromagnetic torque waveforms of five HE machines without DC excitation (under
ia—0 control) are compared in Fig. 5.14. The UIPM-HE machine possesses the highest torque,
whereas the IPM HE machine has the lowest average torque, in accordance with back-EMF
fundamentals in Fig. 5.9. To further illustrate the optimal current angle, the average torque
against current angle is shown in Fig. 5.15. The optimal current angle is ~0 for the five HE
machines, indicating that the reluctance torque is negligible due to fractional slot concentrated

winding and the difference between d- and g-axis inductances is less obvious.
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Fig. 5.14. Electromagnetic torque waveforms under armature winding copper loss of 20W

({7~=0) without DC excitation.
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Fig. 5.15. Average torque against current angle under armature winding copper loss of 20W

without DC excitation.

Furthermore, the average torques against AC and DC excitations are compared in Fig. 5.16
and Fig. 5.17, respectively. Without DC excitation, the average torque of UIPM-HE machine
is the highest whereas the IPM HE machine exhibits the lowest torque. The overload capability
of four HE machines and the variation of average torque with armature winding copper loss
are similar. Moreover, the DC excitation can regulate the average torque effectively, as shown
in Fig. 5.17. In accordance with back-EMF regulation, the flux weakening capability is better
than the flux enhancing effect due to magnetic saturation alleviation. The UIPM-HE machine
is the easiest to become saturated, and the average torque even reduces with increasing DC
excitation current. The maximum current density to evaluate the flux regulation ratio is
20A/mm? in Fig. 5.17. This is not the continuous mode, but to evaluate the maximum

regulation ratio and saturated field current.
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Fig. 5.16. Average torque against armature winding copper loss for the HE machines without

DC excitation (i7=0 control).
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5.4.6 Flux Weakening Capability

A distinct merit of HE machine is the flexible field regulation and wide operation range
compared with pure PM machine. The characteristic current is defined in (5.10), which
describes the required current to counter the PM and DC excited magnetic field. The maximum
phase current should be higher than the characteristic current to achieve infinite flux weakening
operation.

I = Ve TV e
c Ld

(5.10)
The characteristic currents of the HE machines with different DC excitations are compared
in Table 5.2. The IPM-HE machine requires lowest characteristic current due to lowest PM
flux linkage, in accordance with Fig. 5.8. Moreover, the characteristic current can be reduced
significantly with negative DC excitation, which decreases the power rating of inverter.

Therefore, the benefit with the introduction of field winding and hybrid excitation can be

observed as better flux weakening capability as well as wider operation range.

Table 5.2 Characteristic currents of five HE machines

Inset-PM IPM 2IPM VIPM UIPM

Flux-enhancing Ju=+10A/mm? 9.3A 74A 99A 88A 93A
No DC Ja=0 8.3A 6.4A 9.1A 84A 9.0A
Flux-weakening Ji=-10A/mm? 6.7A 54A T77A T72A  T78A
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5.5 Improved DC Coil Free HE Machine

Although the introduction of field winding facilitates the regulation of magnetic field in the
HE machine, the stator is crowded with field as well as armature windings in Fig. 5.1. The
spatial confliction of DC and AC coils inevitably results in sacrificed torque density compared
with pure PM excitation. To improve the space utilization, a dual electric port drive circuit is
employed in [ZHU17b] to supply biased AC excitation and integrate the field and armature
windings for the variable flux reluctance machine. The biased AC excitation is further extended

to the HE machines to eliminate the field windings in [JIA17b] and [WANI19].

The investigated HE machines in Fig. 5.1 can be developed into DC coil free HE machines
to further enhance the performances. Figs. 5.18 (a) and (b) show the improved DC coil free HE
machines with Inset-PM and [PM rotors as example, and the other HE machines in Fig. 5.1 can
be extended as well. The windings are excited by a dual electric port inverter with a single
voltage source as shown in Fig. 5.19. Since the neutral point of two sets of windings are
connected, DC excitation can flow in the armature winding, and the excitation currents are
expressed in (5.11). Compared with the separate field/armature windings in Fig. 5.1, the
conducting areas for DC and AC excitations are enlarged with integrated technique. Therefore,

the winding resistance is reduced and operating efficiency can be further enhanced.

(a) Inset-PM HE machine (b) IPM HE machine

Fig. 5.18. Improved DC coil free HE machine topologies.
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Fig. 5.19. Dual electric port inverter with a single voltage source.

iy =1 cos(mt—%n’}ﬂm

iy, =1, cos[wt—%nj—]m (5.11)
. 2

icy=1,cos| wt+—rm |+,

The variation of average torques with AC and DC excitations for the DC coil free HE
machines are illustrated in Fig. 5.20 and Fig. 5.21, respectively. Compared with the average
torques of separate winding HE machines in Fig. 5.16 and Fig. 5.17, the torque density as well
as torque regulation capability are enhanced in the integrated winding counterparts. This can
be accounted for the enlarged conducting areas for the DC and AC excitations. Moreover, the
average torque variations with different rotors are similar with the separate winding HE
machines. The HE machines utilizing flux concentrating effect, i.e. VIPM- and UIPM-HE

machines, exhibits higher torque density, in accordance with the above analysis.
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Fig. 5.21. Average torque against DC excitation current density with AC excitation copper

loss of 20W (i7=0 control).

