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ABSTRACT

Direct-drive machines have drawn much attention in applications like electric
vehicles (EVs), wind power generation systems and industrial cooling fans, etc,
which usually operate at low speeds and require high torque density. Compared with
gear assist driving systems, direct-drive systems can reduce the size, simplify the
structure and operate with higher efficiency. Permanent magnet (PM) machines are
good candidates for direct-drive applications due to their inherent high torque
density and high efficiency, especially when high magnetic energy magnets are used.

In recent decades, flux-modulated machines have become very popular which
have the potential to further improve the torque density of PM machines due to the
incorporated gear effect. The air-gap permeance is artfully modulated and significant
harmonics will be induced, which can contribute to torque improvement when the
pole-pair combination is specifically chosen. Another important feature for
direct-drive machines is good flux controllability. Therefore, the machines can
achieve wide constant power speed range when worked as motors, and maintain
constant output voltage when worked as generators.

The purpose of this thesis is to give a deep investigation on the flux-controllable
flux-modulated (FCFM) machines, which can achieve both high torque density and
good flux controllability. Bi-directional flux modulating theory is proposed and its
analytical model is established. The pole-pair number (PPN) and rotating speed of

air-gap harmonics are made clear, which gives an insight of the working principle of
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FCFM machines.

Hybrid PM memory machines are firstly proposed, in which both AINiCo and
NdFeB are employed. Through apply DC current pulses, the magnetization state of
AINiICo can be flexibly changed and the air-gap flux is regulated accordingly.
NdFeB is used to ensure high output torque. When the armature windings are
designed with five phases, good fault-tolerant capability can be realized. The major
drawback is the doule air-gap structure, which is relatively complicated and difficult
to manufacture.

Based on the double air-gap structures, improved FCFM machine concepts with
single air-gap are proposed. The PMs can be employed on both the stator and the
rotor. Hybrid excitation can be achieved through two approaches, one is employing
DC field windings in the stator slots, the other is injecting DC bias current into the
armature winding, which results in DC coil free hybrid excitation. The
electromagnetic performances are firstly analyzed using finite element method

(FEM), and verified by experimental tests.



PUBLICATIONS ARISING FROM THE THESIS
Book chapter:
[1] Q. Wang and S. Niu, "New developments of electrical machines" in the book "
Advanced power engineering”, to be published by CRC Press.
Accepted Journal Papers:
[1] Q. Wang and S. Niu, "A novel DC-coil-free hybrid-excited machine with
consequent-pole PM rotor," Energies, 2018. (To appear)
[2] Q. Wang, S. Niu and L. Yang, “Design optimization of a novel scale-down
hybrid-excited dual-PM generator for direct-drive wind power application,” IEEE
Trans. Magn., vol. 54, pp. 1-4, 2018.
[3] Q. Wang and S. Niu, “Design, modeling and control of a novel hybrid excited
flux bidirectional modulated generator based wind power generation System,” IEEE
Trans. Power Electron., vol. 33, pp. 3086 - 3096, 2018.
[4] Q. Wang, S. Niu and L. Yang, “Design optimization and comparative study of
novel dual-PM excited machines,” IEEE Trans. Ind. Electron., vol. 64, pp.
9924-9933, 2017.
[5] Q. Wang, S. Niu, and X. Luo, “A novel hybrid dual-PM machine excited by AC
with DC bias for electric vehicle propulsion,” IEEE Trans. Ind. Electron., 2017, vol.
64, pp. 6908-6919, 2017.
[6] Q. Wang, S. Niu, and S. Yang, "Design optimization and comparative study of

novel magnetic-geared permanent magnet machines,” IEEE Trans.Magn., vol. 53, pp.

\4



1-4, 2017.

[7] Q. Wang and S. Niu, "A novel hybrid-excited dual-PM machine with
bi-directional flux modulation,” IEEE Trans. Energy Convers., vol. 32, pp. 424-435,
2017.

[8] Q. Wang and S. Niu, "Overview of flux-controllable machines: Electrically
excited machines, hybrid excited machines and memory machines," Renewable and
Sustainable Energy Reviews, vol. 68, pp. 475-491, 2017.

[9] S. Ho, Q. Wang, S. Niu, and W. Fu, "A novel magnetic-geared tubular linear
machine with halbach permanent-magnet arrays for tidal energy conversion," IEEE
Trans.Magn., vol. 51, pp. 1-4, 2015.

[10] Q. Wang, S. Niu, S. Ho, W. Fu, and S. Zuo, "Design and analysis of novel
magnetic flux-modulated mnemonic machines,” Electric Power Applications, IET,
vol. 9, pp. 469-477, 2015.

[11] Q. Wang and S. Niu, "Electromagnetic design and analysis of a novel
fault-tolerant flux-modulated memory machine," Energies, vol. 8, pp. 8069-8085,
2015.

Accepted Conference Papers:

[1] Q. Wang and S. Niu, "A novel hybrid-excited flux bidirectional modulated
machine for electric vehicle propulsion,” in 2016 IEEE Wehicle Power and
Propulsion Conference (VPPC), 2016, pp. 1-6.

[2] Q. Wang and S. Niu, "Design optimization and comparative analysis of

\l



dual-stator flux modulation machines," in 43th Annual Conference of the IEEE
Industrial Electronics Society (IECON 2017).

Patents:

[1] S. Niu, Q. Wang, W. Fu, "An excitation directly controlled d-q self-decoupled

wide speed range machine,” Patent No.: CN106712332 A.

VI



ACKNOWLEDGEMENTS

First of all, I would like to express my most sincere gratitude and appreciation
to my chief supervisor Dr. Shuangxia Niu, for her constant and invaluable guidance,
inspiration and encouragement throughout these four years. | must deliver my
gratitude to my co-supervisor Professor WN Fu for his genuine guidance in my
research. | have learnt a lot from his dedication, attitude and devotion to not only the
academic activities but also the way of life.

Many thanks are also given to all the students and research assistants in my
group for their support, encouragement and opinions, most notably Dr. Yanpu Zhao,
Dr. Xiu Zhang, Dr. Lin Yang, Dr. Yulong Liu, Dr. Yunchong Wang, Mr. Linghan Li,
Mr. Tiantian Sheng, Mr. Xing Zhao, Mr. Yunpeng Zhang, Miss. Yiduan Chen, Miss
Xiaoyu Liu and Miss Xu Weng.

Last but not the least, | wish to express my deepest appreciation to my family,
especially my wife Ms. Zizhou Wang and my son Yichen Wang, for their constant
understanding and encouragement as well as genuine support. Without these, this

work would have been much more difficult.



TABLE OF CONTENTS

CERTIFICATE OF ORIGINALITY oot i
ABST RA CT ettt b et re e nne e v
PUBLICATIONS ARISING FROM THE THESIS........c.coo VI
ACKNOWLEDGEMENTS ...t IX
CHAPTER 1 INTRODUCTION.....ccooiiiiiiecit et e 1
1.1 BACKGROUND ... 1

1.2 REVIEW OF FLUX-CONTROLLABLE MACHINES ..........cccccooeeei. 2
1.2.1  Electrically excited machings .........c.cccovveviiieiiene s 5

1.2.2  Hybrid excited machines............cccooveviiiiieii e 10

1.2.3  Memory MaChiNeS........ccccueieeiieiieiieie st 17

1.3 REVIEW OF FLUX-MODULATED MACHINES ............ccoiii 22
1.3.1  Magnetic-geared Machings ..........ccccoeveieiieieiiie e 23

1.3.2  Vernier PM maChiNeS.........cccooiiiiiieiieiee e 25

1.3.3 E-CVT SYSIEBMS ..eiiiiciiii ittt 27

1.4 RESEARCH OBJECTIVES ... 29

1.5 THESIS OQUTLINE ... 30

CHAPTER 2 DUAL-STATOR MAGNETIC FLUX-MODULATED

MNEMONIC MACHINES ..o 32
2.1 INTRODUCTION ..ottt 32
2.2 CONFIGURATION AND STRUCTURE .......ccccoiiiiiiiiiccc 32



2.2.1  Machine configuration ..........c.ccceeviieiieni e 32
2.2.2  MechaniCal StUCTUIE ..........coiveiriirieieesee e 35

2.3 DESIGN PRINCIPLE ..o 36
24 MAGNETIZATION TUNING THEORY ......cooiiiiiiieceieee e 40
2.5 PERFORMANCE ANALYSIS ... 43
2.5.1  No load flux distributions ... 45
2.5.2  Air-gap flux density and harmonic spectrum.............ccccceevverreennenn. 46
2.5.3  BaCK EMF ..o s 49
2.5.4  Torque CharaCteriStiCS........ccuuviiiieiiiiie i, 50

2.6 SUMMARY . 53
CHAPTER FAULT-TOLERANT FLUX-MODULATED MEMORY
MACHINE ...t sttt b e te e saeeebeesree s 54
3.1 INTRODUCTION L. 54
3.2 MACHINE CONFIGURATION......coiiiiiieieeiieee e 54
3.3 ELECTROMAGNETIC PERFORMANCE ANALYSIS.......cccccoveiin, 57
3.3. 1 Mutual CoUPIING ...veeviciiccieee e 57
3.3.2  No load flux distribDUtIONS ..........cccooviieiiiiieceee e 58
3.3.3  Air-gap fluX density .......ceooveiiiiiiie e 59
3.344  BaCK EMF ... 60
3.3.5  Demagnetization analysiS..........cccceiiieiieiiieiiie e 62
3.3.6  Torque CharaCteristiCS.........cceiiuieiieiiiieiie e 62



3.4 FAULT TOLERANT ANALYSIS ..o 63

3.4.1  One phase OPEN-CIFCUIL ........cceveeieieerieiie e 64
3.4.2  TwO phase OPEN-CIrCUIL........c.ccveiveiierieiie e 65
3.4.3  Torque comparison and field harmonics...........c.cccevvveveiieevnernee 67

3.5 SUMMARY ..o 69
CHAPTER 4 HYBRID-EXCITED DUAL PM MACHINE ..o 70
4.1 INTRODUCTION ...t 70
4.2 MACHINE CONFIGURATION ......ooiiiiieieeeeeeee e 70
4.3 WORKING PRINCIPLE ... 72
4.3.1  Flux density of Stator PMS .........ccccoveiiiiiiic e 72
4.3.2  Flux density of DC field current.........c.ccooevieveiieieece e 75
4.3.3  Flux density of rotor PMS ........ccccoooiiiiiiieie e 75
4.3.4  Flux density of armature CUrrent...........cccceevveveieece e 77
4.3.5  Slot-pole combination............cccccooviviiiiiiiiic 80

4.4 PERFORMANCE ANALYSIS .. ..o 83
441 Magnetic FIUX ......coovoiiiiiii e 84
4.4.2 Fluxlinkage and back EMF ... 88
4.4.3  Torque CharaCteristiCs ........cccvvevivieiieiie e 89
4.4.4  PM demagnetization analysis ..........ccccevveiiiiiieiie i 91

4.5 EXPERIMENTAL VERIFICATION .....coiiiiieiiiiee e 94
451  TeStDENCN .oooiii 95



4.6

452  TOrque MeasUrEMENT ........cocuieiiiieiiiee e e siee e sire e 95

453 Back EMF MEASUIEMENT ......oeeeeeeee e 96
454  EffICIENCY MAP c.ooivieiecic et 98
SUMMOARY .ottt e e 100

CHAPTER 5 APPLICATION OF HYBRID EXCITED FLUX

BIDIRECTIONAL MODULATED MACHINE IN WIND POWER

GENERATION ..ottt siee s 102
5.1 INTRODUCTION ..ottt 102
5.2 CONFIGURATION ...t 104
5.3 DESIGN OPTIMIZATION .....coiiiiiiiiee e 106

5.3.1 ITS-FEM coupled method.............cccovveiiiiiiieiicccee e 106
5.3.2  Multi-objective optimization.............cccccveveiveie i 108
5.3.3  Single-objective optimization ...........cccccccoceviiviiicceeee e 110
5.4 CONTROL STRATEGY ...ttt 111
5.4.1 Constant voltage control ...........ccccocevvveiiiiciiececcceee e 112
542  MPPT CONIOL ..ot 113
5.5 PERFORMANCE ANALYSIS ... 114
55.1  Air-gap flux density and harmonic spectrum............cccceevvevveennnenn 114
5.5.2  Flux linkage and back EMF ..........ccccooiiiiiiii e 115
5.5.3  Torque CharaCteriStiCS........ccuuvveiiieiiieiieeiie e 116
5.6 EXPERIMENTAL VERIFICATION ....cccoiiiiieeeeeee e 117



B.6. 1 TSt DENCH e 117

5.6.2  EMF Measurement.........cccovviiiiiiiiiiis s 118
5.6.3  Performances without field current...........cc.ccoceoriiiiiinincnnnen, 120
5.6.4 DC charging voltage and POWEN ..........cccccvvviereiieiiene e, 121

5.7 SUMMARY .o 123
CHAPTER 6 DC-COIL-FREE HYBRID-EXCITED MACHINES................. 124
6.1 INTRODUCGTION ..o 124
6.2 MACHINE CONFIGURATION ......oooiiiiiiiiiiieeeee e 124
6.3 CONTROL STRATEGY ..t 126
6.3.1  Generating the DC bias CUITent..........cccccveveiieveeiie i, 128
6.3.2  Flux weakening Operation...........ccccceeveevvevieseeseeiie e e e 130
6.3.3  Constant torque OPeration...........cceceiveeveerieseeseerie e 131

6.4 DESIGN CONSIDERATIONS ... 132
6.5 FINITE ELEMENT ANALYSIS ... 136
6.5.1  FIUX HINKAQGE ...oooveeieeie e 136
6.5.2  BaCK EMF ....ooiiiiieeee e 137
6.5.3  Torque CharaCteriStiCs ..........cceivveiieiiieiie e 139
6.5.4  EfFICIENCY MAPS ..ooiiieiiece et 142

6.6 EXPERIMENTAL VERIFICATION .....ooiiiiiiiieieee e 143
6.6.1  TeStDENCH ..o 144
6.6.2  EMF Measurement.........cccooiiiiiiniiiiie e 144



6.6.3  Steady state performance ..........cccocevveieiiieve e 145

6.6.4  EffICIENCY MaPS.....ciiieiiiiieiiece e 146

6.7 SUMMARY .. 147
CHAPTER 7 CONCLUSIONS AND RECOMMENDATIONS.........cccooieiene 149
7.1 CONCLUSIONS. ... 149

7.2 RECOMMENDATIONS ... 151
REFERENGQGES ... .ottt e 153

XV



LIST OF FIGURES

Figure 1.1 Equivalent circuit model. (a) d-axis equivalent circuit. (b) g-axis

BQUIVAIENT CIFCUIL. ... e 3
Figure 1.2 Classification of flux-controllable machines. ................................. 4
Figure 1.3 Configuration of DC-CPM [8]. ......ooviriiiiiiiie e 7
Figure 1.4 The structure and winding connection of 6/4 DFDSM [18]. ............... 8

Figure 1.5 Novel DFDSM excited by sinusoidal excitation with DC bias [24]. ...... 9
Figure 1.6 Configuration of the CPPM machine [26]. ............coooviiiiiiinnntn. 11
Figure 1.7 Configuration of hybrid-excited PM machine with both excitation
SOUrces 0N the rotor [29]. ...o.vinr i, 12
Figure 1.8 Configuration of series HEDSMs. (a) Primary topology [33]. (b) HEDSM
with magnetic bridges [34]. (c) HEDSM with air bridges [36]. ........................ 14
Figure 1.9 Configurations of HEFSMs [38]. (a) PM-Top. (b) PM-Bottom. (c)
PM-MIAAIE. oo e 15
Figure 1.10 Comparison of flux regulating ability among SHEFS, PHEFSM-T and
PHEFSM-E [43]. .ttt 17
Figure 1.11 Configuration of a primary APR-MM [44]. ..., 18
Figure 1.12 Configurations of hybrid excited APR-MMs. (a) Linear type. (b) Y-type.
(c) U-type. (d) V-type. (e) W-type. (f) Halbach type. ............coooiiiiiiiiin. 19
Figure 1.13 Configuration of DPR-MMs. (a) AINiCo excited [54]. (b) AINiCo and

NAFEB XCITEA [57]. v e 21

XVI



Figure 1.14 Configurations of magnetic-geared machines. (a) MG integrated PM
machine [67]. (b) SL-MGPM machine [69]. ..o, 24
Figure 1.15 Configurations of linear magnetic-geared machines. (a) TLMG
integrated PM machine [70]. (b) SS-TLMG machine [71]. .............ccoooviininnan. 25
Figure 1.16 Configuration of the original vernier PM machine [73]. ................. 26
Figure 1.17 Configuration of vernier PM machine with high power factor [74]. ...27
Figure 1.18 Configuration of the DFDR-PM machine based E-CVT [75]. (a) E-CVT
system. (b) DFDR-PM machine. .............ooiiiiiii e, 28

Figure 2.1 Configurations of the proposed machines. (a) DPM-MFMM machine. (b)

SPM-MFMM MacChine. .......cooiiii e 34
Figure 2.2 Mechanical structures of the proposed machines. .......................... 35
Figure 2.3 Winding connections of the proposed machines. ........................... 36

Figure 2.4 Linear hysteresis model of aluminum-nickel-cobalt (AINiCo) [64]. .....41
Figure 2.5 H-bridge converter topology for DC current control. ...................... 44
Figure 2.6 No load magnetic field distributions of the DPM-MFMM machine at

different magnetization levels. (a) Full level. (b) Half level. (c) Weak

Figure 2.7 No load magnetic field distributions of the SPM-MFMM machine at
different magnetization levels. (a) Full level. (b) Half level. (c) Weak level. .........46
Figure 2.8 No load air-gap flux density and harmonic spectrum in the outer air-gap.