Furthermore, the efficiency maps of the HE machines having different rotor configurations
with separate and integrated field/armature windings are compared in Fig. 5.22. Since the
winding resistance is reduced in the HE machines with integrated field/armature windings, the
copper losses of both DC and AC excitations are reduced and the overall efficiency is enhanced.
The maximum efficiency for the separate winding HE machine is ~93%, whereas the maximum
efficiency can be increased to 95% with integrated winding technique. Besides, the potentially
high efficiency operation region is broadened, which is more beneficial for variable speed

applications.
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Fig. 5.22. Efficiency map comparison of the HE machines with separate and integrated
field/armature windings within the limit of DC bus voltage Us=24V, maximum AC

excitation current amplitude of 7,=8A, maximum DC excitation current of /mm=6A.
5.6 Experimental Validation

To validate the above analyses, the NdFeB HE prototypes with Inset-PM, IPM, 2IPM, and
VIPM rotors have been fabricated, as shown in Fig. 5.23. To simplify the manufacturing, all
the HE machines share the same stator, and the rotors have been re-optimized. The main
parameters of the re-optimized prototypes are listed in Table 5.3. The field winding and
armature winding are wound alternately around the stator teeth, as shown in Fig. 5.23 (a). The
slot packing factor is reduced to 0.35 in order to ease the winding process. The PM thickness

is kept as 2mm, and obviously, the 2IPM- and VIPM-HE machines consume more magnets.
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(a) Stator and winding (b) Inset-PM rotor
(c) IPM rotor (d) 2IPM rotor
(e) VIPM rotor (f) UIPM rotor

Fig. 5.23. Photos of prototypes.
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Table 5.3 Main parameters of HE prototypes

Parameter Inset-PM IPM 2IPM VIPM UIPM
Stator slot number 12
Rotor pole-pairs 7
Stator outer diameter (mm) 90
Stack length (mm) 25
Air-gap length (mm) 0.5
PM remanence (T) 1.1
PM coercivity (Ka/m) 830
PM thickness (mm) 2
Split ratio 0.6
Stator yoke thickness (mm) 4.5
Stator tooth width (mm) 7.5
Turns per phase 80
Turns of field winding 240
0.65
PM pole arc ratio 0.65 0.7 08 0.6 0.55
9.0
14
PM length (mm) N/A 15 10.4 4.7
P 9.0
1.5
PM buried depth (mm) N/A 1.6 45 N/A 9.5
Angle between PMs (°) N/A 70 40
Iron bridge thickness (mm) N/A 0.5
PM volume (mm?) 5513 5250 10150 7280 7945
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The prototypes are driven by a DC machine at constant speed, and the corresponding back-
EMF can be measured. The measured and FE predicted open-circuit three phase back-EMF
waveforms of the Inset-PM HE machine without DC excitation are compared in Fig. 5.24.
Overall, the three phase back-EMF waveforms, both the FE simulated and measured results,
are symmetrical. Fig. 5.25 shows the measured and FE predicted open-circuit back-EMF
waveforms of different prototypes without DC excitation, in which good agreement can be

observed. The back-EMF fundamental against DC excitation current for different HE machines



are compared in Fig. 5.26. The VIPM- and UIPM-HE machines exhibit higher PM excited
back-EMFs due to flux concentrating effect, in accordance with the above analysis. However,
it becomes magnetic saturated under positive DC excitation, and the back-EMF versus DC
current curves becomes non-linear. Overall, the DC excitation can regulate the back-EMF

effectively for the four HE prototypes.
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Fig. 5.24. Measured and FE predicted open-circuit three phase back-EMF waveforms of
Inset-PM HE machine @400rpm without DC excitation.
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Fig. 5.25. Measured and FE predicted open-circuit phase back-EMF waveforms at the rotor

speed of 400rpm without DC excitation.
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Fig. 5.26. Measured and FE predicted open-circuit phase back-EMF fundamental versus DC

excitation current at the rotor speed of 400rpm.

Furthermore, the static torque is measured by supplying three phase currents of is=-2ir=-
2ic. The rotor shaft is connected to an arm and cannot be rotated, which allows for measuring
magnetic force. The stator is rotating step by step and enables varying advanced current angle
with fixed current excitation. Correspondingly, the static torque can be obtained from the

magnetic force on the shaft connected arm.
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The measured and FE predicted static torque waveforms without DC excitation are shown
in Fig. 5.27, and the torque against DC excitations are compared in Fig. 5.28. Similar with the
back-EMF variation, the DC excitation can regulate the output torque with both flux-enhancing
and flux-weakening. Besides, the VIPM- and UIPM-HE machines possess higher PM excited
torques due to flux focusing, whereas IPM- and 2IPM-HE machines exhibit lower PM torque
as the result of flux leakage in the rib. Overall, good agreements between the measured and FE

predicted torques are achieved again.
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Fig. 5.27. Measured and FE predicted static torque waveforms at the armature current of

i—4A, i—0 without DC excitation.
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5.7 Summary

In this chapter, novel fractional slot non-overlapping winding HE machines with various
consequent pole rotor configurations have been investigated. The proposed HE machines have
similar rotor topology with conventional consequent-pole PM machine, which facilitates the
manufacturing and assembling. Besides, the introduction of field excitation can help to regulate
the magnetic field and is beneficial for variable speed application. Various rotor configurations,
e.g. Inset-PM, IPM, 2IPM, VIPM, and UIPM, have been extended to retain the rotor PM and

achieve flux concentrating effect.