(a) DPM-MFMM machine. (b) SPM-MFMM machine. ..................cooiiiinn. 48

XVII



Figure 2.9 No load air-gap flux density and harmonic spectrum in the inner air-gap.
(a) DPM-MFMM machine. (b) SPM-MFMM machine. ..................c.ocooiinin. 49
Figure 2.10 Back EMF waveforms at different magnetization levels. (a)
DPM-MFMM machine. (b) SPM-MFMM machine. ..................coooiiin, 50
Figure 2.11 Torque-angle characteristics at different magnetization levels. (a)
DPM-MFMM machine. (b) SPM-MFMM machine. .................cocooiiiiin.. 51

Figure 2.12 Torque versus time waveforms at different magnetization levels. (a)

DPM-MFMM machine. (b) SPM-MFMM machine. .................cooooiiiiin.. 52
Figure 2.13 Torque versus speed Waveforms. ............c.oooiiiiiiiiiiiinieee, 52
Figure 3.1 Configuration of the proposed FTFM machine. ............................ 55
Figure 3.2 External circuit of DC WINdings. .........oviiiiiiiiiiiiiiiiiiieeennn 57
Figure 3.3 Mutual current waveforms of the DC windings. ...................c..... 58

Figure 3.4 No-load magnetic field distributions of the FTFM machine at different
magnetization levels. (a) Full level. (b) Half level. (c) Weak level. .................... 59
Figure 3.5 Air-gap flux density distributions under different magnetizing level. (a)
Inner air-gap. (b) OULEr @IMr-gap. ......vueerieiie ettt e eaes 60
Figure 3.6 Back EMF of the proposed machine. (a) Five-phase back EMF. (b) Back
EMF of Phase A with flux control. (c) Transient back EMF of Phase A. ............. 61
Figure 3.7 Flux line distribution. ..............ooiiiiii e 62
Figure 3.8 Torque characteristic of the proposed machine. (a) Torque-angle

waveforms. (b) Torque-time waveforms. ..o, 63

XVIII



Figure 3.9 Output torque and armature current waveforms under one-phase
OPEN-CIFCUIt CONAITION. ... . e, 65
Figure 3.10 Output torque and armature current waveforms under two-phase
OPEN-CIFCUIt CONAITION. ... .o e, 66
Figure 3.11 Torque characteristic of the FTFM machine at normal condition and
fault conditions. (a) Torque-angle waveforms. (b) Maximum torque-time
WaAVET OIS, L. 67
Figure 3.12 Field harmonics excited only by armature windings when working at
normal condition and fault conditions. (a) Inner air-gap. (b) Outer air-gap. .......... 68
Figure 4.1 Configuration and winding connection of the proposed machine. (a)

Configuration. (b) Armature winding connection. (¢) DC field winding

070 010 T=To% o] 71
Figure 4.2 Air-gap MMF produced by rotor PMS. ..........cooiiiiiiiiiiiiiiie, 73
Figure 4.3 Air-gap permeance model of stator. ...............cooeiiiiiiiiiiiiins. 73
Figure 4.4 Air-gap MMF produced by rotor PMS. .........coiiiiiiiiiiiene, 76
Figure 4.5 Air-gap permeance model of stator. ...............cooeiiiiiiiiiiiiin.n. 76

Figure 4.6 Air-gap MMF produced by armature current of the proposed machine..78
Figure 4.7 Machine configurations with different pole/slot combinations. (a) 5/6/11.
(b) 7/6/13. (c) 10/12/22. (d) 14/12/26. .....oeoeeieeiiiee e 82
Figure 4.8 Flux distributions. (a) l«=3A, l==0A_ (h)le=0A le=0A_ (C)le=-3A le=0A (d)

lae=0A o A e e 85

XIX



Figure 4.9 Air-gap flux density distributions and harmonic spectrums. (a) Flux
density distributions. (b) Harmonics. .............ccoooiiiiiii 86

Figure 4.10 Air-gap flux density distributions and harmonic spectrums. (a) Stator

PM field. (b) Rotor PM field. ... ..o 88
Figure 4.11 Flux linkage and harmonics. (a) Flux linkage. (b) Harmonics. .......... 89
Figure 4.12 Back EMF when the machine runs at 800rpm. ...................ooeel. 89

Figure 4.13 Stationary torque. (a) Stator PMs and rotor PMs are magnetized in the
same direction. (b) Stator PMs and rotor PMs are magnetized in opposite
(01T 2= ol 1o TP 90
Figure 4.14 Torque characteristics. (a) Torque-angle waveforms. (b) Steady state
L0 (011 91
Figure 4.15 Flux density distributions. (a) le=4A_ (D) le=10A ... ... ............ 92

Figure 4.16 Minimun PM flux density with different armature currents and DC

currents. (a) Influence of armature current. (b) Influence of DC current. ............. 93
Figure 4.17 Prototype of the proposed HEDPM machine and test bench. ............ 94
Figure 4.18 Torque angle waveform. ...........c..cooiiiiiiiiiiiii e 95

Figure 4.19 Steady state electromagnetic torque and Cogging torque. (a) Steady
electromagnetic torque. (b) Cogging torque. .........covviriiiriii i, 96
Figure 4.20 Back EMF with and without flux weakening. (a) EMF waveforms. (b)
HAMMONICS. .o e 97

Figure 4.21 Efficiency map. (a) l¢ flux control. (b) DC flux control. ............... 99

XX



Figure 4.22 Power-speed and DC field current. ..............oooiiiiiiiiiiiiiii, 99
Figure 5.1 Global wind power Capacity........ c..ooooiieiriiiniiiiiiiiieeeee, 102
Figure 5.2 Configuration of the HE-FBMG based WPGS. (a) HE-FBMG based
WPGS. (b) Structure of the proposed HE-FBMG. ..............ccoooiiiiiiiiiiiin.. 105
Figure 5.3 Flowchart of the ITS-FEM coupled method. ......................ooei. 106
Figure 5.4 The relationship between the torque ripple ratio and average torque. ..109
Figure 5.5 The relationship between the efficiency and average torque. ............ 109
Figure 5.6 Average output torque at different iterative number. ...................... 110
Figure 5.7 Constant voltage control of the proposed HE-FBMG based WPGS. ...112
Figure 5.8 MPPT control of the proposed HE-FBMG based WPGS. ............... 113

Figure 5.9 Open-circuit air-gap flux density distributions and harmonics. (a) Flux

density distributions. () Harmonics. ............cooooiiiiiiii e 115
Figure 5.10 Open-circuit flux linkage waveforms. ..., 116
Figure 5.11 No load back EMF waveforms. .............coooviiiiiiiiiiiiiiieen, 116
Figure 5.12 Stationary torque waveforms. ..............coooiiiiiiiiiiiiie 117
Figure 5.13 Torque-current Waveforms. ............oooeiiiiiiiiiiiiiiee e 117
Figure 5.14 Test bench of the proposed HE-FBMG based WPGS. .................. 118

Figure 5.15 Measured EMF waveforms when applied with different field currents. (a)
1 =10A, (D) 1=5A. (C) 1r=-10A. . . i, 119
Figure 5.16 Comparison of EMF waveforms. ............c.cooeiiiiiiiiiinnnenne. 120

Figure 5.17 Torque, speed and phase current when the load resistance is 20

XXI



Y 121
Figure 5.18 Generator torque at different load resistances. ........................... 121
Figure 5.19 Torque, speed, DC voltage and DC current when load resistance is 35
Y e 121
Figure 5.20 DC charging voltage and output DC power when the generator speed
varies. (a) DC charging voltage. (b) Output DC pOWer. ..........ccooevevieniininnnn.. 122
Figure 6.1 Configurations of the proposed DCF-HEMs. (a) DPM. (b) RPM. (c)
S M. 125
Figure 6.2 Control block diagram of the proposed machine. ......................... 128
Figure 6.3 PWM scheme with/without DC bias. (a) Conventional sinusoidal wave.

(b) Sinusoidal wave with positive DC bias. (c) Sinusoidal wave with negative DC

IS, e 129
Figure 6.4 Flow chart of the design process. ...........ccooiviiiiiiiiiiiiiiiien 133
Figure 6.5 Effect of geometric parameters on torque. .............ccceoevviivneninnnn.. 134
Figure 6.6 Flux linkage waveforms. (a) DPM. (b) RPM. (¢) SPM. .................. 137
Figure 6.7 Flux linkage variation. ..............cccoooiiiiiiiiiii e, 137
Figure 6.8 Back-EMF waveforms. (a) DPM. (b) RPM. (c) SPM. .................... 139
Figure 6.9 The ratio of flux weakening. ..., 139
Figure 6.10 Stationary torque waveforms. ..............cooiiiiiiiiiiiiiiie, 140
Figure 6.11 Steady torque Waveforms. ............coiiiiiiiiiiiii e 140
Figure 6.12 Flow chart of the calculation process of torque-speed curve. .......... 140

XXII



Figure 6.13 Torque versus speed Waveforms. ...........ccoovviieiiiiiiininiiiianennnn. 141

Figure 6.14 Efficiency maps. (a) DPM. (b) RPM. (C) SPM. ...........coiiiininin 143
Figure 6.15 Test bench of the DPM. ... ... 144
Figure 6.16 Back EMF waveforms of sub-phase one. ................cocooviiiintn. 145
Figure 6.17 Back EMF waveforms of sub-phase AL. ..ot 145
Figure 6.18 Steady state torque, speed and phase currents. ........................... 146
Figure 6.19 Torque values when applied with different DC bias currents. ......... 146

Figure 6.20 Efficiency maps. (a) External DC field current control. (b) DC bias

CUITENE CONETOL. e e e 147

XX



LIST OF TABLES

Table 1.1 Comparison between APR-MMs and DPR-MMS. ..................oceeee 22
Table 2.1 Design SPecifiCations. ...........ccouiiiiiiii e 40
Table 2.2 Electromagnetic Performances.............ooovviiiiiiiiiiiii e, 53
Table 3.1 Design parameters of FTFM machine. ...............ocooiiiiiiiiiiinnn.. 56
Table 3.2 Electromagnetic Performances.............coooviiiiiiiiiiiiie e, 69
Table 4.1 Magnetic field harmonics excited by the stator PMs......................... 75
Table 4.2 Magnetic field harmonics excited by the rotor PMs.......................... 77
Table 4.3 Magnetic field harmonics excited by the armature current.................. 80
Table 4.4 Performance COMPariSON. .........ouiniiniitiete et 83
Table 4.5 Design Parameters. .......ou ettt e 84
Table 4.6 Comparison of torque capability................coooiiiiiiiiiii 91
Table 4.7 Machine specifications.............cooiiiiiiiiii e 100
Table 5.1 Optimized variables. ..o, 108
Table 5.2 Design Parameters. .......vine i 111
Table 5.3 Electromagnetic performances............ccoovviiiiiiiiiiiiieeeea 123
Table 6.1 Design Parameters. ... ...c.iueini it 135
Table 6.2 Electromagnetic performances............c.ooovviiiiiiiiiiiiiieieeeeea 143

XXIV



CHAPTER 1 INTRODUCTION
1.1 BACKGROUND

Electrical machines are devices used to achieve electromechanical energy
conversion, which play an important role in modern industries and have a broad
power range from mWs to MWs. In recent years, with the ever increasing concerns
on energy crisis and environmental pollution, electrical machines are becoming
especially popular in clean energy systems, such as electric vehicles (EVs)/hybrid
electric vehicles (HEVS), wind power generation system and tidal energy conversion
system. Since electrical machines can greatly benefit the industrial intelligence, and
electrical energy is renewable with zero emission, it is foreseeable that the utilization
of electrical machines will continue to increase.

One of the important branches of electrical machines is the low-speed
large-torque machines, which generally used in direct-drive applications. Technical
requirements of such machines include:

a) Large torque density to realize direct drive;

b) Good flux controllability to achieve wide constant power speed range;

¢) High efficiency over a wide operating range;

d) High reliability and mechanical robustness;

e) Acceptable material cost and manufacturing cost.

Permanent magnet (PM) machines can achieve high torque density and high

efficiency especially when high magnetic energy magnets are used. Since the



appearance of co-axial magnetic gear, flux-modulated PM machines have been
widely studied and considered as promising candidates for direct-drive applications
due to the incorporated gear effect. Compared with traditional surface/interior PM
machines, flux-modulated PM machines can further increase the torque capability.
When the flux-modulated PM machines are designed with hybrid excitations, good
flux controllability can be achieved and the machines can maintain constant power
operation over a wide speed range when work as motor, and output constant voltage
when work as generator, which can reduce the impact to the power electronic
converter. Therefore, the research work in this thesis is to investigate
flux-controllable flux-modulated (FCFM) machines, from the principle, novel
machine concepts to performance analysis and applications.
1.2 REVIEW OF FLUX-CONTROLLABLE MACHINES

According to the types of excitation sources and flux controlling methods, the
flux-controllable machines can be divided into three categories, namely, electrically
excited machines (EEMs), hybrid excited machines (HEMs) and memory machines
(MMs). EEMs are only excited by field windings, continuous excitation currents are
needed during the whole operating range, the flux regulating is achieved by directly
controlling the excitation currents. HEMs are excited by both the field windings and
PMs with high coercivity, continuous excitation currents are needed during flux
regulating. MMs are excited by PMs with low coercivity and nonlinear hysteresis

loops, the flux regulating can be achieved by applying current pulses. The equivalent



circuit model of EEMs, HEMs and MMs in d-q frame is shown in Fig. 1.1.

O

EEMs HEMs MMs

Figure 1.1 Equivalent circuit model. (a) d-axis equivalent circuit. (b) g-axis

equivalent circuit.

where iqq, Udq, Lag are the d-g axis current, voltage and inductance, respectively.

lcand ke are the excitation current and mutual inductance between excitation coil

and armature coil, respectively. ¥ fis the total excitation flux linkage and ., is

PM flux linkage. @and Rs refer to rotor speed and phase resistance of armature
coil. The back EMF vector can be obtained by differentiate the flux linkage vector:

sin(6)
éZ—MZG)Wf sin(6—27/3) (1.1)
dt .
sin(6+27/3)

One can find that the excitation flux can act as a regulator for the back EMF.



 Flux-controllable |
| _machines |
4 N\ I
EEMs HEMs MMs
(FWs) (FWs+PMs with (PMs with low
\__high coercivity) ) coercivity)
~| A e
WRSMs RPM-SFW-HEMs APR-MMs
—  (FWswound on the — (PMs on the rotor, — (PMs on the rotor,
L rotor teeth) )l FWs on the stator) ) L AC pulse regulated) )
. ~| A e
DC-CPMs RPM-RFW-HEMs DPR-MMs
| (FWs circumferentially ||| (BothPMsandFWs — (PMs on the stator,
__ locatedontherotor) J| |\ ontherotor) L DC pulse regulated) J
e R
( N\
SPM-SFW-HEMs
a DC-VRMs —| (Both PMs and FWs
L (FWs on the stator) ) on the stator)

Figure 1.2 Classification of flux-controllable machines.

Based on the location of excitation sources, each group can be further classified
into several subgroups. EEMs can be divided into wound rotor synchronous
machines (WRSMs)with the field windings wound on the rotor teeth, DC excited
claw-pole machines (DC-CPMs)with field windings circumferentially located on
claw-pole rotor, and DC excited variable reluctance machines (DC-VRMs) with the
field windings on the stator. HEMs can also be divided into three subgroups, which
are the rotor-PM stator-field-winding HEMs (RPM-SFW-HEMSs) which have the
PMs located on the rotor while the field windings located on the stator, the rotor-PM
rotor-field-winding HEMs (RPM-RFW-HEMSs) which have both PMs and field
windings on the rotor, and the stator-PM stator-field-winding HEMs
(SPM-SFW-HEMs) which have both PMs and field windings on the stator. MMs can
be divided into the AC pulse regulated MMs (APR-MMs) in which the PMs are

located on the rotor and the magnetizing/demagnetizing is achieved by applying AC
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current pulse, and DC pulse regulated MMs (DPR-MMs) in which the PMs are
located on the stator and the magnetizing/demagnetizing is realized by applying DC
current pulse. The detailed classification of flux-controllable machines is shown in
Fig. 1.2.
1.2.1 Electrically excited machines

Although PM machines usually have high torque density and high efficiency,
they are not always preferable choices especially when wide constant power speed
range (CPSR) are needed due to their fixed PM excitations. Other drawbacks such as
weak mechanical strength and low heat resistance of PM materials also limit the
usage of PM machines. EEMs can well solve the aforementioned problems. The
air-gap flux can be regulated readily by adjusting the excitation current, and hence
guarantee wide CPSR. Moreover, since the rare-earth magnets are only owned by a
small part of countries and sale at a high price, EEMs are becoming increasingly
attractive and show good potential in certain applications.
1.2.1.1 Wound rotor synchronous machines

Traditional WRSMs have been used in applications like EV propulsion [1, 2]for
many decades. Despite the price advantage over PM machines, WRSMs can achieve
wider CPSR due to their flexible flux controllability by simply adjusting the
excitation current. A WRSM s proposed for EV traction which owns high overload
capability at low speed and wide speed range at constant power[3].

One of the main drawbacks of traditional WRSMs is their bad thermal



conditions. The temperature distributions in both WRSMs and PM machines are
calculated and compared using the same cooling condition in[4]. The results show
that WRSMs have higher winding temperatures than PM machines, especially the
field winding temperature. This is because the field windings of WRSMs will
produce continuous excitation loss, and rotor cooling is more difficult than stator
cooling. Hence in real applications, WRSMs are more likely to compromise the
torque density to meet the thermal constrains. Other comparisons between WRSMs
and PM machines are reported in[5, 6].To provide sufficient flux intensity, the
WRSMs should also employ enough field windings on the rotor. A spoke type of
winding is proposed to maximize the copper area [1], which results in a considerable
higher rotor copper loss than the stator copper loss and reduced efficiency. In[7],
various operational envelops and efficiency maps of a WRS machine are calculated
and analyzed. It shows that the copper and iron losses in the high-speed region are
much higher than the losses at low speed.