It is revealed that the VIPM- and UIPM-HE machines utilize flux-concentrating effect and
exhibit higher PM torque, albeit with sacrificed flux regulation capability. Since the reluctance
torque is negligible in the proposed HE machine, the electromagnetic performance with multi-
layer flux barrier IPM design is limited. Moreover, the field winding in the HE machine can be
eliminated, and biased AC excited HE machines are further investigated. The torque density,
regulation capability as well as operation efficiency can be enhanced as a result of enlarged
conducting area and reduced winding resistance. Finally, the prototypes with various rotor

configurations are manufactured and tested to verify the FE calculations.
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Chapter 6

Comparison of Hybrid Excited Machines with Rotor
Interior Permanent Magnet Machine for EV/HEV
Application

In chapters 2-5, several novel HE machines are presented in detail, including the operation
principle and electromagnetic characteristics. This chapter compares the electromagnetic
performances of these proposed HE machines under the same optimization constraint. To
demonstrate the feasibility for electric and hybrid electric vehicle (EV/HEV) application, a
commercial interior PM (IPM) rotor machine for Toyota Prius 2010 has been selected as the
benchmark. The electromagnetic performances, including back-EMF, average torque, torque-
speed envelope, efficiency, and fault tolerant capability have been compared comprehensively.

This chapter is based on a paper to be presented in PEMD 2020 and extends the analyses.
6.1 Introduction

Due to the increasing transportation demand and fuel energy supply shortage, electric
vehicles (Evs) and hybrid electric vehicles (HEVs) have attracted more and more attentions in
decades [CHAO7] [REF13]. To satisfy the frequently variable speed requirement, numerous

researches have been conducted to explore the onboard machine topologies [ZHUO7].

Permanent magnet (PM) machines, especially equipped with high energy rare-earth
material, possess high torque density, high efficiency, and compact volume. The interior PM
machine (IPMM) can utilize reluctance torque and is eminently suitable for flux-weakening
operation. To date, commercial products of IPMM have been widely employed in the EV/HEV,
i.e. Nissan Leaf, Toyota Prius, and BMW i3 [SAT11] [KAMO06] [WIL15]. However, the flux
weakening current is demanded to weaken the PM excited magnetic field beyond the base

speed, which results in low efficiency and power factor at high speed operation.

Some attempts have been made to overcome the drawback of constant magnetic field in
PM machines, and a variety of non-PM machines have been investigated for potential
alternatives. It has been revealed that the induction machine (IM) exhibits higher efficiency
under high speed operation and better overload capability [BUY 14] [FINO8]. Therefore, the

IM is more promising for EV/HEV with requirement for rapid starting performance and high
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speed operation, and has been commercialized in Tesla Model S. Moreover, the stator wound
field (WF) and rotor WF synchronous machines have been optimized in comparison with the
commercial IPMM in [CHU14] and [LIU14b], respectively. Although the high cost rare-earth
PMs are removed in the WF machines, the peak torque and overall efficiency are sacrificed as

well.

Hybrid excitation has been proposed as a trade-off between PM excitation and WF
excitation, in which high torque density as well as flexible flux weakening control can be
inherited together [TAP03]. It has been revealed in [AMAOQ9] that the overall operation
efficiency can be enhanced by combining PM excitation and DC excitation appropriately. More
recently, hybrid excited machines (HEMs) with slot circumferentially magnetized PM have
been investigated to mitigate the uncontrolled generator fault of conventional PM machines in
[ZHU19a]. This classification of machines, including the rotor slot PM [FUKO08b] [[SH96] and
stator slot PM HE machines [AFI15], exhibit high fault tolerant capability under high speed
operation and is potentially promising for EV/HEV.

This chapter compares the electromagnetic performances of various HE machines
presented in chapters 2-5, with the commercialized IPMM. The Toyota Prius 2010 IPMM, as
shown in Fig. 6.1 (a), has been selected as the benchmark, and comparisons have been
conducted based on the same frame size and thermal condition. A stator wound field variable
flux reluctance machine (VFRM) and stator slot PM fault tolerant hybrid excited machine
(FTHEM) are also optimized for comparison as shown in Figs. 6. 1 (b) and (c), respectively.
In section 6.2, the design procedure and optimization constraints are presented to achieve a fair
comparison. Then, in section 6.3, the electromagnetic performances of these HE machines, i.e.
back-EMF, torque density, flux weakening performance, and efficiency along with the driving

circle are compared with the [IPMM.
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(a) 8p48s Prius 2010 [IPMM

110r12s FTHEM

I 16r12s DSHEM (f) 14p12s CPHEM
Fig. 6.1. Machine topology of the Toyota Prius 2010 IPMM, VFRM and HEMs.
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6.2 Design and Optimization

The cross section of the Toyota Prius 2010 IPMM is shown in Fig. 6.1 (a), which has been
discussed in detail in [KAMO6] and selected as the benchmark. The stator wound field VFRM
and fault tolerant hybrid excited machine (FTHEM) are also optimized in comparison with the
proposed HE machines, as shown in Figs. 6. 1 (b) and (c), respectively. Moreover, the parallel
flux HEM (PFHEM) discussed in chapter 2, doubly salient HEM (DSHEM) discussed in
chapter 3, and consequent pole HEM (CPHEM) discussed in chapters 4 and 5, are shown in
Figs. 1 (d) I and (f). The consequent pole VIPM rotor utilizes flux-concentrating effect and is
selected for comparison in Fig. 1 (f) according to the discussion in chapter 5. To obtain a fair
comparison, the optimization of the HEMs is conducted within the same constraint of the
IPMM listed in Table 6.1. It should be noted that the electromagnetic performances are
evaluated in this chapter. The current densities of field and armature windings are kept the
same considering the ideally identical thermal management. The thermal model and

mechanical model will be added in the future work.

Table 6.1 Constraints of optimization

Parameter Value
Stator outer diameter 264mm
Air-gap length 0.73mm
Stack length 50.8mm
Winding packing factor 0.47
Field/armature current density 26.8A/mm?

Global optimization is conducted with the assistance of commercial software Ansys
Maxwell, for maximum average torque under the constraint in Table 6.1. The purpose of this
chapter is to evaluate the torque density and efficiency of the HE machine for EV/HEV, and
the torque ripple is not concerned during optimization. After global optimization, the main
parameters of the HEMs are shown in Table 6.2. The numbers of turns for field and armature
windings are determined by the IPMM rated current as well as current density. The comparison
between VFRM and the IPMM has been conducted in [LIU14b]. In this chapter, the
performances of VFRM are discussed to show the effect of stator PM in the FTHEM, and the
parameters of the VFRM are kept the same as the FTHEM except the elimination of PM.
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Since the winding in the HEMs are non-overlapped, the end-winding length can be reduced
compared with the overlapped winding in the IPMM. The 3D model illustration and basic
parameters of the FTHEM are shown in Fig. 6.2. Supposing the end-winding is composed by
the arc and line, the length per coil for field and armature windings considering end-winding
length can be expressed in (6.1) and (6.2), respectively, where I is the stack length, wy, 71, r2,
r3, and 6 are illustrated in Fig. 6.2 (b). Subsequently, the resistance of the non-overlapped
phase armature winding and field winding can be calculated with the consideration of end-
winding length, as shown in Table 6.2. Compared with the IPMM phase resistance of 0.077Q,
the armature winding resistances in the HEMs are reduced as the result of non-overlapped

winding, albeit with an additional field winding resistance.

(a) 3D model (b) Basic parameters

Fig. 6.2. Illustration of end-winding length for the non-overlapped winding in the FTHEM.

+
L, =21S,+2{w,+r1 2r2 nel} (6.1)

L =2 +2{wt +2 “2”3 ﬂé’l} (6.2)
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Table 6.2 Main parameters of the PM and HE machines after optimization

Parameter IPMM VFRM | FTHEM | PFHEM | DSHEM | CPHEM
Stator slot number 48 12 12 12 12 12
Rotor pole number 8 10 10 11 16 14
DC bus voltage 650V
Rated armature current 167A (RMS)
Rated field current N/A 167A
Rated speed 3000rpm
Maximum speed 13500rpm
Stator outer diameter 264mm
Stack length 50.8mm
Air-gap length 0.73mm
Stator inner diameter 161.9mm 171.6mm 179.5mm | 187.4mm | 176.9mm
Stator yoke thickness 20mm 9.3mm 192mm | 18.0mm | 13.2mm
Stator tooth width 7.55mm 17.5mm 17.5mm | 153mm | 24.7mm
PM height 7.1lmm N/A 10.5mm | 13.5mm I1mm 7.5mm
PM width 17.9mm N/A 30mm 17.5mm | 17.5mm | 35.9mm
Rotor pole width N/A 22.9mm 19.0mm | 16.6mm N/A
Winding packing factor 0.47
Turns per phase 88 80 64 90 60
Turns of field winding N/A 240 192 90 180
Phase resistance 0.077Q 0.053Q2 0.041Q 0.056Q2 0.044Q2
Field winding resistance N/A 0.163Q 0.123Q 0.056Q2 0.132Q

6.3 Comparison of Electromagnetic Performance
6.3.1 Back-EMF and Torque Density

The open-circuit phase back-EMF waveforms with/without DC excitation at the rated speed
of 3000rpm for the HEMs are compared with [IPMM and VFRM in Figs. 6.3 and 6.4. Without
DC excitation, the back-EMF of the VFRM and FTHEM are negligible due to stator shunted
PM flux [AFI15]. The back-EMF waveform of the CPHEM is close to trapezoidal with

significant 3™ harmonics, since the optimization is conducted for high torque density and the
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harmonics are not concerned. Meanwhile, the PFHEM and DSHEM exhibit lower fundamental
phase back-EMFs than the Prius IPMM, whereas the CPHEM possesses a higher back-EMF
without DC excitation. With rated field excitation of iu=167A, the back-EMF of the HEMs
can be regulated as shown in Fig. 6.3. It can be observed that the VFRM exhibits the lowest
fundamental back-EMF, and the other HEMs exhibit comparable fundamental back-EMF with
the Prius IPMM. With rated DC excitation, some harmonics in the phase back-EMF are

eliminated for the CPHEM and the waveform is more sinusoidal as shown in Fig. 6.3.

250
— IPMM
200 A
o A - - W VFRM

150 1 —e— FTHEM

100 A —x— PFHEM
S —— DSHEM
=~ 50
=
o 0
S 50
[3°]
m -100

-150

-200

'250 T T T T T

0 60 120 180 240 300 360
Rotor Position (Elec. deg)
(a) Waveforms
300
a2IPMM
OVFRM

S200 A BIFTHEM
L
E BPFHEM
% : EDSHEM
8 100 _ 8 CPHEM

1 2 3 4 5 6 7 8 9 10 11 12
Harmonic Order

(b) Spectra

Fig. 6.2. Open-circuit phase back-EMF without DC excitation at the rated speed of 3000rpm.
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Fig. 6.3. Open-circuit phase back-EMF with maximum DC excitation of ia=+167A at the
rated speed of 3000rpm.