Besides the high copper loss, reduced efficiency and difficult rotor cooling, the
WRSMs also require slip rings or brushes as the excitation coils are located on the
rotor, which will further reduce the machine efficiency and stability. Therefore,
moving field excitation to the stator where cooling can be more effective, and the use
of slip rings can be eliminated, is a more reasonable design choice.
1.2.1.2 DC excited claw-pole machines

The claw-pole machines are widely used as generators in vehicles. Generally,



DC excited claw-pole machines (DC-CPM) have three parts, the claw-pole rotor, the
field coil and the stator, as shown in Fig. 1.3. The magnetic flux produced by the
field coils will pass through the rotor yoke, rotor claw-pole, the air-gap between the
rotor and stator, the stator, then back to the air-gap between the rotor and stator, the
adjacent rotor claw-pole and close at the rotor yoke. The prominent merits of
DC-CPM are the low cost and easy manufacture since the claw-pole rotors are made
by mold, which have great advantage over the laminated structure when produced in
large scale. However, since the pole shape is not symmetrical along rotor axis, 3-D
flux distribution is produced in the machine which requires 3-D magnetic field
analysis [8, 9]. FEMs are more effective due to the special shape of claws, high

saturation and the effects of flux leakage.

Rotor pole ——8¥ —

\

Field coil

Stator

Figure 1.3 Configuration of DC-CPM [8].
Different magnetic materials are investigated to improve the performances of
DC-CPMs [10-12]. The results show that using novel soft magnetic composite (SMC)
materials like AFK502 which are more effective in terms of magnetic loss,

permeability and magnetic saturation can reduce the machine dimensions and



improve the power density. As the excitation coils are circumferentially located on
the rotor in DC-CPMs, brushes or slip rings are inevitably needed. The excitation
current is also limited due to the magnetic saturation, which reduces the torque
density of DC-CPMs. Therefore, claw-pole machines with PM excitations and
hybrid excitations when field adjustment is needed are widely investigated [13-17],
which will be further discussed in HEMs.
1.2.1.3 DC excited variable reluctance machines

DC-VRM is a novel machine concept which moves the excitation coils to the
stator. A robust rotor structure similar to that of switched reluctance machine (SRM)
is applicable for DC-VRM. Slip rings are not needed and the cooling efficiency is
improved as the excitation coils are employed on the stator. The same as other EEMs,
DC-VRMs can online adjust the air-gap flux simply by controlling the DC excitation

currents.

Figure 1.4 The structure and winding connection of 6/4 DFDSM [18].
Fig. 1.4 shows one typical DC-VRM configuration with 6/4 stator/rotor poles,

which was first proposed in[18] and also referred as doubly fed doubly salient
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machine (DFDSM) in the later research [19-23].The original intension of this
DFDSM is to deal with the current commutation and energy circulation problems of
SRM[18].Compared with SRMs, the output power of this DFDSM can increase 11
percent in the constant torque operation region and increase from 14 percent to 20
percent in the constant power operating region without a marked reduction in the
efficiency. The CPSR can also be significantly extended by simply tuning the field

current[22].

Armature DC Field
Wlndlng A winding
9,

Figure 1.5 Novel DFDSM excited by sinusoidal excitation with DC bias [24].

A novel DFDSM is proposed as shown in Fig. 1.5 [24], which is excited by
bipolar sinusoidal excitation with DC bias. Since the field winding in this novel
DFDSM s identically located for each phase, symmetric flux distribution can be
achieved, and the current requirement for the field winding is reduced due to the
short flux path. On the other hand, the symmetric flux distribution can also help to
produce identical back-EMF for all phases, which can reduce the torque ripple as
well as the vibration and acoustic noise. Compared with traditional SPMs with

bipolar sinusoidal excitation, the novel DFDSM can achieve much higher torque



density. The back-EMF can also be regulated through field current adjustment[25].
1.2.2 Hybrid excited machines

HEMs are those which employ both a primary PM excitation and a secondary
field coil excitation source, and can be regarded as combinations of PM machines
and EEMs. Good flux regulating capability can be achieved while high torque
density and high efficiency can still be maintained. Therefore, HEMs have good
potential to be used in applications where high torque density and high efficiency as
well as wide CPSR are needed.

Many HEM topologies have been reported in existing literatures. Generally,
there are two clarification methods for HEMs: 1) Concerning the magnetic circuits of
the two excitation sources, HEMs can be grouped as series HEMSs, in which the flux
lines excited by the field coils pass through the PMs, and parallel HEMs, in which
the flux lines of field coils don't pass through the PMs. 2) According to the location
of excitation sources, HEMs can be grouped into three categories, those are
RPM-SFW-HEMs with PMs on the rotor while field coils on the stator,
RPM-RFW-HEMs which have both PMs and field coils on the rotor, and
SPM-SFW-HEMs which have both PMs and field coils on the stator. In this thesis,
the second one is used to group the HEMs.
1.2.2.1 HEMs with PMs on the rotor while coils on the stator

Lots of HEMs belong to this group. By employing PMs on the rotor,

RPM-SFW-HEMs have good potential to realize high torque density. Slip rings or
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brushes are not needed as the excitation coils are located on the stator.

Solid Stator
Core

Iron Poles AC3
. Winding
Solid Rotor

Core .
Field DC

Winding

Magnets
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Stator Core

Laminated
Rotor Core

Rotor Stator

Figure 1.6 Configuration of the CPPM machine [26].

Consequent-pole PM (CPPM) machine [26]is a typical configuration in this
category, which is shown in Fig. 1.6. The rotor of this machine is divided into two
sections, one has partial radially magnetized surface mounted PMs, while the other
has a laminated iron pole. A circumferential field winding is placed in the middle of
the stator to achieve flux regulation. A wide CPSR can be achieved by controlling
the excitation field current without demagnetization risk for the PM pieces. However,
the power density of this machine is reduced since the additional DC windings
reduce the inner diameter of the stator if the machine outer diameter is kept
unchanged. Moreover, the air-gap associated to the DC winding section will not
participate in the energy conversion process.

Some other HEMs with PMs on the rotor while field coils on the stator are also
studied. Through employing PMs on the rotor of DC excited vernier machine, a
novel hybrid excited vernier machine can be resulted [27, 28]. This machine can

easily achieve high output torque at low speed operation and good flux weakening
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capability at high speed operation.
1.2.2.2 HEMs with both PMs and field coils on the rotor

To achieve brushless structures, most HEMs locate the field coils in the stator.
Only few HEMs employ both PM excitation and field coils on the rotor. Fig. 1.7
shows the configuration of a RPM-RFW-HEM[29] , in which the rotor is employed
with both surface mounted PMs and a wound field coil. Compared with the
aforementioned HEM topologies, this machine has relatively simple structure.
However, undesirable torque pulsations and vibration may be generated due to the
space and time harmonic components. The use of brush or slip-ring will also reduce
the machine's reliability. Similar structure is reported in[30], the rotor pole number
can be changed when the direction of DC current changes. Another
RPM-RFW-HEM is reported in[31], in which the rotor is divided into two parts, one
for excitation coils and the other for PMs. Claw pole HEM with both excitations in

the rotor is also studied in [32].

Figure 1.7 Configuration of hybrid-excited PM machine with both excitation

sources on the rotor [29].
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1.2.2.3 HEMs with both PMs and field coils on the stator

Among all the HEMs, the SPM-SFW-HEMs are the most popular ones because
all excitations are located on the stator, a robust rotor structure can be achieved,
which are very suitable for high speed operation. The drawbacks of
SPM-SFW-HEMs are the relatively complicated stator structures and reduced torque
density compared with the rotor PM excited machines. Generally, the
SPM-SFW-HEMs contain two machine types, namely, hybrid excited doubly salient
machines (HEDSMs) and hybrid excited flux switching machines (HEFSMSs).
Similar to the rotor PM hybrid excited vernier machines (RPM-HEVMs), the PMs
can also be employed on the stator, which are named as stator PM HEVMs
(SPM-HEVMs).

Fig. 1.8 shows several HEDSM topologies in which the flux lines of field
windings and PMs are in series. For the machine shown in Fig. 1.8(a) [33], the PMs
are radially magnetized. As the flux excited by the field windings would pass
through the large reluctance PMs, big DC exciting power is needed to realize good
flux regulation, which would reduce the machine efficiency and also bring risk of
PM demagnetization. A new HEDSM employs magnetic bridges as low reluctance
paths for the flux generated by the field windings [34, 35], is shown in Fig. 1.8 (b).
The magnetic bridges can greatly reduce the required field exciting ampere-turns.
However, it also belongs to the series HEMs, and the magnetic saturation has big

influence on the reluctance of magnetic bridges. Another HEDSM which uses air
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bridges to realize the same features of the magnetic bridges [36], is shown in Fig. 1.8

(c). The difference is that the reluctance of air bridges is invariant and will not be

influenced by magnet saturation. Comparative study in [37] show that topology in

Fig. 1.8 (a) is hard to fabricated due to the separated stator lamination. And the

topology with air bridges in Fig. 1.8 (c) can well reduce the risk of demagnetization

of PMs.
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Figure 1.8 Configuration of series HEDSMs. (a) Primary topology [33]. (b) HEDSM

with magnetic bridges [34]. (c) HEDSM with air bridges [36].
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Figure 1.9 Configurations of HEFSMs [38]. (a) PM-Top. (b) PM-Bottom. (c)
PM-Middle.

HEFSMs were proposed based on the FSPM machines, by shortening the length
of PMs in an original FSPM machines while introducing an additional set of field
windings into the saved place. The PMs can be located in the top or bottom or
middle of the stator slots, which are referred as PM-Top, PM-Bottom and
PM-Middle topologies in[38] and shown in Fig. 1.9 (a)-(c), respectively. The
PM-Middle topology owns the weakest flux regulation capability since the currents
in the two slots adjoining each magnet exhibit reversal hybrid excitation results. This

issue can be efficiently improved by artfully reconnecting the field windings [39].
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The current direction in one of the slots is reversed while the motor structure is kept
identical. The improved machine has much better regulating capability of no-load
flux and output torque. Since the flux of PMs and excitation coils are in series, the
magnetic circuit excited by field windings owns relatively high reluctance due to the
low permeability of PMs, which limits the flux regulating capability. Moreover, the
PMs also have higher risk of demagnetization. Iron flux bridges are used to
overcome the aforementioned drawbacks [40]. The field excitation can be effectively
increased through adding iron bridges at the outer radius of the machine, with the
tradeoff of slightly reduced torque density. Even with iron flux bridges, the
excitation current utilization ratio is limited due to the magnetic saturation. The PM
flux short-circuit also occurs which further increase the saturation and reduce the
efficiency.

Parallel HEFSM with two-part rotor (PHEFSM-T) is proposed in [41].By
flexibly allocating the axial length of the two parts, the required flux adjusting
capability and torque density can be achieved. The excitation current utilization ratio
is improved while the excitation loss is reduced compared with the series HEFSMs.
Another PHEFSM with E-core stator (PHEFSM-E) is reported in [42]. Compared
with the PHEFSM-T, the PHEFSM-E has relatively simple structure but low
excitation current utilization ratio since high saturation are observed in the stator
yoke, the stator tooth, the middle tooth of E-core and the rotor tooth caused by the

PM flux [43]. The flux regulation ability among series hybrid excited flux switching
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(SHEFS) machine with and without air bridges, PHEFSM-T and PHEFSM-E is
given in Fig. 1.10. The results show that air bridges can significantly improve the
flux regulating ability of SHEFS machine. And the PHEFSM-T enjoys the increased

flux regulating range.
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Figure 1.10 Comparison of flux regulating ability among SHEFS, PHEFSM-T and
PHEFSM-E [43].

1.2.3 Memory machines

MMs are relatively new machine concepts which were firstly proposed in [44].
The key is to use PMs with both low coercivity and nonlinear hysteresis loop, such
as AINiCo PMs. On the one hand, the nonlinear demagnetization characteristic
ensures the recoil line never superpose on the demagnetization curve. Once the
demagnetization current is applied and then removed when flux weakening is needed,
the working point of AINiCo PM will move along the recoil line and settle at a lower
magnetization level, which means that the magnetization level is memorized.
Therefore, for MMs, there is no need to apply continuous excitation current during

flux weakening, only current pulse is needed since the magnetization level of
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AINiCo PM will not change if no other magnetizing/demagnetizing current is
applied, which will greatly reduce the copper loss and hence improve efficiency.

MMs can be grouped into two categories based on the
magnetizing/demagnetizing method, namely, APR-MMs when the PMs are located
on the rotor and the magnetizing/demagnetizing is achieved by applying AC current
pulse, and DPR-MMs when the PMs are located on the stator and the
magnetizing/demagnetizing is realized by applying DC current.
1.2.3.1 MMs with AC pulse regulation

In APR-MMs, the AINiCo PMs are located on the rotor, usually with
sandwiched structure as shown in Fig. 1.11 [44, 45]. The stator is the same as that of
a traditional PM synchronous machine. During flux weakening operation, a negative
d-axis current pulse is generated through controlling the armature currents. This kind
of machine is easy to fabricate due to the relatively simple structure, but the control
process is complicated. The demagnetization physics are investigated using coupled

Preisach modeling and FEM [46, 47].
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Figure 1.11 Configuration of a primary APR-MM [44].
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Figure 1.12 Configurations of hybrid excited APR-MMs. (a) Linear type. (b) Y-type.
(c) U-type. (d) V-type. (e) W-type. (f) Halbach type.

APR-MMs with both AINiCo and NdFeB are proposed as shown in Fig. 1.12
(@)-(f) [48-53]. The high magnetic energy NdFeB PMs are used to increase the
air-gap flux density, while the AINiCo PMs are used for online flux regulation.
Therefore, the machine can enjoy both high output torque during low speed

operation and good flux weakening capability at constant power region. All the
19



aforementioned MMs use d-axis current pulse to realize flux regulation. To produce
enough magnetizing/demagnetizing current, the armature windings should be able to
suffer large current and with sufficient turns. Accurate detection of rotor position is
also needed to realize efficient flux regulation.
1.2.3.2 MMs with DC pulse regulation

To achieve the magnetizing/demagnetizing process more easily, the DPR-MMs
were proposed which use DC current pulse to realize magnetizing/demagnetizing.
Fig. 1.13 (a) shows a typical structure of DPR-MMs, in which the stator is divided
into two parts [54-56]. The AINiCo PMs and field windings are located in the inner
layer stator, while the armature windings are housed in the outer layer stator slots.
The use of field windings to directly magnetizing/demagnetizing PMs while
eliminating complicated indirect current control in APR-MMs can ensure effective
flux regulation. Moreover, the armature windings and PMs are located in different
lays of stator, which make the PMs immune from accidental demagnetization by
armature reaction. Similar to the APR-MMs, as the AINiCo PMs own relatively low
magnetic energy than the NdFeB PMs, hybrid DPR-MMs with both AINiCo and
NdFeB excitations are proposed in[57-59], as shown in Fig. 1.13 (b). The torque
density of the proposed machines are improved while still maintaining good flux
regulating capability. By applying demagnetizing current to certain poles, the flux
lines of corresponding poles can be short circuited or even reversed, which can

achieve pole-changing operation [60, 61]. This ability can provide torque augment
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by dropping poles when the machine speed approaches to the limit.
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Figure 1.13 Configuration of DPR-MMis. (a) AINiCo excited [54]. (b) AINiCo and
NdFeB excited [57].
Inspired by the configuration in Fig. 1.13, a new doubly salient flux-mnemonic
machine is proposed [62, 63], which enjoys significantly expanded CPSR and

increased efficiency with online flux control. With the increasing popularity of
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magnetic gear, magnetic-geared machines incorporated into flux-mnemonic concept
[64-66] are also investigated by researchers. These machines can enjoy big torque
density due to the magnetic gearing effect. But the mechanical structures are
relatively complicated as there usually exist two air-gaps. The comparison between

APR-MMs and DPR-MMs are summarized and given in Table 1.1.

Table 1.1 Comparison between APR-MMs and DPR-MMs

Items APR-MMs DPR-MMs

PM material AINiCo AINiCo

Torque density Medium Medium
Efficiency High High
Magnetizing/demagnetizing windings Don't need Need
Rotor robustness Medium Good

Rotor position sensor Yes No

Control Difficult Easy

1.3 REVIEW OF FLUX-MODULATED MACHINES

Flux-modulated machines are promising candidates to achieve high torque
density. One of the outstanding features of flux modulated machine is that, the
pole-pair number (PPN) of the stator and rotor can be designed different. Gear effect
can be realized in flux-modulated machines which can contribute to torque
improvement. Since the appearance of co-axial magnetic gear, various
flux-modulated machines have been proposed. Here, the magnetic-geared machines,
vernier PM machines and electrical continuously variable transmission (E-CVT)

systems are reviewed.
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1.3.1 Magnetic-geared machines

By directly connecting the outer rotor of a PM machine and the inner rotor of a
MG, a MG integrated PM machine is invented[67], as shown in Fig. 1.14(a). The
electromagnetic torque generated by the PM machine can be amplified, and the inner
cave space of the MG can be fully utilized, and therefore this MG integrated PM
machine can achieve very high torque density. The applications in EV propulsion
and wind power generation are separately reported in [67] and [68], respectively. The
major drawback of this MG integrated PM machine is its complicated mechanical
structure. As can be seen from Fig. 1.14(a), there are three air-gaps in this MG
integrated PM machine, which makes it very difficult to assemble. Fig. 1.14(b)
shows another configuration of magnetic-geared machine[69], in which the outer
rotor of PM machine and inner rotor of MG in Fig. 1.14(a) are eliminated. The
armature field is directly coupled with the PM excitation field modulated by the
modulation ring. This magnetic-geared machine has just one PM layer, therefore is
referred as single-layer magnetic-geared PM(SL-MGPM) machine, and it can also be
regarded as replacing the inner rotor of MG with a stator. Compared with the MG
integrated PM machine shown in Fig. 1.14(a), the SL-MGPM machine in Fig. 1.14(b)

has much simpler structure and is easy to manufacture.

23



Ferromagnetic
segments

Gear outer rotor Armature winding Modulation ring
Outer rotor — 7~

Machine
stator

Machine
stator

Gear inner rotor ‘

Machine
Outer rotor

Figure 1.14 Configurations of magnetic-geared machines. (a) MG integrated PM
machine[67]. (b) SL-MGPM machine[69].

The concept of MG can be further extended to linear machines. Through
integrating a tubular linear PM (TLPM) machine and a tubular linear MG(TLMG), a
TLMG integrated PM machine[70] is constructed as shown in Fig. 1.15(a). The
principle of this TLMG integrated PM machine is very similar to that of the
magnetic-geared machine shown in Fig. 1.14(a), and can be used in tidal energy
conversion. The TLPM machine can be designed with high power density, and its
thrust force can be amplified by the TLMG. The major drawback of this TLMG
integrated PM machine is its complicated structure. Fig. 1.15(b) shows another
configuration of the tubular linear magnetic-geared machine with sandwiched stator,
which is referred as sandwiched stator tubular linear magnetic-geared(SS-TLMG)
machine[71]. The stator housed with windings is sandwiched between the
high-speed mover and low-speed mover. The high-speed mover and the stator work

as a linear PM machine, while the high-speed mover, the stator and the low-speed
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mover function like a linear MG. Compared with the TLMG integrated PM machine
shown in Fig. 1.15(a), the structure of the SS-TLMG machine shown in Fig. 1.15(b)

is more compact and simple, and thus improved force density.

Gear Gear _ Gear Gear low-speed
high-speed PMs  stationary ring Alrgap low-speed PMs mover  Buoy

Z 4 4 N
Additional Machine Machine Shaft = Machine translator Machine
block  stator tooth winding (Gear high-speed mover) translator poles

(@)

High-speed mover

Low-speed mover

High-speed
mover PMs

= Machine
Low-speed mover PMs winding
(b)

Figure 1.15 Configurations of linear magnetic-geared machines. (a) TLMG
integrated PM machine[70]. (b) SS-TLMG machine[71].
1.3.2  Vernier PM machines
Vernier PM machines have attracted much attention in direct-drive applications
and are recognized as good candidates to achieve high torque density due to the
magnetic gearing effect. The half-cross-sectional view of the original vernier PM
machine is shown in Fig. 1.16, which has simple structure. The PMs are surface

mounted on the rotor, and the windings are housed in the stator slots. The stator is
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designed with open slots, which can function as the modulation segments in a MG
and provide magnetic gearing effect. The PPN of armature winding pa , PPN of rotor
PMs po and stator slot number Ns are governed by
Ns = pi+ po (1.2)
which is similar to the working principle of MG. The design and operating
principle of vernier PM machine are analytically investigated in[72]. One of the
major drawbacks of vernier PM machine is low power factor caused by heavy
magnet flux leakage and low magnet utilization. Therefore, large-capacity converter
is needed to drive the low-power-factor vernier PM machine, which will result in
high cost.

Stator

A ; magnetizing
direction

Figure 1.16 Configuration of the original vernier PM machine [73].

A new vernier PM topology which can overcome the shortcoming of low power
factor of conventional vernier PM machines is proposed[74], as shown in Fig. 1.17.
The novelty of this structure is that the inner stator teeth and outer stator teeth are
displaced with half teeth pitch, and therefore the inner and outer teeth can

compensate with each other. The leakage flux can be greatly reduced and the power
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factor is improved accordingly.

Figure 1.17 Configuration of vernier PM machine with high power factor[74].

1.3.3 E-CVT systems

E-CVT system is an important component and core technology in HEVs, which
is a power-splitting unit. The energy flow among the internal combustion engine
(ICE) and other energy sources, which usually are electrical machines, can be
flexibly combined or split according to different operation requirements. Therefore,
the ICE can operate at optimal conditions when the vehicle speed varies, the
efficiency of the ICE is increased and the fuel economy of HEVs is improved
consequently. One of the most popular and commercialized E-CVT is the one used in
Toyota Prius, which is based on the planetary gear. Two sets of electrical machine
systems are used, which can be separately controlled and are connected to the sun
gear and ring gear, respectively. The crank shaft of ICE is linked to the planetary
carrier. During start-up or climbing, the electrical machine will work as motor to

help the ICE drive the vehicle. While during braking or downhill, when the output
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power of ICE exceeds the requirement of vehicle, the surplus power of ICE can be
stored in the battery and the electrical machines are worked in generator mode in this

case.
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Figure 1.18 Configuration of the DFDR-PM machine based E-CVT[75]. (a) E-CVT
system. (b) DFDR-PM machine.

The Toyota Prius E-CVT system can well optimize the efficiency of ICE and
reduce the fuel consumption, but the planetary gear still suffer from some
mechanical drawbacks, such as friction, audible noise, and high maintenance.
Moreover, the planetary gear based E-CVT system is also bulky and heavy due to its
complex structure. Fig. 1.18 shows a novel E-CVT system based on flux modulating
effect, which is called doubly-fed dual-rotor PM (DFDR-PM) machine based E-CVT
system. The two electrical machines in the planetary gear based E-CVT system are
combined into a single machine, namely, the novel DFDR-PM machine. Two rotors

are employed, both of which consist of PMs and modulation segments. The inner
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rotor is linked to the crank shaft of ICE, and the outer rotor is connected to the drive
shaft. There are two sets of windings housed in the stator slots, one is the primary
winding and the other is secondary winding. The primary winding interacts with the
two rotors through the flux modulating effect and form a dual-rotor flux modulated
machine, and the secondary winding interacts with the outer rotor and forms a
normal PM machine. This DFDR-PM based E-CVT system can realize power split
and combination effectively. Compared with the planetary gear based E-CVT, the
DFDR-PM based E-CVT has compact structure and no mechanical frictions. Besides
the application in HEVSs as reported in[76], the DFDR-PM based E-CVT can also be
used in variable speed wind power generation[77, 78].
1.4 RESEARCH OBJECTIVES

Although flux-controllable machines and flux-modulated machines have been
widely investigated separately, there is no systematic research which combines these
two kinds of machines together. The objectives of this research are to
comprehensively investigate the FCFM machines, which mainly includes the
following parts:

a) Establish analytical model of FCFM machines;

b) Come up with a general design method for FCFM machines;

¢) Propose novel FCFM machine concepts;

d) Electromagnetic simulation of the proposed FCFM machine concepts;

e) Make prototypes and conduct experimental verification.
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1.5 THESIS OUTLINE

There are seven chapters in this thesis, the first chapter is the introduction part
and the last chapter gives the conclusions and recommendations. The contents of the
rest chapters are described as follows:

In chapter two, dual-stator magnetic flux-modulated mnemonic machines are
proposed. Hybrid PM excitation is employed to achieve both high torque density and
good flux regulating capability. The machine configurations and mechanical
structures are firstly described, and design principle is discussed based on flux
modulating effect. The electromagnetic performances are investigated and compared
using FEM.

In chapter three, the flux-modulated memory machine is designed with five
phases, so as to achieve fault tolerant capability. The machine configuration is
similar to the machines in chapter two. Fault tolerant capability is specifically
studied, which includes one phase open circuit and two phases open circuit. The
results show that the proposed five phase machine can work stably under open
circuit condition.

In chapter four, hybrid-excited dual PM machine is proposed, which is a
progress based on the machines in chapter two. The outer stator and inner stator in
the machines in chapter two are incorporated into one stator, therefore the
mechanical structure is simplified. The air-gap field harmonics are investigated in

detail to illustrate the working principle. FEM is firstly used to investigate the
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electromagnetic performances. A prototype is made and experimental tests are
conducted to verify the electromagnetic design.

In chapter five, a hybrid excited flux bidirectional modulated machine is
proposed for wind power generation. Compare with the dual PM machine proposed
in chapter four, stator PM is removed and large field current can be applied without
suffering the demagnetization risk of magnets. Tabu search algorithm coupled with
FEM is used to optimal design the proposed machine. Both constant voltage control
and maximum power point tracking (MPPT) control are investigated. The
electromagnetic performances are firstly analyzed using FEM and verified through
experimental investigations.

In chapter six, DC-coil-free hybrid-excited machines (DCF-HEMSs) are
proposed, which integrate armature winding and field winding into one single
winding. DC bias current is injected into the winding to realize flux regulation.
Compared with traditional HEMs with additional field windings, the proposed
DCF-HEMs can achieve both higher torque density and wider field regulating range.
The electromagnetic performances are studied and compared using FEM. A
prototype with dual PM is manufactured and experimental investigations are

conducted to verify its electromagnetic design.
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CHAPTER 2 DUAL-STATOR MAGNETIC FLUX-MODULATED
MNEMONIC MACHINES
2.1 INTRODUCTION

As mentioned in the last chapter, traditional PM machines are good candidates
to achieve high torque density design but suffer from weak flux regulating capability
due to their fixed PM excitation, which limits the wide use of PM machines in
traction applications. Most of the time, flux weakening operation is achieved by
applying negative d-axis current, which requires accurate detection of rotor position
and reduces the efficiency.

In this chapter, two novel magnetic flux-modulated mnemonic (MFMM)
machines with different topologies are proposed. The two machines are, namely, the
dual-layer PM MFMM (DPM-MFMM) machine with PMs on both the rotor and the
outer stator, and the single-layer PM MFMM (SPM-MFMM) machine with all the
PMs on the outer stator. Hybrid PM excitation with both NdFeB and AINiCo are
employed, which can simultaneously facilitate large output torque at low speed and
high flux-weakening at high speed. Configurations and working principles of these
two machines are discussed in details. The electromagnetic performances of these
two machines are comprehensively studied and quantitatively compared using FEM.
2.2 CONFIGURATION AND STRUCTURE
2.2.1 Machine configuration

Fig. 2.1(a) shows the configuration of the DPM-MFMM machine. It consists of
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one rotor and two stators. One cup shaped rotor is located between the inner stator
and outer stator. Two sets of consequent-pole PMs are employed, one on the rotor
using NdFeB PMs, and the other one on the outer stator using both NdFeB PMs and
AINiCo PMs. Both rotor PMs and stator PMs are radially magnetized. Each PM and
its adjacent iron tooth/ferromagnetic segment form a pair of magnetic poles. The
armature windings and dc field windings are housed, respectively, in the inner stator
slots and outer stator slots. Since AINiCo magnet inherently has a low coercivity, the
air-gap flux can be strengthened or weakened readily by the application of dc current
pulse in the field windings. Fractional-slot distributed winding can be used to reduce
the end windings but due to the flux modulation effects of the machine, there would
be increased harmonics in the back-EMF. In this study, the single-layer integral-slot
distributed winding (1 slot per pole per phase with coil span of 2) is being employed

in the inner stator, as it has a unity winding factor and yields a sinusoidal back-EMF.
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Figure 2.1 Configurations of the proposed machines. (a) DPM-MFMM machine. (b)
SPM-MFMM machine.

Fig. 2.1(b) shows the configuration of the SPM-MFMM machine, which is also
made up of three components, the inner stator, the outer stator and the rotor. Similar
to the DPM-MFMM machine, both NdFeB magnets and AINiCo magnets are
employed on the outer stator, and dc windings are housed in the outer stator slots.
With this design the air-gap flux can be regulated effectively with a dc field current
pulse. The armature windings are located in the inner stator slots. The difference
between the two machines is that this SPM-MFMM machine employs all the PMs on
the outer stator, and the adjacent PMs are magnetized in opposite directions. As the

rotor is only made up of ferromagnetic segments, the total amount of PMs in the
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SPM-MFMM machine and DPM-MFMM machine are virtually the same.
2.2.2 Mechanical structure

The overall mechanical structures of the proposed two machines are almost the
same, as shown in Fig. 2.2. The PMs on the outer stator are surface mounted using
superglue. Since the rotor is sandwiched between the two stators, a cup rotor
structure is artfully employed to facilitate the machine assembly. For the
DPM-MFMM machine, PMs are glued inside the rotor slots. Since there exist big
centrifugal forces when the rotor rotating at high speed, wedge structure is employed
at the outer air-gap side to retain the rotor’s integrity. For the SPM-MFMM machine,

since there is no PM on the rotor, the cup rotor is designed just like a squirrel cage.

DC windings Outer stator
~— X

HH“IM”HH
DPM-MFMM machine

Shaft

v e
ﬁ(@ If’

SPM-MFMM machine

.y i
AC windings ™~ Inner stator

El=
o

Figure 2.2 Mechanical structures of the proposed machines.
In order to regulate the magnetic flux in the outer stator, concentrated DC field

windings are housed in the outer stator slots. The PPN of outer stator PMs should be
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equal to the PPN of DC field windings. The winding connections of DC field
windings and armature windings are shown in Fig. 2.3. Basically the proposed
machines have dual-stator and cup-rotor with two air-gaps, the construction of this

type of machine has been investigated before in [79].

A- B+ C-

A+ B- C+

1 a 3 ‘ 5 a 7 a 9 1113151719212325 7 atatata

F+ F-

Figure 2.3 Winding connections of the proposed machines.

2.3 DESIGN PRINCIPLE

The working principle of both machines is based on the flux modulating effect.
For the DPM-MFMM machine, both the rotor and the outer stator serve as the
modulation ring, hence bi-directional field modulating effect can be achieved. For
the SPM-MFMM machine, since all the PMs are located on the outer stator, only the
rotor has field modulating poles. However, since the SPM-MFMM machine employs
all the PMs on the outer stator, it offers better flux controllability than that of the

DPM-MFMM machine.
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In order to transmit steady torque at different speeds, the interacting magnetic
harmonics should have the same pole-pairs and the same rotational speeds. Based on
the flux modulating effect, the PPN of the outer stator PMs Ps, the PPN of the rotor
pr and the PPN of the armature windings paare governed by

pr= Ps+ Pa (2.1)

To understand the working principle of these two machines clearly, the
magnetic field excited by separate magnetic sources are studied. Firstly, the
magnetic field excited only by the outer stator PMs is investigated. The pole-pair
number of the magnetic field which is only excited by the outer stator PMs after

being modulated by the rotor can be obtained from

ps,rm‘ k = |mps + kpr|
m=13,5,...,0 (2.2)
k=0,+1,%2,...,to0

and the rotational velocities of the corresponding harmonics are

kpr
m,K = —QI’
‘ mps + kpr (2:3)

S,r

After the modulation effect of the rotor, a harmonic with the same pole pair
number and same rotational speed as those of the armature field will be produced.
This harmonic will couple with the armature field to produce a steady torque.

For the DPM-MFMM machine, the magnetic field excited by rotor PMs will
also contribute to the torque transmission. The number of pole-pairs in the air-gap

excited by the rotor is given by
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pr'sm,k = |mpr —+ kps|
m=11315,"'1oo (24)
k =0,%£1,%+2,...,+c0

The rotational velocities of the corresponding flux density space harmonics are
given by

rs mpr
“m,k = — QO
rmk mpr + Kps (2:5)

After the modulation effect of the outer stator, a harmonic with the same pole
pair number and same rotational speed of those of the armature field will be
produced, which will be coupled with the armature field to produce a steady torque.
Therefore, the DPM-MFMM machine will have a higher torque density than that of
SPM-MFMM machine.

The PMs are embedded in the rotor and they are all magnetized radially
outward. The magnetizing winding is fed with DC current pulses to adjust the
magnetization level of the stator PMs according to different loading conditions. As
the AINiICo PMs serve as a regulator for the air-gap flux density, the proposed
MFMM machines can offer field-regulating effect due to the different magnetization
levels of the AINiCo PMs. The excitation loss is negligible since only DC current
pulse is needed. Consequently, the MFMM machines can have higher efficiency than
their exiting counterparts.

For DPM-MFMM machine and SPM-MFMM machine, DC magnetizing
windings are used to adjust the magnetization level of AINiCo magnets. Due to the

large coercivity of NdFeB PMs, the small pulse current is impossible to change or
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regulate the magnetic flux of NdFeB PMs. When the AINiCo magnets are
magnetized to have the same magnetization direction with the NdFeB PMs, the
magnetic fluxes are enforced. When the AINiCo magnets are demagnetized and have
the opposite magnetization direction with NdFeB PMs, the magnetic flux with the
NdFeB PM will produce a flux leakage loop via the AINiCo PM and not link with
the inner stator coils [58].
To achieve flux controllability, the pole-pair number of DC windings Pd
should be equal to the PPN of the outer stator PMs Ps .
Pa = Ps (2.6)
and the number of the outer stator slots Ns is governed by
Ns = 2 pd (2.7
In this chapter, for both the DPM-MFMM machine and the SPM-MFMM
machine, the rotor PPN is 25, pole-pair number of the outer stator PMs is 19 and the
armature windings are single layer integral slot windings with 6 pole-pairs. It can be
seen that both machines have almost the same PM material utilization. The periphery
of the machines and rotor radii of both machines are the same. For a fair comparison,
these two machines are designed to have the same coil structure and the same

connections. The final design parameters are listed in Table 2.1.
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TABLE 2.1 DESIGN SPECIFICATIONS

Items DPM-MFMM | SPM-MFMM
Thickness of rotor 3.5mm 6mm
Thickness of outer stator PMs 3.5mm 3.5mm
Length of air-gap 0.6mm 0.6mm
Inner stator outside diameter 163.6mm 158.6mm
Outer stator outside diameter 200mm 200mm
Stack length 65mm 65mm
Number of phases 3 3
PPN of inner stator 6 6
PPN of rotor PMs 25 25
PPN of outer stator PMs 19 19
Number of inner stator slots 36 36
Number of ac conductors 28 28
Number of dc conductors 20 20
Number of outer stator slots 38 38

2.4 MAGNETIZATION TUNING THEORY

The key element for a memory machine is the use of AINiCo PMs. Its low
coercivity makes it an  attractive  material to  achieve  online
magnetization/demagnetization. Furthermore, since AINiCo owns nonlinear
demagnetization characteristic, the recoil line will never superpose on the
demagnetization curve. Therefore, when the demagnetization current is applied and
then removed during flux weakening, the operating point of AINiCo will move back
along the recoil line and settle at a lower magnetization level, which means that the

magnetization level is memorized. Besides the online magnetizing capability, AINiCo
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PM also owns high thermal stability and high chemical stability, which make it the
natural choice for memory machines.
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Figure 2.4 Linear hysteresis model of aluminum-nickel-cobalt (AINiCo) [64].