Moreover, the variation of fundamental phase back-EMF at rated speed of 3000rpm with
the DC excitation current is shown in Fig. 6.4. There is no field winding in the IPMM, and the
back-EMF is constant as a benchmark. With the regulation of DC excitation, the back-EMF of
the HEMs and VFRM can be regulated flexibly. The CPHEM exhibits the highest peak back-
EMF, whereas the VFRM exhibits the lowest peak back-EMF due to absence of PM. With the
increase of DC excitation current, the back-EMF of the HEMs even reduces due to the over-

saturation effect [ZHAT1].
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Fig. 6.4. Variation of open-circuit phase back-EMF fundamental with DC excitation current

at the rated speed of 3000rpm.

The electromagnetic torque waveforms with MTPA control at rated armature current with
different DC excitations are compared in Figs. 6.4 and 6.5, respectively. The DSHEM exhibits
significant 3" pulsating torques due to the even order harmonics in phase back-EMF, which
has been illustrated in chapter 3. It should be noted that the purpose of this chapter is to evaluate
the torque density of these HEMs with IPMM and VFRM, and the torque ripple is not
concerned. The average torques at rated armature current with/without DC excitations are
summarized in Table 6.3. With rated DC excitation, the torque density of the HEMs can be
enhanced except the CPHEM due to the over-saturation effect as illustrated in Fig. 6.4. The
torque density of the CPHEM is the highest whereas that for the VFRM is the lowest due to
absence of PM. Moreover, the torque densities of these HEMs are lower than that of the Prius
IPMM since additional spaces are spared for the field excitation. Therefore, the HEMs take

advantage of magnetic field regulation of DC coil with the sacrifice of torque density.

Table 6.3 Average torques of the PM and HE machines at rated armature current

IPMM VFRM FTHEM PFHEM DSHEM CPHEM

Without DC 0 &3Nm 27.2Nm 67Nm 200Nm
220Nm

With DC 84Nm 173Nm 114.1Nm 84Nm 189Nm
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Fig. 6.6. Electromagnetic torque at rated armature current with amplitude of i»=236A and

maximum DC excitation of ise=+167A under MTPA control.

Fig. 6.7 shows the average torque against armature current amplitude under the MTPA
control (iac=0.7071. to keep constant field/armature current density for the HEM and VFRM).
At light load, the torque density of the CPHEM is similar with that of the IPMM and the VFRM
exhibits the lowest average torque due to absence of PM. However, the overload capability of
the consequent-pole machine is limited and the IPMM exhibits the highest average torque at
rated current excitation. Under heavy load, the FTHEM shows similar torque density with the

CPHEM since the PMs in the FTHEM are beneficial to suppress the magnetic saturation and
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the FTHEM is suitable for overload operation. Besides, it can be identified that the DSHEM is

easy to get saturated, and the torque density is the lowest under heavy load.
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Fig. 6.7. Average torque against armature current amplitude under MTPA control (ia=0.70714

to keep constant field/armature current density for the HEM and VFRM).
6.3.2 Flux-Weakening Performance

A significant requirement for the EV/HEV machine is wide operating region and good flux
weakening performance. The flux weakening factor is defined in (6.3), to evaluate the flux
weakening capability for the PM/HE machines. When the flux weakening factor is lower than
1 (kw<1), the PM flux cannot be countered by armature current and the flux weakening region
is limited. However, when the flux weakening factor is significantly larger than 1 (ks=>>1), the
phase current as well as the power will drop at high speed operation. Therefore, the ideal design

for the flux weakening operation is kr~=1.

L1
k,, =—4 (6.3)
¥ pm+pc

The flux linkage, inductance and flux weakening factor for these machines are compared
in Table 6.4. With the regulation of field excitation, all these HE machines have ideally infinite

flux weakening region since the flux weakening factor can be larger than 1.

Moreover, the torque and power-speed envelopes under the peak current and DC bus
voltage are calculated with the flux linkage method [QI09] as shown in Fig. 6.8. In the constant
torque region, the average torque of IPMM is the highest as illustrated in section 6.3.1.

However, the output power of the IPMM is reduced at flux-weakening region due to high

195



salient ratio [SO094]. The base speed of the VFRM is the highest due to the smallest back-
EMF shown in Fig. 6.4. At the flux-weakening region, the output torques/powers of the VFRM,
FTHEM, PFHEM and CPHEM are all higher than that of the Prius IPMM as the result of
additional field regulation. Meanwhile, the CPHEM exhibits the highest output torque/power

at the constant power region, which is beneficial for the high speed operation.

Table 6.4 Flux linkage, inductance and flux weakening factor

IPMM VFRM FTHEM PFHEM DSHEM CPHEM

WPM-DC N/A -27.8mWb  -0.034Wb  -92mWb  6.lmWb  48.8mWb
wPM 122.3mWb N/A N/A 14.8mWb  33.9mWb 109.5mWb

WPM+DC N/A 27.8mWb  0.034Wb  41.9mWb 52.6mWb  80.8mWb
La 1.54Mh 0.56Mh 0.78Mh 0.71Mh 1.2Mh 0.88Mh
ki 3.0 >4.8 >2.7 >4.0 5.4~46.4 1.9~4.3

When the machine is operating above the base speed, the back-EMF can be significantly
higher than the DC bus voltage. If the flux weakening control signals are removed occasionally,
the winding with high back-EMF can be dangerous and may destroy the power devices, which
is denoted as uncontrolled generator fault (UCGF) [JAH99]. The UCGF should be considered
carefully for the machines equipped for EV/HEV, since the maximum speed is generally
several times of the base speed. The amplitude of line-line back-EMF fundamentals with DC
excitation of these machines at maximum operation speed are illustrated in Fig. 6.9. The back-
EMF of [IPMM cannot be controlled with UCGF, and the line-line back-EMF is higher than the
DC bus voltage, which is potentially dangerous. However, the back-EMF of the HEMs can still
be regulated by the DC excitation under the UCGF. With the regulation of DC excitation, the
line-line back-EMFs of the VFRM, FTHEM, PFHEM and DSHEM can be smaller than the DC
bus voltage and the generation fault can be eliminated. Although the CPHEM exhibits higher
EMF than the DC bus voltage with the regulation of DC excitation, the voltage can still be
reduced with negative DC excitation and fault tolerance is enhanced. Therefore, the system
reliability and fault tolerant capability at high speed operation are enhanced for the HEMs and
VFRM with the utilization of field excitation.
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operation speed of 13500rpm.
6.3.3 Efficiency Evaluation with Driving Cycle

The efficiency maps considering winding copper loss, core iron loss, magnet loss and
mechanical loss of these machines under the same DC bus voltage and peak current are
compared in Fig. 6.10. The winding copper loss is obtained from the winding current and
resistance listed in Table 6.2. The core iron loss is synthesized from the hysteresis loss and
eddy current loss. Since the conductive NdFeB magnet is employed, eddy current is allowed
in the magnet and the magnet loss is obtained from the eddy current and conductivity. The
mechanical loss is determined from the rotating speed according to (6.4), where Q. is rotating

speed, km1 and kn2 are coefficients.

p, =k, Q +k Q° (6.4)

Although the torque and power-speed envelopes for HEMs and VFRM are extended at high
speed operation, the overall efficiency is lower than the IPMM. This can be accounted for the
salient structure in the HEMs and VFRM, and more abundant harmonics in the magnetic field.
The maximum efficiency for IPMM is 96%, whereas that for the VFRM is only 88%. The
maximum efficiencies of the HEMs are between the IPMM and VFRM, and the introduction
of PMs for the HEM is still beneficial for efficiency improvement compared with the VFRM.
The CPHEM exhibits the highest efficiency among the HEMs and the maximum efficiency is
94%. It can be identified that although the output torque of the CPHEM at high speed operation
is improved than the IPMM with the utilization of field excitation, the efficiency is still limited

due to the additional field winding copper loss.
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To further evaluate the machine efficiency considering onboard operating range, the
vehicle machine operating speed at different time for the New European Drive Cycle (NEDC)
is shown at Fig. 6.11. By utilizing the ADVISOR (Advanced Vehicle Simulator) and Toyota
Prius vehicle parameters in [KAMO06], the IPMM operation points over NEDC is obtained in
Fig. 6.12. It can be observed that the machine is mainly operating under low-speed low-torque

region for the NEDC.
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Fig. 6.11. New European Drive Cycle (NEDC).
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Fig. 6.12. Drive train operation point under NEDC within the Prius [IPMM torque-speed

envelope.

By replacing the IPMM with VFRM and HEMs and supposing the vehicle parameters are
constant, the corresponding operating points and machine efficiency with different machines
can be evaluated. The vehicle machine average efficiency under NEDC with alternative

machines are compared in Fig. 6.13. All the HEMs and VFRM can satisfy the operation points
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in Fig. 6.12, except the DSHEM since the flux-weakening performance of DSHEM is relatively
poor as shown in Fig. 6.10. The IPMM exhibits the highest average efficiency, whereas the
VFRM possesses the lowest efficiency due to absence of PM. Among the HEMs, the CPHEM
has the highest average efficiency and is slightly lower than that of IPMM.
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o
R
1

40% A
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——————

O% T T T T T
IPMM VFRM FTHEM PFHEM DSHEM CPHEM

Fig. 6.13. Vehicle machine efficiency under NEDC drive cycle.

To demonstrate the main loss consumption, the machine average losses under NEDC
operation are compared in Fig. 6.14. It can be observed that additional field winding loss is
introduced in the VFRM and HEMs with the utilization of DC coils. Besides, since doubly
salient structure and non-overlapping winding are employed in the HEMs and VFRM, the core
hysteresis loss and eddy current loss are increased significantly as the result of more abundant
magnetic field harmonics. Moreover, these HEMs have larger PM loss compared with the
IPMM due to the abundant field harmonics. Therefore, although the flux weakening
performance of the HEM is enhanced compared with IPMM, the operating efficiency is

reduced.
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Fig. 6.14. Vehicle motor average loss under NEDC.

6.4 Summary

This chapter compared the electromagnetic performances between the VFRM, FTHEM,
PFHEM, DSHEM and CPHEM with IPMM for potential EV/HEV applications. The HEMs
are optimized within the same frame and thermal condition of the commercialized Toyota Prius