The hysteresis modeling of AINiCo magnet is an important issue to control its
working point precisely. A linear hysteresis model of AINiCo PM is proposed in [64]
as illustrated in Fig. 2.4. In this model, it is assumed that the major hysteresis loop and
all of the minor hysteresis loops own the same value of coercivity, but with different
values of remanence. It can be seen that the intersection of the recoil line and the load
line will uniquely determine the working points of the AINiCo PM. During the initial
magnetizing stage, the operating point will move along OAMP and settle at Point P
with corresponding remanence By. If a temporary positive magnetizing force H is
applied, the operating point will move along PMBQ and settle at Q with corresponding

remanence B,o. Otherwise, when a temporary negative demagnetizing force H is
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applied, the operating point will move along PNCR and settle at R with corresponding
remanence Bg.
As shown in Fig. 2.4, the equations of Lines |; to l4, which represent the

magnetizing and demagnetizing processes, can be respectively expressed as:

Line Iy:
BIMruOH +Brk,k=1,2,3... (28)

Line I,:
BIMruOH —Brk,k =1,2,3... (29)

Line Is:

},Lr},l,OHm1+ Br

p=HHTM TP () _h, 2.10
Hml— Hc ( ) ( )

Line l4:

B= MrHOHm1+ Brl(

H + He ,
Hml— Hc " ) (2 11)

where o refers to the permeability of vacuum, y is the relative permeability of
the PM material, Hp; is the H value of saturation point of the major loop, H. is the
coercivity and By (k =1, 2, 3...) is the remanence of kth hysteresis loop. Obviously,

for major loops, k = 1, while for minor loops, k > 1.

Therefore, starting from the initial operating Point P, if we want to magnetize
AINiCo to the operating Point Q with a remanence B,q, a positive magnetic intensity
of Hg should be applied. By using Equations (2.8) and (2.10), replacing By with By,

the magnetizing magnetic intensity Hg can be solved:

B= HrHOHB + BrQ

r m r 2.12
g ot B (2.12)
Hml— Hc

and Hg can be expressed as:
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H (Hml— Hc) BrQ + Hc(uruOHml + Brl)
B =

2.13
JLurLo Hc + Br ( )

Otherwise, in order to demagnetize AINiCo to the operating Point R with a
remanence Bgr, a negative magnetic intensity of He should be applied. He can be
solved in the same way. By using Equations (2.8) and (2.11), replacing B with B,

the magnetizing magnetic intensity He can be solved:

B = ppoHe + Br
rtoHm1 + Br 2.14
g  HebtoHm+ Bn 1+Bl(HE+HC) (2.14)
Hml— Hc
and Hg can be expressed as:
(Hml— Hc) Bir — Hc(MrMOHm1+ Brl)
He= (2.15)

Lro Hc + Bn

Both the Hg and He are excited by the DC current pulse. Since there are two
air-gaps in the proposed machine, the relationship between the DC current Iy and H
is governed by:

H (Lsaorw +43) = Nlae (2.16)
where Lgaorpm and 8 refer to the thickness of outer stator PMs and air-gap length.
N is the number of turns of DC windings. Therefore, the amplitude of DC current
pulse corresponding to Hg and Hg can be determined. It must be pointed out that this
current is just an estimated value, since the magnetic circuit is nonlinear. The DC current
needs to be adjusted in real time based on the actual magnetizing/demagnetizing level.
2.5 PERFORMANCE ANALYSIS
Using FEM, the electromagnetic performances of these two machines are

investigated and quantitatively compared. The key of flux control is to
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re/de-magnetize AINiCo using DC current pulse. Compared with AC vector control
in a traditional PM machine, the flux control of the proposed MFMM machine is
much simpler, as only the direction and magnitude of the DC current need to be
controlled. The simplest way to achieve this purpose includes an H-bridge converter
and a controllable voltage source as shown in Fig. 2.5, where the former functions to
control the direction of DC currents while the latter serves to control the magnitude
of the dc currents. When the power switches S1 and S4 are turned on, a magnetizing
current is produced, whereas when the power switches S2 and S3 are turned on, a

demagnetizing current is generated.

L s s

f— L. rYyyewex -
Magnetizing winding

_JR 2 _JR 4

~

Figure 2.5 H-bridge converter topology for DC current control.
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Figure 2.6 No load magnetic field distributions of the DPM-MFMM machine at

different magnetization levels. (a) Full level. (b) Half level. (c) Weak level.
2.5.1 No load flux distributions

According to the magnitudes of magnetizing/demagnetizing current pulses, the
magnetization level can be divided into three groups, which are full level using a
magnetizing MMF of 2000 A-turn; half level using a demagnetizing MMF of 600
A-turn and weak level using a demagnetizing MMF of 1000 A-turn. The magnetic
field distributions of these two machines under different magnetization levels are
investigated, as shown in Figs. 2.6 and 2.7, which show the magnetic fields are

varying distinctly as the magnetization levels vary.
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Figure 2.7 No load magnetic field distributions of the SPM-MFMM machine at

different magnetization levels. (a) Full level. (b) Half level. (c) Weak level.
2.5.2 Air-gap flux density and harmonic spectrum

Figs. 2.8 and 2.9 show the radial flux density and the corresponding harmonic
spectrum in the outer air-gap and inner air-gap, respectively, with different
magnetization levels of the AINiCo magnets. It can be seen that there is a clear flux
modulating effect of these two machines. Since the PPN of the outer stator PMs is 19,
the field harmonic with 19 pole-pairs can be significantly modulated. For the

DPM-MFMM machine, besides the fundamental field component with 19 and 25
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pole-pairs,

the field harmonic with 6 pole-pairs is also significant, which

demonstrates a good flux modulating effect of the DPM-MFMM machine. The same

phenomena can be observed in the SPM-MFMM machine.
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Figure 2.8 No load air-gap flux density and harmonic spectrum in the outer air-gap.

(@) DPM-MFMM machine. (b) SPM-MFMM machine.
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Figure 2.9 No load air-gap flux density and harmonic spectrum in the inner air-gap.
(a) DPM-MFMM machine. (b) SPM-MFMM machine.

2.5.3 Back EMF

Fig. 2.10 shows the no load back EMF waveforms of these two machines, when
the machines run at rated speed 120rpm. It can be observed that both the two
machines can generate balanced EMF waveforms. When changing the magnetization
state of AINiCo, the back EMF can be regulated effectively. The flux regulating ratio
of SPM-MFMM machine is larger than that of DPM-MFMM machine, which is
about 3.72 times. The reason behind this is that SPM-MFMM machine employs all

the PMs on the outer stator side, which are easier to be regulated.
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Figure 2.10 Back EMF waveforms at different magnetization levels. (a)

DPM-MFMM machine. (b) SPM-MFMM machine.

2.5.4 Torqgue characteristics

Fig. 2.11 shows the torque-angle characteristics of these two machines when

excited with a sinusoidal and balanced ac current whose RMS value is 50A. The

maximum transmitted torque with the same current when the machine runs at its

rated speed of 120rpm is shown in Fig. 2.12. The figures indicate that the output

torque can be regulated flexibly by applying different magnitudes of current pulses.

It can be seen that the DPM-MFMM machine can offer, respectively, 4.6%, 30% and

82.8% higher output torque than those of the SPM-MFMM machine at the three
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magnetization levels of AINiCo PMs. In other words, the DPM-MFMM machine

produces a higher torque than those from the SPM-MFMM machine.
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Figure 2.11 Torque-angle characteristics at different magnetization levels. (a)

DPM-MFMM machine. (b) SPM-MFMM machine.
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Figure 2.12 Torque versus time waveforms at different magnetization levels. (a)

DPM-MFMM machine. (b) SPM-MFMM machine.
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Figure 2.13 Torque versus speed waveforms.

The torque-speed waveforms are given in Fig. 2.13. It can be observed that both
machines can realize constant power operation with high efficiency. For the
DPM-MFMM machine, since there are NdFeB PMs glued on the rotor, whose
magnetic flux cannot be regulated, and the usage of AINiCo PMs is smaller than the
SPM-MFMM machine, hence the flux regulating range of the DPM-MFMM is

relatively narrower. Therefore, the maximum constant power rotational speed of the
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DPM-MFMM machine is lower than that of the SPM-MFMM machine, which
means the SPM-MFMM machine enjoys a better flux controllability. The detailed

electromagnetic performances of the proposed MFMMs are given in Table 2.2.

TABLE 2.2 ELECTROMAGNETIC PERFORMANCES

Items DPM-MFMM | SPM-MFMM
Rated speed 120rpm 120rpm
Rated torque 126Nm 120Nm
Rated power 1575W 1500W
Flux weakening times 2.4 3.72

2.6 SUMMARY

In this chapter, two novel MFMM machines are presented, analyzed and
quantitatively compared using FEM. Both of these two machines exploit
magnetic-gearing effect to ensure effective coupling between the magnetic fields
excited by the armature windings and those excited by the PMs. The air-gap flux
density can be regulated efficiently by applying a temporary dc current pulse with
negligible excitation loss, hence the machine efficiency can be greatly improved. The
comparison results show that the DPM-MFMM machine has higher power density
and higher output torque than those of the SPM-MFMM machine. The SPM-MFMM
machine however enjoys better flux controllability, which is reflected by its wider
range of rated torque and back EMF when the AINiCo magnets are magnetized from

weak level to full level.

53



CHAPTER 3 FAULT-TOLERANT FLUX-MODULATED
MEMORY MACHINE
3.1 INTRODUCTION

In this chapter, a novel fault-tolerant flux-modulated memory (FTFM) machine
is proposed, which can not only realize effective flux regulation with reduced power
losses, as well as improved fault tolerance ability, but also produces high torque
density due to the stator and rotor dual PM design. In the FTFM machine, NdFeB
PMs are located in the rotor side to produce torque effectively, and AINiCo PMs are
housed in the outer stator, which enables a flexible and direct flux-tuning capability.
The air-gap flux can be regulated effectively by applying a temporary DC current
pulse, so the constant power region can be expanded, and the machine efficiency
under flux weakening control will be increased because of the negligible DC
excitation losses. This machine is designed with five phase armature windings,
which can effectively reduce the torque ripple, improve fault tolerance ability and
increase the design freedoms of armature windings. The configuration and working
principle of this machine is discussed in this chapter. The electromagnetic
performance is analyzed using FEM. As one of the most important properties of
multiphase PM machines, the fault tolerance capability of the proposed machine is
investigated in detail.

3.2 MACHINE CONFIGURATION

Fig. 3.1 shows the configuration of the proposed machine, which is made up of

three components, one inner stator, one outer stator and one rotor sandwiched between
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two stators. Two sets of consequent pole PMs are employed, one on the outer stator
using AINiCo PMs and the other on the rotor using NdFeB PMs. Both rotor PMs and
stator PMs are radially magnetized. Each PM and its adjacent iron tooth/ferromagnetic
segment will form a pair of magnetic poles. PMs on the outer stator are surface
mounted using superglue. Since the rotor is sandwiched between the two stators, the
cup rotor structure is artfully used to facilitate the machine assembly. The rotor PMs
are glued inside the rotor slots, as there exists great centrifugal force when the rotor is
rotating at a high speed, and the wedge structure is employed at the outer air-gap side

to keep the rotor’s integrity.

Outer stator g ® - DC windings

Cuter stator
PMe (AINiCo) / ~

Rotor see:ments: ! v p / 7
\ {/ g 2\
/\.(\ =~ |
Rotor PMs
(NdFeB) Imlel stator

Armature
windings

Figure 3.1 Configuration of the proposed FTFM machine.
The design of the FTFM machine is inspired by magnetic gear (MG), but the

rotating magnetic field previously provided by inner rotor PMs in MG is now replaced
by the five-phase stationary armature windings in the inner stator, while the outer
stator magnetic flux in the MG is replaced by the outer stator employed with both DC

windings and AINiCo PMs. The middle modulation ring, which is comprised of
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ferromagnetic segments and NdFeB PMs, can serve as the rotor in the machine.
Similar to the modulation ring in the triple magnet MG in [80], the difference of
permeability between the PMs and steel segments allows both the rotor and outer
stator to produce field modulation, namely bi-directional field modulation, which is
the key to ensure effective magnetic coupling among the magnetic fields excited by
the armature windings and the two sets of PMs. The five-phase armature windings are
housed in the inner stator slots and DC field windings in outer stator slots.

The working principle and field regulating method of the proposed FTFM
machine is the same as the machines discussed in chapter two. The major difference
is that FTFM machine proposed in this chapter has five-phase windings and

fault-tolerant capability.

Table 3.1 DESIGN PARAMETERS OF FTFM MACHINE

Items Value
Thickness of rotor PMs 8 mm
Thickness of outer stator PMs 7mm
Inner stator outside diameter 216 mm
Outer stator outside diameter 280 mm
Stack length 80 mm
Number of phases 5
Number of inner stator pole-pairs 10
Number of rotor pole-pairs 19
Number of outer stator pole-pairs 9
Number of inner stator slots 20
Number of outer stator slots 18
Number of AC conductors 20
Number of DC conductors 20
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3.3 ELECTROMAGNETIC PERFORMANCE ANALYSIS

A finite element model of the proposed FTFM machine is established using
Maxwell package, with the design parameters shown in Table 3.1. The

electromagnetic performances are investigated using FEM.

3.3.1 Mutual coupling

The DC external circuit of the proposed machine is shown in Fig. 3.2, which is
used for re-/de-magnetizing the AINiCo PMs. Since there exists mutual coupling
between the AC windings and DC windings, a rectifying circuit is integrated into the
DC external circuit to reduce the mutual coupling effect. By setting the AC voltage
in the DC external circuit to zero, the current in the DC windings with and without
the rectifying components (capacitor C1 and inductance L) is calculated, as shown in
Fig. 3.3. The result shows that there indeed exists mutual coupling between the AC
windings and DC windings, but the amplitude of this current can be greatly reduced

after the use of rectifying components.

o [al ] Wl

_ DC Windings { _
C1 = BT e AAA o Y Y e g
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1 ] i

AC voltage source 6)

Figure 3.2 External circuit of DC windings.
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Figure 3.3 Mutual current waveforms of the DC windings.

3.3.2 No load flux distributions

When the power switches S1 and S4 are turned on, a magnetizing current is
produced, while when the power switches S2 and S3 are turned on, a demagnetizing
current is generated. According to the magnitudes of magnetizing/demagnetizing
current pulses, the magnetization level can be divided into three groups, which is a
full level using a magnetizing MMF of 2000 A-turns, then a half level using a
demagnetizing MMF of 600 A-turns and a weak level using a demagnetizing MMF
of 1000 A-turns. Firstly, the magnetic field distributions of the proposed FTFM
machine under different magnetization levels are investigated, as shown in Fig. 3.4.
One can see clearly that the magnetic flux line distribution is densest when a
magnetizing current (Fdc = +2000 A-turns) is applied, and it becomes sparsest when
a demagnetizing current (Fdc = —1000 A-turns) is applied. This phenomenon is

especially significant in the outer stator and reflects a good field regulating effect.
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(a) (b) (©)
Figure 3.4 No-load magnetic field distributions of the FTFM machine at different

magnetization levels. (a) Full level. (b) Half level. (c) Weak level.

3.3.3 Air-gap flux density

The corresponding air-gap flux density distributions in the air-gap are shown in
Fig. 3.5, illustrating that an air-gap flux regulation range of 2.5-times can be realized.
Since all of the PMs are magnetized in the same direction, the flux density

waveforms are not symmetrical.
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Figure 3.5 Air-gap flux density distributions under different magnetizing level. (a)
Inner air-gap. (b) Outer air-gap.

3.3.4 Back EMF

The back EMF of the proposed FTFM machine without flux control is shown in
Fig. 3.6(a), in which the machine speed is 287 rpm. It can be seen that balanced
five-phase EMF waveforms can be reduced in the armature windings. The A-phase
back EMF with flux control is shown in Fig. 3.6(b), which illustrates that the back
EMF can be regulated effectively. Transient analysis of back EMF from rated
operation to flux weakening operation is also studied, the transient back EMF of
Phase A is depicted and shown in Fig. 3.6(c), which also shows a good flux

regulating effect, and good dynamic responses.
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Figure 3.6 Back EMF of the proposed machine. (a) Five-phase back EMF. (b) Back

EMF of Phase A with flux control. (c) Transient back EMF of Phase A.
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3.3.5 Demagnetization analysis

One of the concerns for memory machines with AINiCo excitation is the
demagnetization issue. Feasible designs should make AINiCo PMs immune from the
demagnetization risk of armature currents, and the magnetization state of AINiCo
PMs only affected by DC current pulse. Fig. 3.7 shows the flux line distribution
generated by the full load AC current and rotor PMs, in which the AINiCo PMs are
replaced with air during simulation. It can be seen that only very few flux lines pass
through the area of AINiCo PMs, and most of the flux lines pass through the outer
stator teeth instead since the reluctance of AINiCo PMs is much larger than the stator
teeth. Therefore, the AINiCo PMs will not be demagnetized by the armature reaction

field during the machine operation.
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Figure 3.7 Flux line distribution.

3.3.6 Torque characteristics

Fig. 3.8(a) shows the torque-angle characteristics of the proposed machine with
and without flux control when excited with a 40-A sinusoidal and balanced AC

current. One can see a clear regulation effect on the torque. The maximum torque
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reaches 157 Nm when applied with a magnetizing current of +2000 A-turns. The
maximum transmitted torque with the same current when the machine runs at the
rated speed of 500 rpm are shown in Fig. 3.8(b), and the torque ripple is 6.64 Nm,
4.66 Nm and 5.1 Nm, corresponding to the three magnetizing level, respectively,

which is very small compared to the maximum transmitted torque.
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Figure 3.8 Torque characteristic of the proposed machine. (a) Torque-angle

waveforms. (b) Torque-time waveforms.

3.4 FAULT TOLERANT ANALYSIS

Fault-tolerant capability is one of the most important features of multiphase

machines, which means that they can continue to operate in a satisfactory manner
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even under fault conditions. As the machine output torque is proportional to its
interacting field, so the same torque can be maintained as long as the rotating MMF
produced by the variations of all five-phase currents keeps unchanged in both time

and space.

3.4.1 One phase open-circuit

When one-phase open-circuit (for example, Phase A is open-circuit), to
maintain a proper operating condition, the magnetic field produced by the remaining
four healthy phases should remain unchanged. The MMF is produced by the
remaining four phases:

MMF'(6,t) = MMPs'(,t)+ MMFc'(0,t) + MMFq'(6,t) + MMF'(6,t)  (3.1)

For the sake of getting a unique solution and to guarantee that the summation of
four current phases is zero, the phase currents are governed by:

i'n=—i"q, ic=—i'e (3.2)

and the new phase currents can be expressed as:

i'a:0

ib=1.382Imcos| ot + gj

ic=1.382Imcos| ot + —]
5 (3.3)

i'a=1.382Imcos| wt —4—nj

ie=1.382Imcos| ot ——j

It can be seen that the remediation is to regulate the Phase B current retarded by
36<and the Phase E current advanced by 36< while keeping the angles of Phase C

and Phase D currents unchanged. Furthermore, the current amplitudes of all the
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remaining phases are increased to 1.382 times their pre-fault values. Fig. 3.9 shows
the output torque and armature current waveforms at full load when under one-phase
open-circuit condition, where we can see that this machine can still output steady

torque when one-phase open-circuit, but the torque ripple is relatively higher.
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Figure 3.9 Output torque and armature current waveforms under one-phase

open-circuit condition.

3.4.2 Two phase open-circuit

When two adjacent phases open-circuit (for example, both Phase A and Phase B

are open-circuit), the MMF will be generated by the remaining three healthy phases:
MMF:"(6,t) = MMF:"(6,t) + MMF4"(6,t) + MMF="(6,t) (3.4)
and the current of the remaining three phases are purposely governed by:
i"e+i"d+1"e=0 (3.5)

Therefore, the current of the remaining three phases can be expressed as:
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ic= 2.236Imcos(mt+2§j

4n
i d =3.618Imcos(oat—?j (3.6)

i'e=2.236Imcos(wt)

It can be seen that the angles of Phase C and Phase E currents are regulated to
that of the pre-fault Phase B and Phase A currents, respectively, while the angle of
Phase D current is unchanged. The current amplitudes of Phase C and Phase E are
2.236 times and Phase D is 3.618 times their pre-fault values. The output torque and
armature current waveforms when the machine works at full load are shown in Fig.
3.10. Again, we can find that this machine can work well under two-phase
open-circuit operation. For the case of two nonadjacent phases open-circuit, the

corresponding analysis is similar to that of two adjacent phases that are open-circuit.
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Figure 3.10 Output torque and armature current waveforms under two-phase

open-circuit condition.
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3.4.3 Torque comparison and field harmonics

The torque characteristic of the proposed machine under fault-tolerant operation
are investigated and compared with torque when working at normal conditions, as
shown in Fig. 3.11, which show that the torque density decreases during
fault-tolerant operation; the maximum torque is 157 Nm, 119 Nm and 81 Nm for
normal condition, one-phase open circuit condition and two-phase open circuit
condition, respectively. However, the torque ripple increases during fault-tolerant
operation; the torque ripple is 4.9 Nm 15.8 Nm and 19.5 Nm for these three

conditions, respectively.
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Figure 3.11 Torque characteristic of the FTFM machine at normal condition and fault

conditions. (a) Torque-angle waveforms. (b) Maximum torque-time waveforms.
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Figure 3.12 Field harmonics excited only by armature windings when working at
normal condition and fault conditions. (a) Inner air-gap. (b) Outer air-gap.

In this proposed machine, the armature windings are designed with 9 pole-pairs,
which will contribute to the average torque; other harmonics will cause the torque
ripple. The field harmonics excited only by the armature windings in both normal
condition and open circuit conditions are investigated, as shown in Fig. 3.12. One
can see clearly that the dominant harmonic component in generating average torque
with 9 pole-pairs is weakened during fault-tolerant operation, which leads to the
reduction of the torque density; while other harmonics with 3, 7 and 12 pole-pairs,

which will not contribute to the average torque, but only causes torque ripple, are
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strengthened during fault-tolerant operation, which is responsible for the increase of

the ripple torque when one or two phases open circuit.

3.5 SUMMARY

In this chapter, a novel fault-tolerant flux-modulated memory PM machine is
proposed. By using consequent-pole PMs on both the rotor and the outer stator, this
machine can realize bi-directional field modulation, which is the foundation to
ensure the effective magnetic coupling and flux regulation in the air-gap. Hence, the
proposed machine can enjoy a large torque density, and a torque density of
32kNm/m? can be achieved. The magnetic flux consists of magnetic fields excited by
the two sets of PMs and those excited by the armature windings. The air-gap flux
density can be regulated readily by applying a temporary DC current pulse with
negligible excitation loss; hence, the machine operating region can be expanded, and
the machine efficiency can also be improved. The fault-tolerant capabilities of the
proposed machine are studied in detail. The results show that this machine can
maintain good operation state under open-circuit situations. The detailed

electromagnetic performances of the proposed machine are shown in Table 3.2.

Table 3.2 ELECTROMAGNETIC PERFORMANCES

Items FTFM
Power 7.8 kW
Rated speed 500 rpm
Efficiency >90%
Maximum torque 157 Nm
Maximum torque when one-phase open-circuited 119 Nm
Maximum torque when two-phase open-circuited 81 Nm
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CHAPTER 4 HYBRID-EXCITED DUAL PM MACHINE
4.1 INTRODUCTION

HEMs with both PM and field coil excitations have been investigated to
improve the flux weakening performance, the efficiency of the HEMs can be
optimized as reported in [81]. Currently, the existing HEMs employ only one set of
PMs, which are either located on the rotor or the stator. The torque capability of
these machines is limited, as the PM usage is restricted to the available space in rotor
or stator. The memory machines proposed in chapters two and three have dual PM
excitation, but their structure is relatively complicated due to their double air-gaps.

In this chapter, a novel hybrid-excited dual PM machine (HEDPM) is proposed,
which is developed from the machines in chapters two and three. The machine
structure is simplified with single air-gap. The configuration of the proposed
machine is firstly discussed. Then the working principle is investigated through
analytically studying the air-gap field harmonics after flux modulation. The
electromagnetic performances of the proposed machine are studied using
time-stepping FEM (TS-FEM). A prototype is made and experimental tests are
conducted to verify the proposed design.

4.2 MACHINE CONFIGURATION

Fig. 4.1(a) shows the configuration of the proposed machine. It consists of one

rotor and one stator. PM excitations are employed on both the rotor and the stator.

All the PMs are radially outward magnetized. Each PM and its adjacent iron tooth
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form a pair of magnetic poles. Two sets of windings are employed and both housed
in the stator slots. One is the armature winding, which is used to produce the rotating

magnetic field. The other is the DC field winding, which is used for field regulation.

DC windings

Stator PMs

Stator

AC windings
(a)
CRCRCRCECE
M
B+ A+ C+ B- A- C-

(b)
DC- DC+

(c)
Figure 4.1 Configuration and winding connection of the proposed machine. (a)

Configuration. (b) Armature winding connection. (c) DC field winding connection.
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The winding connections of AC and DC windings are given in Fig. 4.1 (b) and
(c). The proposed HEDPM machine offers many advantageous features:
® Dual-PM excitation. Both the rotor and the stator own PM excitations. The
permeance difference between PMs and iron tooth enables both the rotor and
the stator good flux modulating effect, which is referred as dual-magnetic
gearing effect in [82]. Numbers of synchronous harmonics with the same
pole-pairs and rotating velocities are generated and contribute to the
effective electromagnetic torque production.
® Concentrated armature windings and field windings as shown in Fig. 4.1 (b)
and (c). This design can shorten the end-winding and reduce the copper loss,
thus improve the utilization of both copper and iron materials.
® Good flux regulating capability. By controlling the direction and magnitude
of DC field current, the air-gap flux can be regulated effectively. Therefore,
the constant power operating region can be expanded.
4.3 WORKING PRINCIPLE
Since both the stator and the rotor have flux modulating effect, bidirectional
flux modulating can be achieved in the proposed machine, which guarantees
effective coupling among different magnetic sources. In order to reveal the working
principle of the proposed HEDPM, the field harmonics excited by different magnetic
sources are investigated in detail..

4.3.1 Flux density of stator PMs
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The air-gap magnetomotive force (MMF) generated by the stator PMs
accounting for the stator saliency is assumed to be square wave with air-gap
circumferential position@[83], as shown in Fig. 4.2. The Fourier series expansion
Fews(6) is given by

Os
— cos nps& (4.2)

= AFews .
Feuvs(8) = sinnps
PM( ) n:LZS;SM o p
where 6s refers to the arc of stator teeth, which is also equal to the arc of the

stator PMs, Psand Fews refer to the pole-pair number of stator PMs and the value of

stator PM MMF, respectively.

AFt
Fewms
_? -
|
0. 0] o =
2 2
Figure 4.2 Air-gap MMF produced by stator PMs.
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Figure 4.3 Air-gap permeance model of rotor.
The air-gap permeance model of rotor accounting for rotor saliency is presented
in Fig. 4.3, and the permeance function of rotor can be expressed by its Fourier
series.

Pr(6,t)= Po+2%sin kpr%COSkpr(e—Qrt—eo) (4.2)
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where Poand P:are the dc component and peak-peak value of permeance
waveform in Fig. 4.3. 6r, Or, 6oand Prare the rotor pole arc, the rotor speed in
radian per second, the initial rotor teeth position and the rotor pole-pair number. As
reported in [84], the flux density excited by the stator PMs Bews(6,t)can be obtained
by multiplying Fews(6)and Pr(6:t).

BPMS((9 t)
:FPMs( )Pr(H,t)
_ 4FpmsPo

T

4FPMsP1

i Ancosnpsd + i Zw:Aan (cosar1+cosar2)

n=1,35... n=1,3,5... k=1

kpr(Qrt+(90)
= S kr 0—— 43
(nps+ p){ nps + kpr } (43)

_ (nps _ kpr) 0+ kpr(Qrt + 60)
nps — kpr

Anzlsin npsﬁ ,Bk:lsin kprﬂ
n 2 K 2

From Eq.(4.3), we can see that the flux density excited by the stator PMs can be

divided into three groups. The static harmonics with NPs pole-pairs are the original
harmonics of stator PMs. The rotating harmonics with Nps+Kprand nps—kpr
pole-pairs, rotate at angular speed of kprQ/(nps+kpr) and —kprQ/(nps—kpr)
respectively. The negative notation means these harmonics rotate opposite to the
rotor direction. Both the two rotating harmonic groups are generated by the
modulating effect of the rotor. The harmonic pole-pair number and angular velocity
of air-gap field excited by the stator PMs accounting for rotor modulation are listed

in Table 4.1.
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Table 4.1 MAGNETIC FIELD HARMONICS EXCITED BY THE STATOR PMSs

No. | Pole-pairs | Amplitude | Angular speed

4FpmsPo

1 nps An 0

b
2 nps + kpr 4F:25P1 AnBk kprQr/(nps + kpr)
3 nps — kpr 4FP’\;SP1 AnBk —kprQr/(nps - kpr)

4.3.2 Flux density of DC field current

Since the DC flux owns the same magnetic path as the stator PM flux and the
pole-pairs of DC field Pdcis equal to the pole-pairs of stator PMs. The flux density
excited by the DC field winding can be obtained in exactly the same way, and can be
expressed as

4NaclacPo 4NacldacP1

Bdc(@,t) =-

i Ancosnpst — i iAan (cosar+cosaz) (4.4)

T pags. t n=135.. k=1

where N« and le are the coil turns and current value of DC windings. The DC
field harmonics own the same pole-pairs and angular velocity with the stator PM
field harmonics, but with different amplitudes. Therefore, the DC field winding can
act as a regulator of air-gap flux and is open-circuit if flux regulation is not needed.
4.3.3 Flux density of rotor PMs

Similarly, the MMF produced by the rotor PMs is assumed to be square wave,

as shown in Fig. 4.4. The Fourier series expansion Few(6,t)is given by

Fewr (6,t) = i —4Fewr sin npr%cos npr (6 — rt — 6o) (4.5)

n=13,5

where Fewr refers to the rotor PM MMF.
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Figure 4.5 Air-gap permeance model of stator.
The air-gap permeance model of stator accounting for stator saliency is
presented in Fig. 4.5, and its Fourier series can be used as the stator permeance

function.

Ps(9)= Pz;Ps_ZZ(Ps—Pz)

o0
= kz

sinkps % coskps® (4.6)

where P2and Psare the value of stator permeance corresponding to the position
of stator PMs and stator tooth. By multiplying Few(6,t)and Ps(6), the flux density

excited by the rotor PMs Bewr(6,t)after the modulation of stator can be obtained.

BPMr(@,t):FPMr(H t) ( )
_ 2FPMr(Pz+ P3
- Vs

4FPMr P3 Pz &

Z z k(cosas +cosas)

Z Cncosnpr (6 — it —6o)

cta— (pr + kps) npr (ut +6o) (4.7)
npr+ kps

(npr kps kpr Qrt+00
npr— kps

Cn- 1sm(npr—J D« = %sm(kpsgj
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From Eq.(4.7), we can find that the flux density excited by the rotor PMs also
contains three groups. One is the original harmonics of the rotor PMs, withnpr
pole-pairs and rotates with the same speed of rotor. The other two groups are
npr+kpsand npr—kps  pole-pair harmonics, with angular speeds of nprQ/(npr+kps)and
nprQxr/(npr —kps) respectively. These two harmonic groups are produced by the
modulating effect of the stator. The detailed harmonic pole-pairs and corresponding
angular velocities are listed in Table 4.2.

Table 4.2 MAGNETIC FIELD HARMONICS EXCITED BY THE ROTOR PMS

No. | Pole-pairs Amplitude Angular speed

2FPMr(Pz+ P3)C
| 1

1 npr Qr
Vil
2 npr + kps anDk nprQr/(npr + kps)
T
3 npr — kps WCnDK nprQr/(npr - kps)
T

4.3.4 Flux density of armature current
At last, the flux density excited by the armature currents is investigated. The
MMF produced by each phase of armature current without considering stator

modulation is shown in Fig. 4.6.
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Figure 4.6 Air-gap MMF produced by armature current of the proposed machine.

The Fourier series expansion of each phase MMF is given by

n+1 4Nac|a sin npses sin ps
12 6

where |a,

M

n+1 4Nacib . ﬂpses
—SIn sin
12
n+1 4Nacic .

o8]

ibandic are the current of each phase, respectively. N refers to the

nz

n| & e—%’fﬂ (4.8)

$o-5)
R

turns of each coil. The armature windings are fed with balanced three phase

sinusoidal current, the complete MMF waveform in the air-gap excited by the

armature currents can be obtained by spatially combining the MMF waveforms of all

the phase currents, as given below
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— 3_ . p
Fac(@,t)z —EjSIﬂ(]— —ha)tj
J1 ANaclac . jps
Ei=(-1) 2 ————sin| —06s .
=07 Bin B2, ®9)
n_] 1 =6i-1 i=012.
-1 j=6i+1, i=012..

where land @refer to the peak value and angular velocity of the armature

current, respectively. Since both the stator and the rotor own field modulating effect,

the armature field will be modulated twice. By multiplying the MMF of armature

current F(6,t), the permeance function of stator Ps(¢)and the permeance function of

the rotorPr(6.t), the flux density excited by the armature current can be obtained [65,

85].

Bac(6,t)
= Fac(0,1)Ps(0)Pr(6,t)

_3Po(P2+Py) &
(P2 Po) D" Eisin i2lg- ho
j=15,7... 6 E
6
3Po(Ps-P2) & &
o(Ps- Z > EjDxsin [J—0+kpsj 7phiwt
.4 (12 (4.10)
JBPiPrPy) & S haot + kpr©)
(P2+Ps) > > EiBsin (j£9+kprJ G—Mt +kpr&o
j=15,7.. k=1 [J%ikprj

3Pl P3 Z ZZEjDlekZSin (j%@iklpsikzprj H—M
( s

t |£kzprbo
j=L5.7...ki=Lkz=1 jzik1psik2prj

As given in Eq.(4.10), the flux density excited by the armature current can be

categorized into four groups. The first group is the original harmonics without the

modulation of neither the stator nor the rotor, the second and the third groups are the

armature fields modulated by the stator and the rotor, respectively, the last group is
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harmonics modulated by both the stator and the rotor. The detailed harmonic
pole-pairs and corresponding velocities are listed in Table 4.3.

Table 4.3 MAGNETIC FIELD HARMONICS EXCITED BY THE ARMATURE CURRENT

No. Pole-pairs Amplitude Angular speed
j 3P0(P2+P3) ho
1 jps/6 3Po(P2+Ps) h
4 j
6
3Po(P3—P2) ho
I 3Po(Pa=Pz) g —te__
2 ] 6~ p o EjDx (j%ikps]
3 jE+kp 3P1(P2+ Pa) EB M
o 4z e (j%ikprj
P 3PoP1(Ps—P2) (he £ k2prQr)
. Ps oP1(P3— P2  (hotkepr)
4 JEiklpsiKZPr ijDlekZ [j%iklpsiKZPrJ

4.3.5 Slot-pole combination
In order to produce stable electromagnetic torque, the two interacted field
harmonics should have the same pole-pair number and the same rotating velocity. It

can be found that if

Ps
P Kkips=kapr
g | peTieP (4.12)

= Qrpr

]

where both kiand k:are positive integers, the harmonic group 1 in Table 4.3 is
synchronous with the harmonic group 3 in both Table 4.1 and Table 4.2 when

P +kpspole-pairs in group 2 of Table 4.3 is also

k=h=1, The harmonics with jg

synchronous with the harmonic group 1 in Table 4.2. The harmonics with j%—kpr
pole-pairs in group 3 of Table 4.3 and the harmonic group 1 in Table 4.1 own the
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same pole-pair number and rotational velocity as well. Therefore, all of these
synchronous harmonics will contribute to the electromagnetic torque production.