2010 IPMM to gain a fair comparison.

It is revealed that the HEMs possess controllable back-EMF and output torque with the
introduction of field winding, albeit with sacrificed torque density. Moreover, the output
torques and powers of the FTHEM and CPHEM at flux weakening region can be higher
compared with IPMM due to more flexible flux regulation of DC excitation as well as armature
current. Nevertheless, the DC field winding copper loss is introduced and the doubly salient
structure with non-overlapping winding results in larger stator and rotor iron losses. Therefore,

the overall operating efficiency of the HEMs within the driving cycle is reduced compared with

the [IPMM.
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Chapter 7

General Conclusion and Future Work

The main research topics of this thesis are focused on investigation of novel hybrid excited
(HE) machines and evaluation of the corresponding electromagnetic performance. Three novel
HE machines have been proposed and investigated in chapters 2, 3, and 4. Various rotor
configurations have been extended in chapter 5 based on the proposed machine in chapter 4.
Furthermore, the proposed HE machines are compared with the interior PM machine (IPMM)
and a fault tolerant HE machine (FTHEM) in chapter 6. This chapter summarizes the
investigations in the whole thesis, regarding the proposed machine topologies, main features
and performance comparisons. Based on the research work in this thesis, the future work for

further investigation is also presented.
7.1 Proposed Machine Topologies

The proposed machine topologies in this thesis are summarized in Fig. 7.1. In chapter 2, a
novel parallel flux HE machine (PFHEM) is proposed, as shown in Fig. 7.1 (a). Then, the
doubly salient HE machine (DSHEM) proposed in chapter 3 is shown in Fig. 7.1 (b).
Furthermore, the novel Inset-PM consequent pole rotor HE machine (Inset-PM CPHEM),
proposed in chapter 4, is illustrated in Fig. 7.1 (¢). In chapter 5, various IPM consequent pole

rotor HE machines (IPM CPHEM) are extended, and one basic topology is shown in Fig. 7.1
(d).

Based on the machine topologies illustration in Fig. 7.1, the configurations of these
proposed HE machines are summarized in Table 7.1. All proposed HE machines possess
stationary field winding (FW) with elimination of brushes and slip rings. The field and armature
windings are compact with non-overlapped wound around the stator teeth. In the proposed
PFHEM and DSHEM in chapters 2 and 3, the PMs are located in the stator yoke and the rotor
is salient as the switched reluctance machine (SRM). In the proposed CPHEMs in chapters 4
and 5, the PMs are allocated in the rotor and the stator is entire laminated core. Since the field
and armature windings are in the same stator slots of the PFHEM and CPHEMs, integrated
field and armature winding with open-winding drive circuit can be employed to eliminate the

field coils.
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(c) Inset-PM CPHEM, Chapter 4 (d) IPM CPHEM, Chapter 5
Fig. 7.1. Configurations of the proposed HE machines in this thesis (Red and blue arrow

components indicate PMs, brown and green lines indicate field and armature windings).

Table 7.1 Proposed machine topologies in this thesis

PFHEM DSHEM Inset-PM CPHEM  IPM CPHEM
Chapter 2 Chapter 3 Chapter 4 Chapter 5
PM location  Stator yoke Stator yoke Rotor surface Rotor inside
FW location Stator
Brushes and
o No
slip rings
Winding e
i Non-overlapped field and armature windings
configuration
Three-teeth and
[1-shape .
Stator core one-tooth segments Entire stator core
segment .
alternatively
i Consequent-pole Consequent-
Rotor core Salient rotor as SRM
Inset-PM rotor pole IPM rotor
Integrated
field/armature Yes No Yes Yes
windings

204



7.2 Main Features

According to the discussion of the proposed HE machines in each chapter, the main features

of these proposed machines are summarized in Table 7.2.

The PFHEM presented in chapter 2 is developed from the biased flux HE machine by
separating the PM and WF flux paths. Since the PM and WF excitations are in parallel, the flux
regulation capability is enhanced. Different stator and rotor pole combinations are investigated
to eliminate the even order harmonics in the back-EMF. It is revealed that the proposed HE
machine exhibits higher torque density at flux-enhancing operation, meanwhile with reduced
PM usage than the counterpart. Due to low PM excited open-circuit back-EMF, the proposed

machine possesses high fault tolerance for high speed uncontrolled generator fault.

The DSHEM discussed in chapter 3 is developed from the doubly salient PM machine by
introducing field winding. It inherits the non-overlapped winding configuration and compact
structure can be achieved. By properly selecting the stator and rotor pole numbers, the
distribution factor of 1 can be obtained for potentially high torque density. Besides, a trade-off
of the iron bridge design should be determined for hybridization between PM and WF

excitations.

In chapters 4 and 5, the CPHEMs with Inset-PM and various IPM rotor configurations are
presented. The abundant spatial harmonics in the MMF of non-overlapped winding are utilized
to react with the field excitation through magnetic modulation effect. It is demonstrated that
the CPHEMs exhibit comparable torque density with the surface mounted PM (SPM) machine,
whereas the operation region is extended with field regulation. Nevertheless, the overload
capability is sacrificed due to the consequent pole rotor structure. By utilizing flux-
concentrating effect in the VIPM and UIPM rotors, the torque density of the HE machine can
be enhanced, albeit with more severe magnetic saturation and limited flux regulation capability.
Furthermore, the copper loss can be reduced and the operation efficiency can be enhanced with

the open-winding drive circuit to eliminate the field winding.