The j% is also referred as the pole-pair number of armature field Pac. As
shown in Fig. 4.1, the rotor slot number Nris equal to the pole-pair number of rotor
PMs Pr. Since each stator PM is separated by one stator tooth, the total stator slot
number Nsshould be twice the pole-pair number of the stator PMs.

Ns =2 ps (4.12)

Therefore, the slot-pole combination of the proposed machine can be
determined. If the pole-pair number of stator PMs is chosen as 6, then the stator slot
number is 12, the pole-pair number of armature field is 5 or 7 corresponding to =5
and j=7, hence the rotor PM pole-pairs is 11 or 13, respectively. There are also some
other slot-pole combinations. With the stator PM pole-pairs is chosen as 12, the
stator slot number, the armature field pole-pairs and the rotor PM pole-pairs are 24,

10 or 14, and 22 or 26, respectively. A general equation group associated with the

slot-pole combination is given by

(4.13)
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Figure 4.7 Machine configurations with different pole/slot combinations. (a) 5/6/11.
(b) 7/6/13. (c) 10/12/22. (d) 14/12/26.

Because there are various stator and rotor pole-pair combinations for the
proposed machine, one of the preliminary design work is to chose the most feasible
Pac/ Ps/ Prig achieve better electromagnetic performances. According to Eq.(4.13),
the pole-pairs of stator PM is multiple of 6. When the stator PM has 6 pole-pairs, the
pole-pair combination of the proposed machine can be 5/6/11 and 7/6/13. When the
stator PM has 12 pole-pairs, the pole-pair combination of the proposed machine can
be 10/12/22 and 14/12/26. The machine configurations having different pole-pair

combinations are shown in Fig. 4.7. Unbalanced magnetic pull (UMP), cogging
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torque, d axis inductance and torque capability of these four machines are simulated
and compared in Table 4.4. For a fair comparison, the overall dimensions and the PM
volumes as well as the copper losses are the same. One can find that UMP exists in
the 5/6/11 and 7/6/13 machine configurations, in which the UMP of the 5/6/11
machine is smaller. The 10/12/22 and 14/12/26 machines have no UMP, because as
reported in [86], when the winding structure can be regarded as a duplication of
another structure, no UMP will be resulted. Cogging torque and the maximum
electromagnetic torque of these four machines are also simulated, among which the
5/6/11 machine has the lowest torque ripple rate (the ratio of peak-peak value of
cogging torque to the maximum average torque). Therefore, the chosen pole-pair
combination of the proposed machine is 5/6/11.

Table 4.4 PERFORMANCE COMPARISON

Items 5/6/11 7/6/13 10/12/22 14/12/26
UMP 400N 446N 0 0
Cogging torque 0.3Nm 0.28Nm 0.43Nm 0.41Nm
d-axis inductance 33mH 31mH 45mH 46mH
Maximum torque 4.1Nm 3.15Nm 4.64Nm 3.74Nm

4.4 PERFORMANCE ANALYSIS

The electromagnetic performances of this proposed HEDPM machine are
studied using TS-FEM. The pole-pair number of stator PMs and rotor PMs are 6 and
11, respectively. The detailed design parameters of the proposed HEDPM machine

are given in Table 4.5.
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TABLE 4.5 DESIGN PARAMETERS

Stator outside diameter 90 mm
Stator inside diameter 57 mm
Rotor outside diameter 56 mm
Rotor inside diameter 30 mm
Length of air-gap 0.5 mm
Stack length 80 mm
Thickness of stator PMs 2 mm
Thickness of rotor PMs 3mm
Arc of stator tooth/PMs 11.7°
Arc of rotor PMs 16.36°
Number of stator PM pole-pairs 6
Number of rotor PM pole-pairs 11
Number of armature winding pole-pairs 5
Number of DC winding pole-pairs 6
Number of stator slots 12
Number of phases 3
Turns of ac conductors 160
Turns of dc conductors 160
Remanence of NdFeB 1.2T
Relative permeability of NdFeB 1.05

4.4.1 Magnetic Flux
The no load and full load flux distributions are investigated, as well as the flux

distributions at different DC excitations, as given in Fig. 4.8. We can find that both
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flux strengthening and flux weakening can be achieved by controlling the DC
currents. The air-gap field distributions and harmonic spectrums when excited by the
stator PMs, rotor PMs and armature currents are given in Fig. 4.9. One can find a

good agreement between the simulated results and the results derived in section 4.3.

b
© . (H)
Figure 4.8 Flux distributions. (@) le=3A, lx=0A, (D) lec=0A, lx=0A, (C)le=-3A, l==0A, (d)

|dc:OA, |ac:2A.
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Figure 4.9 Air-gap flux density distributions and harmonic spectrums. (a) Flux
density distributions. (b) Harmonics.

Fig. 4.10(a) and Fig. 4.10(b) show the flux density distributions and harmonics
with and without DC currents, when excited only by the stator PMs and the rotor
PMs, respectively. The working harmonics should have the same pole-pairs and the
same rotating speeds as the harmonics generated by the armature current. For the
field excited by the stator PMs, the working harmonics are 5™, 6™, 7, 16", 17" and
18™ harmonics, while for the field excited by the rotor PMs, the working harmonics

are 1M 5™ 6™ 7™ 11" 17" and 18" harmonics. Both flux strengthening and flux
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weakening can be achieved by changing the polarity of DC current.

Flux density, T

-0.5

Flux density, T

Flux density, T

15

o
[l

o

— lac=3A — laec=0A — lac=-3A

0.7

| | | | | |
50 100 150 200 250 300 350
Circumferential angle,Degree

0.61

o
~
T

o
w
T

o
)
T

0.1

[ | lac =3A
M [oc=0A
M lec=-3A -

Working harmonics

4 6 8 10 . 12 14 16 18 20
Pole-pairs

(a)

1.5

— ldc=3A — ldc=0A — lgc=-3A

1 1 1 1 1
50 100 150 200 250 300 350
Circumferential angle,Degree

87



0.5

M lec=3A

M |4 =0A i
Working harmonics M lic=-3A

o
'S
T

o
w

Flux density,T

o
[N

0.1

0 2 4 6 8 10 12 14 16 18 20
Pole-pairs

(b)
Figure 4.10 Air-gap flux density distributions and harmonic spectrums. (a) Stator
PM field. (b) Rotor PM field.

4.4.2 Flux linkage and back EMF

The open-circuit flux linkage of phase A and the harmonics are given in Fig.
4.11. The flux linkage waveforms are sinusoidal with small DC components. By
applying DC current, the flux linkage can be effectively regulated. Fig. 4.12 shows
the back EMF when the machine runs at 800rpm. Again, balanced back EMF can be

obtained.

045/ L le=3A — lec=0A — las=-3A
0.1

0.05

Fluxlinkage,Wb
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Figure 4.12 Back EMF when the machine runs at 800rpm.
4.4.3 Torque characteristics
The torque angle characteristics when the stator PMs and rotor PMs are
magnetized in both the same direction and the opposite direction are investigated, as
given in Fig. 4.13. The output torque when the stator PMs and rotor PMs are
magnetized in the same direction is larger than the torque when the PMs are
magnetized in the opposite direction. Both the stator PMs and the rotor PMs can

contribute to the torque production. The frozen permeability method given in [87]
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can be used to accurately calculate the torque produced by the stator PMs and rotor
PMs. The torque characteristics of the proposed dual PM machine, the rotor PM
machine when the stator PMs are removed and the stator PM machine when the rotor
PMs are removed are separately simulated and compared, as shown in Fig. 4.14. One
can find that the proposed machine can also operate well with either stator PM
excitation or rotor PM excitation, actually, the proposed machine can be regarded as

combination of a stator PM excited machine and a rotor PM excited machine.

5r B PMs magnetized in the same direction
©PMs magnetized in opposite direction

Torque,Nm

| | | | | 4
20 40 60 80 100 120 140 160 180
Rotor position,Elec.degree

Figure 4.13 Stationary torque. (a) Stator PMs and rotor PMs are magnetized in the

same direction. (b) Stator PMs and rotor PMs are magnetized in opposite direction.
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Figure 4.14 Torque characteristics. (a) Torque-angle waveforms. (b) Steady state

torque.

As the field windings will inevitably reduce slot areas for armature windings,

and cause torque reduction. To fully investigate the torque capability of the proposed

machine, the torque density and "T/PMV" of the proposed machine when the field

windings are replaced by the armature windings, which is referred as dual-PM

machine, are simulated and compared with SPM and IPM as shown in Table 4.6. We

can find that when excited by the same current density, the proposed dual-PM

machine can achieve higher torque capability than the SPM and IPM.

TABLE 4.6 COMPARISON OF TORQUE CAPABILITY

Torque density[kNm/m?] T/PMV[Nm/L]
Current density[A/mm?]
DPM SPM IPM DPM SPM IPM
3.63 13 8.47 10.5 276 252 268
20 63.5 42 51 1348 1250 1302

4.4.4 PM demagnetization analysis
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Since the DC excitation inevitably circulates through the stator PMs, the stator
PMs may suffer from demagnetization risk. The demagnetization of PMs is
influenced by both the demagnetizing force and the working temperature. At lower
temperatures, the BH curves are linear and the knee point doesn't appear in the
second quadrant of hysteresis loop, the PMs will not be demagnetized at these
temperatures unless the demagnetizing force is larger than the coercivity. However,
the risk of demagnetization increases at higher temperatures due to the nonlinear BH

characteristics of the magnet.
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Figure 4.15 Flux density distributions. (a) lec=4A. (b) lic=10A.
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Fig.4.15 shows the flux density distributions of the stator PMs and rotor PMs
when the machine runs at full load, with DC currents of 4A and 10A, respectively.
We can see that when the stator PMs aligns with the rotor teeth, the stator PMs have
higher risk of demagnetization because the magnetic reluctance is very small in this
case. In [88], the demagnetization curves of NdFeB from room temperature to 200°C
are investigated, which shows the knee point flux density of NdFeB at 180°Cand 200°C

are 0.3T and 0.4T, respectively.
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Figure 4.16 Minimun PM flux density with different armature currents and DC

currents. (a) Influence of armature current. (b) Influence of DC current.
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The influence of the armature current on the stator PMs are investigated and
shown in Fig. 4.16 (a). We can find that the flux density of the working point
decreases with the increase of armature currents. As long as the flux density of the
working point is larger than the flux density of the knee point, the PMs will not have
demagnetization risk. Take 180°C as reference, the flux density of the knee point is
0.3T at 180°C. The stator PMs will not be demagnetized by the armature fields
because the minimum flux density of the working point is 0.557T when the armature
current is 6A, which is still larger than the flux density of the knee point. The
minimum flux density of stator PMs when applied with rated armature current and
different DC currents are given in Fig. 4.16(b), which shows the stator PMs will not

be demagnetized if the DC current is lower than 6A at 180°C.

Figure 4.17 Prototype of the proposed HEDPM machine and test bench.

4.5 EXPERIMENTAL VERIFICATION
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45.1 Test bench

For further investigation and verification of the proposed machine concept, a
prototype of the proposed HEDPM machine is fabricated and tested. A 1.5 kW servo
machine connected to a Siemens 1212C PLC controller is used to provide adjustable
load torque. Torque sensor is used to test the electromagnetic torque, and an
oscilloscope is used to display the tested waveforms. The stator, rotor and test bench
are shown in Fig. 4.17. The main dimensions of the proposed machine is given in
Table 4.5, which are the same as the model dimensions used in previous finite
element analysis.
452 Torque measurement

Firstly, the torque values corresponding to different rotor positions are tested
and compared with the simulated results, as shown in Fig. 4.18. One can find good
agreement between the results of FEM and experimental test. The steady state
electromagnetic torque Teand cogging torqueTe are tested and given in Fig. 4.19,
the peak-peak value of cogging torque is 0.3Nm, which is 7.3% of the maximum

average torque and which is acceptable for practical applications.
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Figure 4.18 Torque angle waveform.
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Figure 4.19 Steady state electromagnetic torque and Cogging torque. (a) Steady
electromagnetic torque. (b) Cogging torque.

4.5.3 Back EMF measurement

Fig. 4.20(a) shows the no load back EMF of phase A with and without DC
currents when the machine runs at 800rpm. The no load back EMF of phase B and
phase C are the same, but with 120 degree and 240 degree lagging angle,
respectively. Again, we can see good agreement between the results of experimental
tests and finite element calculations. The no load back EMF can be regulated

effectively by applying DC current.
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Figure 4.20 Back EMF with and without flux weakening. (a) EMF waveforms. (b)
Harmonics.

Harmonics of the back EMF waveforms are given in Fig. 4.20(b). One can find
that the tested EMFs have even-order harmonics with small magnitudes, which
causes the difference between the FEA results and test results. The reason behind this
may be that the PMs of the prototype are not so well evenly magnetized, so there are

more field harmonics in the air-gap of the prototype and the induced voltage is then
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affected accordingly. The machining error and assembling error can also affect the
tested EMFs.
4.5.4 Efficiency map

Fig. 4.21 shows the efficiency maps of the proposed machine when using DC
flux control and !¢ flux control. One can find that when using DC flux control, the
operating region of the proposed machine is expanded, an additional flux
strengthening region can be obtained, which allows the proposed machine operates
under larger load torque. The efficiency at flux strengthening region is reduced due
to the additional DC excitation copper loss. Compared with !¢ flux control, the flux
weakening region is also expanded and higher efficiency can be obtained when using
DC flux control, which means the DC field regulation method of the proposed

machine is effective.
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Figure 4.21 Efficiency map. (a) la- flux control. (b) DC flux control.

The power-speed curve of the proposed machine is given in Fig. 4.22. One can
find that the proposed machine can maintain constant power operation over a wide

speed range. The detailed machine specifications are given in Table 4.7.
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Figure 4.22 Power-speed and DC field current.
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TABLE 4.7 MACHINE SPECIFICATIONS

Items Values

Rated power 340 W

Rated current 1.4A

Rated torque 4.1 Nm

Rated speed 800 rpm
Armature windings resistance 53Q
Field windings resistance 53Q
d-axis inductance 33 mH
g-axis inductance 31 mH

4.6 SUMMARY

In this paper, a novel hybrid-excited dual-PM machine incorporated with flux
modulating effect is proposed. Both the armature windings and DC field windings
are housed in the stator slots. The air-gap flux can be both strengthened and
weakened by controlling the DC currents. Both the stator and rotor own PM
excitations, the magnetic fields excited by the stator PMs, rotor PMs and armature
windings can be coupled efficiently due to the flux modulating effect of the rotor and
stator. Besides the original fundamental harmonics, many other synchronous
harmonics are generated and contribute to the effective electromagnetic torque
production.

The working principle of the proposed machine is deeply discussed through
analyzing the modulating effect of the stator and rotor. The air-gap field harmonics

excited by different magnetic sources are investigated. FEM is used to analyze the
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machine performances and verified by experimental tests. The results show that both
the stator PMs and the rotor PMs can contribute to the electromagnetic torque
generation, high torque capability can be achieved. Both flux strengthening and flux
weakening can be realized by controlling the DC field current. During flux
strengthening, the output torque can be enhanced, but the efficiency is reduced as the
DC current will introduce additional copper loss. The flux weakening enables the
proposed machine to run at high speeds. Compared with !¢ flux control, the DC
flux control is effectively enlarge the constant power speed range of the proposed

machine.
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CHAPTER 5 APPLICATION OF HYBRID EXCITED FLUX
BIDIRECTIONAL MODULATED MACHINE IN WIND POWER
GENERATION
5.1 INTRODUCTION

Since fossil energy is nonrenewable and will cause environmental pollution, the
development of clean energy systems is on an accelerating pace. Wind power as an
environmentally clean and cost-effective energy source, has attracted much attention
in recent decades [89-92]. According to the statistic data provided by the Global
Wind Energy Council(GWEC), the global annual installed wind capacity has
increased from 3.76GW at 2000 to 63.467GW at 2015, and the growth trend will
continue in the future [93]. Fig. 5.1 shows of the global wind capacity from 2015 to
2020, one can see that the wind power systems are growing fast and enjoy good

potential for further sustained development.
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B Annual installed capacity [GW] 63 64 68 72 75.5 79.5
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Figure 5.1 Global wind power capacity[93].

Motivated by the increasing contribution of wind power generation systems
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(WPGSs), the wind generator (WG) as a key component of WPGS, is developed
rapidly [77, 78, 94-96]. The squirrel cage induction generator (SCIG) is a popular
machine in WPGS due to its robust construction, low cost and mechanical simplicity.
No brushes are needed for the operation of SCIG, and little maintenance is required
[97]. The SCIG is mainly suitable for constant speed WPGS, when the SCIG is used
in variable speed WPGS, a full-scale back-to-back converter is needed to connect the
SCIG and the grid, which will increase the cost and reduce the efficiency. Another
widely used WG is the doubly fed induction generator (DFIG), which is suitable for
variable speed WPGS [98-100]. The stator of the DFIG is directly connected to the
grid while the rotor is connected to the grid through a back-to-back converter. The
DFIG can perform well in a wide speed range from super-synchronous to
sub-synchronous speeds. Brushes or slip rings are needed in the DFIG, which is one
of the main drawbacks of DFIG, and may result in electrical losses and machine
failures. Both the SCIG based WPGS and the DFIG based WPGS cannot achieve
direct drive, because it is difficult to design the SCIG and DFIG with multipole
low-speed and high torque capability. Gearboxes are usually used together with the
SCIG and DFIG to reduce the speed and amplify the output torque, which inevitably
reduce the efficiency and need routine maintenance. Therefore, direct-drive WPGS is
more attractive due to the increased reliability.