205



Table 7.2 Main features of proposed machines in this thesis

Proposed HEM Main Features

e Developed from the biased flux HE machine
e Parallel flux paths of PM and WF excitations
e Enhanced flux regulation capability with the original counterpart
PFHEM e Proper stator and rotor pole combination to eliminate the even
Chapter 2 order harmonics in the flux linkage and back-EMF
e Higher torque density at flux-enhancing operation, with reduced
PM consumption than the counterpart

e High fault tolerance for high speed uncontrolled generator fault

e Developed from the doubly salient PM machine

e Inherited the non-overlapped winding and compact structure
DSHEM e Distribution factor of 1 for proper stator and rotor pole
Chapter 3 combination

e [ron bridge thickness trade-off design for the hybridization of PM

and FW excitations

e Abundant harmonics in the MMF of non-overlapped armature
winding utilization with FW excitation
Inset-PM CPHEM e Comparable torque density with the SPM machine at rated
Chapter 4 excitation
e Extended operation region compared with the pure PM machine

e Sacrificed overload capability due to consequent-pole rotor

e Abundant harmonics in the MMF of non-overlapped armature
winding utilization with FW excitation

e Utilization of flux-concentrating effect with VIPM and UIPM
IPM CPHEM

rotors to enhance the output capability
Chapter 5

e Over-saturation effect caused by flux-concentrating effect

e Improved efficiency with open-winding technique to eliminate
FW

7.3 Performance Comparison

To demonstrate the feasibility of these HE machines for variable operation in EV/HEV,
these developed HE machines are optimized and compared with the pure PM excitation (IPMM)
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and the existing FTHEM. Since the Inset-PM CPHEM possesses rotor surface PM and is not
suitable for high speed operation, the VIPM CPHEM is selected for optimization and
comparison. According to the investigation in chapter 6, the comparison of the electromagnetic
performances is summarized from the perspective of torque density, power density, flux
regulation capability, efficiency, and fault tolerance at high speed operation. Table 7.3 shows
the performance comparison under the same optimization constraint of Toyota Prius 2010, and
the comparison results are summarized in Fig. 7.2. The IPMM exhibits superior torque density
and average efficiency under drive cycle, with sacrificed fault tolerance for high speed
operation. The FTHEM and PFHEM possess wide flux regulation range, and high fault tolerant
capability. Nevertheless, the torque density and operation efficiency are not comparable with
the pure PM machine. The CPHEM exhibits slightly sacrificed torque density and efficiency
than the IPMM, whereas the flux regulation ratio is also lower than the other HE machines.
The DSHEM possesses the lowest torque and power density over the other machines, and it

cannot satisfy the NEDC drive cycle operation points.

Table 7.3 Performance comparison under the same optimization constraint of Toyota Prius
2010

PFHEM DSHEM  CPHEM
IPMM  FTHEM
Chapter 2 Chapter 3 Chapter 5

Average torque
2193Nm 178.7Nm  115.8Nm 85.2Nm  202.2Nm

(Constant torque region)

Maximum power 67.1kW  69.8kW  52.7kW 11.9kW 82.5kW

Back-EMF regulation ratio
N/A -49.7% -45.1% -98.8% -63.2%

(Negative FW excitation)

Back-EMF regulation ratio
N/A +555.2%  +131.2% +60.8% +2.1%

(Positive FW excitation)

Average efficiency

(Under DEDC drive cycle)

87.0% 74.0% 76.1% N/A 84.0%

Minimum line-line back-EMF
1197V 136.4V 290.7V 252.5V 844 .4V

@ rotor speed of 13500rpm

DC bus voltage 650V
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Fig. 7.2. Comparison of electromagnetic characteristics of proposed HE machines with

IPMM and FTHEM.

According to the above discussion, each of the proposed HE machines has its unique
characteristics compared with the IPMM. The CPHEM has the closest torque density and
efficiency with the Toyota Prius 2010 IPMM, whereas the flux regulation capability is limited.
The PFHEM exhibits wide flux regulation ratio and high fault tolerance for high speed
operation, with sacrificed torque/power density and efficiency. Therefore, the selection of a
proper machine should be based on the operation requirements as the trade-off of different

performances.
7.4 Future Work

Following the research work in this thesis, the future work can be carried out for further

investigations.
7.4.1 Machine Optimization

The purpose of this thesis is to propose novel HE machines and evaluate the
electromagnetic performance characteristics. Therefore, the optimization goal in this thesis is
maximum torque density under flux concentrating effect. However, the machine parameters

can be quite different considering the different PM and FW excitation portions. The future
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work can be conducted for maximum efficiency during machine optimization by considering

the most frequently operation point in the driving cycle.
7.4.2 Parasitic Effect

This thesis mainly focuses on the torque density and flux regulation capability of proposed
HE machines, and the parasitic effect is not concerned. It has been demonstrated that the
cogging torque, torque ripple, iron loss, and magnet loss are significant due to doubly salient
structure. Further investigation can be focused on the suppression of the parasitic effect of the

HE machines.
7.4.3 Control Strategies with Optimal Field and Armature Current Ratio

In HE machines, the field and armature winding currents can be combined flexibly to
achieve both flux-enhancing and flux-weakening. In chapter 5, the optimal current ratio
between field and armature current is derived for maximum average torque under fixed winding
copper loss. However, this is the simplified scenario supposing the copper loss is dominant at
low speed operation. Other control strategies with optimal current ratio require to be discussed
for high speed operation, with the consideration of fixed voltage/current limit and significant

iron loss.
7.4.4 Investigation of Thermal Model

This thesis mainly focuses on the electromagnetic performance analysis of the HE
machines. Since additional field winding copper loss is produced compared with pure PM
machines, the thermal model should be established to evaluate the thermal management of the

HE machines with the consideration of more severe losses.
7.4.5 Investigation of Noise, Vibration and Harshness (NVH)

This thesis proposes and evaluates several novel HE machines. The optimization and
discussion are mainly focused on the torque density and field regulation capability. The torque
ripple and the unbalanced magnetic pull are only mentioned but not discussed in detail. The
correspondingly noise, vibration and harshness (NVH) are rather significant for smooth
operation of the machines. The future work should be conducted within the NVH analysis and

design techniques to further suppress the NVH.
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