In last chapter, HEDPM is proposed and investigated. In order to protect the

stator PMs from demagnetizing, the applied field current cannot be too large as
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discussed in section 4.4.4. In wind power generation system which needs to adjust
air-gap flux frequently, HEDPM has some limitations since the stator PMs may be
demagnetized by the field current. In this chapter, a new machine for wind power
generation is studied which removes the stator PMs from the HEDPM, and is
referred as hybrid excited flux bidirectional modulated generator (HE-FBMG). The
configuration and design considerations are firstly discussed. The control strategies
including constant voltage control and maximum power point tracking (MPPT)
control are studied. In order to achieve better overall performances, an improved
Tabu search(ITS) algorithm[101] is used to optimal design the proposed generator,
and its electromagnetic performances are investigated using FEM. Finally, the
prototype is manufactured and its performances are studied through experimental
tests. The proposed HE-FBMG based WPGS is suitable for DC power supply, such
as battery charging.
5.2 CONFIGURATION

Fig. 5.2 (a) shows the configuration of the HE-FBMG based WPGS, and the
proposed HE-FBMG s directly connected to the wind blade. The armature winding
is connected to the load through a three-phase rectifying circuit, and the field
winding is connected to a DC power supply. This system has simple structure and no
mechanical gearbox is involved, which can improve the efficiency and reliability.
With the merit of hybrid excitation, the back EMF and electromagnetic torque can be

effectively controlled by the field current, which can simplify the control process.
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Meanwhile, thyristor based controlled rectifier in traditional WPGSs can be replaced
with diode based uncontrolled rectifier in the proposed HE-FBMG based WPGS, and
the cost of hardware can be reduced consequently.

idc

+

| The Proposed Ib B Load
— HE-FBMG B

A R
DC Power Supply |

Armature winding Stator

(b)

Figure 5.2 Configuration of the HE-FBMG based WPGS. (a) HE-FBMG based
WPGS. (b) Structure of the proposed HE-FBMG.

The structure of the proposed HE-FBMG is shown in Fig. 5.2 (b). Compared
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with the HEDPM proposed in chapter 4, only stator PMs are removed. Bidirectional

flux modulating effect is still incorporated in the design of HE-FBMG.
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Figure 5.3 Flowchart of the ITS-FEM coupled method.
5.3 DESIGN OPTIMIZATION
5.3.1 ITS-FEM coupled method
An improved Tabu search algorithm coupled with FEM, which is the so-called

ITS-FEM coupled method, is used to optimal design the HE-FBMG. The flowchart
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of ITS-FEM coupled method is shown in Fig. 5.3. Firstly, an initial solution is
randomly generated. Starting from a current solution X, a series of neighborhood
solutions X1, X2 ..., X» will be generated around X by the algorithm, and the best
solution X *will be chosen from these neighborhood solutions. This best solution
X* is labeled as the new current solution and begins a new cycle of iterations. This
optimization process will continue until a stop criterion is satisfied.

In traditional stochastic optimization algorithms, the current solution X
changes into the next solution X* if the value of the objective function is getting
better. In this case, the optimization tends to get trapped easily to the local best
solution rather than the global best. In this paper, the used ITS algorithm chooses the
local best solution instead of the global best solution as the new current one, so as to
avoid falling into a local best solution. Moreover, an adaptive step vector is used in
the implementation of moves. All the variables are normalized and a standard step
vector h with a controlled step-size is set in different directions

h=h./G (G =L h =1, i=12..n (5.1)
Where Lrefers to the user-defined step size level, which stipulates a minimal
step-size 1/L in h.And the update principle is given as
X; =X, +rp;h (5.2)
where ris randomly generated within [-1,1], P;is the coefficient vector Pin
the Jth direction and can be expressed as

p;=(b—a;)/2, j=12..n (5.3)
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where bjand a;refer to the range of Pp;. It should be noted that h=1 is
always defined to guarantee the global searching ability. The adaptively controlled
step size can effectively improve the searching efficiency and accelerate the
convergence.

Three objectives are investigated, which include the average output torque fz,
the torque ripple ratio f2 and the efficiency fs. The optimal design problem is
formulated as

min{—fl(X),f2(X),—f3(X)}, xeF (5.4)
where X refers to the design parameters, F refers to the constraints of the design
parameters, and f2can be expressed in Eq. (5.5), where Tmsand Tminare the

maximum value and minimum value of the steady torque, respectively.

T max—T min
f = '
2<X) fl(X) (55)
TABLE 5.1 OPTIMIZED VARIABLES
Variables Lower limit Upper limit
Inner diameter of stator (mm) 64 55
Rotor PM ratio 80% 30%

Thickness of rotor PM (mm) 5 2
Width of stator teeth (mm) 8 5
Height difference of stator teeth (mm) 5 2

5.3.2 Multi-objective optimization

The parameterized FE model of the proposed HE-FBMG is built using Maxwell

package. During optimization, the overall diameter and stack length are fixed at 90

mm and 80 mm, respectively. The variables been optimized and their limits are given
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in Table 5.1.

The optimization results of the torque ripple ratio and the average output torque
are given in Fig. 5.4. One can hardly discover identical relationships between the
torque ripple ratio and the average torque. Fig. 5.5 shows the relationship between
the efficiency and the average output torque, it can be easily observed that the
efficiency is positive correlated with the average output torque. The point with
maximum average torque also has the maximum efficiency, and therefore the
efficiency and the average output torque can be combined into one single objective
during optimization.
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Figure 5.4 The relationship between the torque ripple ratio and average torque.
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Figure 5.5 The relationship between the efficiency and average torque.
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5.3.3 Single-objective optimization

After the aforementioned multi-objective optimization, the proposed
HE-FBMG is optimized through single objective optimization, and the objective is
to achieve the largest output torque when the excitation current density is fixed at 8
A/mm?. The constraint during optimization is that the torque ripple ratio should
lower than 15%. Fig. 5.6 shows the average output torque and torque ripple ratio at
different iterative number. It can be observed that the optimization can converge
within 20 iterations and all the torque ripple ratios are lower than 15%, which
consists with the constraint and shows the effectiveness of the optimization method.
One can find that the proposed machine can achieve good overall performances after
optimization. The final design parameters can be obtained and output by the

optimization algorithm, which are listed in Table 5.2.
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Figure 5.6 Average output torque at different iterative number.
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TABLE 5.2 DESIGN PARAMETERS

Parameters Value
Stator outside diameter(mm) 90
Stator inside diameter(mm) 59.2
Rotor outside diameter(mm) 58.2
Rotor inside diameter(mm) 30
Length of air-gap(mm) 0.5
Stack length(mm) 80
Height difference of stator teeth(mm) 2.5
Width of stator teeth(mm) 55
Rotor PM ratio 0.5
Thickness of rotor PMs(mm) 4.1
PPN of armature winding 5
PPN of field winding 6
PPN of rotor PMs 11
Number of stator slots 12
Number of phases 3
Remanence of NdFeB(T) 1.2
Relative permeability of NdFeB 1.05

54 CONTROL STRATEGY

In traditional WPGS, the output power of the generator should be rectified by
the thyristor based controlled rectifier, which is the hardware basis of the control
process. In the proposed HE-FBMG based WPGS, the control process can be
achieved by controlling the field current, which is much simpler and thyristor based
controlled rectifier in traditional WPGSs can be replaced with diode based

uncontrolled rectifier, so the cost of rectifier can be reduced accordingly.
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5.4.1 Constant voltage control

Fig. 5.7 shows the control block of constant voltage control, which is suitable
for variable speed constant voltage applications. The output power of the armature
winding is rectified for DC power charging. The DC charging voltage is a feedback
and compared with the reference DC charging voltage in the constant voltage
controller. According to the error of reference and feedback DC charging voltage, the
constant voltage controller generates the reference field current, which then
compared with the feedback field current and control the DC power supply. The
reference DC charging voltage is the voltage when the generator runs at a certain
speed and no field current is applied, which can be adjusted according to the load
requirement. Using this constant voltage control, the DC charging voltage of the
proposed HE-FBMG based WPGS can be maintained at a certain level when the

wind speed varies.
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Figure 5.7 Constant voltage control of the proposed HE-FBMG based WPGS.
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5.4.2 MPPT control

According to the research reported in [102], the power coefficient of wind

power system is a nonlinear function of the wind speed and blade shaft speed.

Corresponded to each wind speed, there is an optimal shaft speed which has the

largest power coefficient. The MPPT control is to make the generator run at the

optimal rotating speeds when the wind speed varies, so the wind blade can capture

the maximum wind power. In traditional WPGS, the MPPT control is achieved by

controlling the controlled rectifier. In the proposed HE-FBMG based WPGS, the

MPPT control can be achieved by controlling the field current. The scheme of MPPT

control is given in Fig. 5.8, compared with traditional WPGSs using vector control

and thyristor based controlled rectifier, the proposed HE-FBMG based WPGS has

simplified control method and hardware.
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Figure 5.8 MPPT control of the proposed HE-FBMG based WPGS.
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5.5 PERFORMANCE ANALYSIS
5.5.1 Air-gap flux density and harmonic spectrum

The air-gap flux density distribution and the harmonic spectrum is given in Fig.
5.9. One can find that the air-gap flux can be effectively regulated by the field
current, both flux strengthening and flux weakening can be achieved by inversing the
polarity of the field current. When investigating the harmonic spectrum, only low
order harmonics with N=12:3and V=12.3are considered. The harmonics with 11,
22 and 33 PPN are only generated by the rotor PMs and will not be regulated by the
field current. The harmonics with 6, 12 and 18 PPN are only generated by the field
current, and the amplitude of these harmonics is zero when no field current is applied,
as shown in the green bar of Fig. 5.9(b). Other harmonics are generated by both the
rotor PMs and the field current, and therefore, these harmonics can be effectively

regulated by controlling the field current.
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Figure 5.9 Open-circuit air-gap flux density distributions and harmonics. (a) Flux
density distributions. (b) Harmonics.

5.5.2 Flux linkage and back EMF

Fig. 5.10 shows the open-circuit flux linkage waveforms of with/without field
current. One can find that the flux linkage can be effectively regulated through the
field current, and by inversing the polarity of the field current, both flux
strengthening and flux weakening can be achieved. Similar phenomenon can be
observed in the back EMF waveforms shown in Fig. 5.11. Therefore, by controlling
the field current, the proposed HE-FBMG can achieve constant output voltage when

runs at different speeds.
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Figure 5.10 Open-circuit flux linkage waveforms.
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Figure 5.11 No load back EMF waveforms.
5.5.3 Torque characteristics
Fig. 5.12 shows the stationary torque waveforms, in which the armature current
density is 8A/mm? and the rotor is locked. It can be seen that the output torque can
be regulated by the field current as well, when applied with field strengthening
current, the output torque of the proposed HE-FBMG can be improved. Fig. 5.13

shows the torque-current waveforms, no field current is applied in this case and the
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armature current density varies from 2A/mm? to 20A/mm?. One can find that the

output torque of the proposed HE-FBMG is greatly influenced by the current density.

When the cooling condition is improved and large current density can be applied, the

torque capability of the proposed generator can be increased.
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Figure 5.12 Stationary torque waveforms.
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Figure 5.13 Torque-current waveforms.

5.6 EXPERIMENTAL VERIFICATION

5.6.1 Test

bench

In order to verify the proposed HE-FBMG based WPGS, a prototype of the
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HE-FBMG is made and the test bench is shown in Fig. 5.14. The design parameters
of the prototype are exactly the same as the parameters given in Table 5.1. It should
be noted that this prototype is only used to validate the proposed design, it cannot be
used in a real WPGS because it is a scale-down prototype and its rotor PPN is small.
The proposed machine concept can be used in real WPGS when designed with large
size and large rotor PPN. The generator is driven by a servo motor, which is
controlled by a Siemens 1212C PLC controller stored with the wind turbine

parameters and wind curves, and the load is provided by a slide rheostat.

Torque
transducer__&

Figure 5.14 Test bench of the proposed HE-FBMG based WPGS.
5.6.2 EMF measurement
The back EMF waveforms when the proposed machine running at 800rpm and
applied with different field currents are tested and given in Fig. 5.15. It can be
observed that the back EMF can be effectively regulated by the field current. The
EMF waveforms are not purely sinusoidal and balanced due to the unsymmetrical

flux density distribution. There may also exist slight mechanical errors during
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manufacturing and assembling. Fig. 5.16 shows the comparison of EMF waveforms
when the proposed generator is applied with positive field current, no field current
and negative field current. One can find good agreement between the test results and

the simulation results.
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Figure 5.15 Measured EMF waveforms when applied with different field currents. (a)
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Figure 5.16 Comparison of EMF waveforms.

5.6.3 Performances without field current

The steady state performances when no field current is applied are studied. Fig.
5.17 shows the generator torque and phase current when the generator runs at
800rpm and the load resistance is 20€2. It is shown that the proposed generator can
work stably and sinusoidal phase current can be obtained. Keeping the rotating speed
unchanged, the generator torque at different load resistances are tested and given in
Fig. 5.18. One can find that with the increasing of load resistance, the generator
torque reduces because the increasing of load resistance reduces phase current.
Changing the load resistance to 35€2, the steady state generator torque, rotating
speed, output DC voltage and output DC current are all shown on the oscilloscope,
as given in Fig. 5.19. Again, we can find that the proposed HE-FBMG based WPGS
can generate smooth DC voltage and DC current, therefore is very suitable for DC

power supply.
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Figure 5.18 Generator torque at different load resistances.
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Figure 5.19 Torque, speed, DC voltage and DC current when load resistance is 35€.
5.6.4 DC charging voltage and power
The DC charging voltage, and output DC power are given in Fig. 5.20, when

the proposed generator runs at different speeds and load resistance is 35€2. Three
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operations are investigated, which include field winding open-circuited, constant
voltage control and MPPT control. One can find that when no field current is applied,
the DC charging voltage increases almost linearly with the increasing of the rotor
speed. When using constant voltage control, the proposed HE-FBMG can maintain
the DC charging voltage at a certain level, hence very suitable for variable speed
constant voltage applications. When using MPPT control, the proposed HE-FBMG
based WPGS can get the optimal power point and the output power can be improved

effectively. The experimental results well validate the proposed design.
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Figure 5.20 DC charging voltage and output DC power when the generator speed

varies. (a) DC charging voltage. (b) Output DC power.
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5.7 SUMMARY

In this chapter, a novel hybrid excited generator with flux bidirectional
modulating effect is proposed for WPGS. With the proposed generator, thyristor
based controlled rectifier in traditional WPGSs can be replaced with diode based
uncontrolled rectifier, which can reduce the hardware cost. Bidirectional flux
modulating effect is incorporated into the proposed design, which guarantees
effective magnetic coupling among the magnetic fields excited by the PMs, field
coils and armature windings. Both constant voltage control and MPPT control can be
achieved by controlling the field current, the control process is simplified. The
analytical model of the proposed generator is established, which can give an insight
into the working principle and flux regulating theory. The control strategies are
discussed, and an ITS algorithm is used to optimal design the proposed generator.
The electromagnetic performances are preliminary investigated using FEM and

verified through experiment tests, which are summarized in Table 5.3.

TABLE 5.3 ELECTROMAGNETIC PERFORMANCES

Items Values
Rated speed 800rpm
Rated torque 5.1Nm

Maximum torque 8.6Nm
Rated power 427TW
Maximum power 720W
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CHAPTER 6 DC-COIL-FREE HYBRID-EXCITED MACHINES
6.1 INTRODUCTION

Although HEMs are theoretically good candidates to achieve better overall
performances, they suffer from a common drawback, which is low slot utilization
rate caused by the additional field windings. The field windings inevitably occupy
some slot space and the effective slot area for armature windings is reduced which
accordingly reduces the torque density below the base speed. The same goes for the
flux regulating capability, which is also restricted by the available slot space for the
field coils.

In this chapter, a novel hybrid excited machine concept is proposed, which is
referred as DC-coil-free hybrid excited machine (DCF-HEM). DC coils are
eliminated and field excitation is achieved through injecting DC bias currents into
the armature windings. Each phase of armature windings is divided into two
sub-phases, which are injected with opposite DC-bias currents. Therefore, the
proposed machine has dual electrical ports and the zero sequence current flows
between the two ports can act as the air-gap field regulator. The proposed DCF-HEM
can be designed with stator PM, rotor PM and dual PMs, all of them are optimized
and investigated using finite element method (FEM) in this paper. A dual PM
DCF-HEM prototype is made, and its electromagnetic performances are verified
through experimental investigations.

6.2 MACHINE CONFIGURATION
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DCF-HEM can be designed with various configurations. As long as
concentrated armature windings are employed and the rotor has flux modulating
effect with proper number of salient poles, the field winding can be eliminated
through injecting DC bias current into the armature windings. In this chapter, three
machine configurations are investigated, which is developed from the HEMSs
discussed in chapter 4 and chapter 5. The machine configurations are shown in Fig.
6.1, namely DPM with dual PM excitation, RPM with rotor PM excitation only and
SPM with stator PM excitation only. Each phase of the armature coils is divided into
two sub-phases, which are excited by the same armature current but opposite DC

bias current, as given in Eq. (6.1).

Port one: Al, B1, C1
Port two: A2, B2, C2

Figure 6.1 Configurations of the proposed DCF-HEMs. (a) DPM. (b) RPM. (c)

SPM.
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iAlZ\/E'&lcCOS(a)et)-l- ldc

Ier = \/§|acCOS(a)et — 272'/3) + ldc
lci= \/Elac COS(C!)et — 472'/3) + ldc

< (6.1)
laz = ﬁ'acCOS(a)et) — ldc

le2 = \/§|acCOS(a)et - 272'/3) — ldc

lco = \/§|ac COS(a)et - 471'/3) — ldc

where Iasic1 and lazs2,co are the currents of the port |1 and port II,
respectively.  lac and ldc are the RMS value of armature current and DC bias
current, respectively. e refers to the angular velocity of armature current. An
equivalent current leis defined and expressed in Eq. (6.2).When DC bias current is
applied, the RMS value of armature current is reduced to keep the equivalent current

le unchanged so as to keep the copper loss unchanged.

=
le = %I[\/E|acCOS(a)et)+ |dc:|2 dt =+ lac® + loc? (6.2)
0

6.3 CONTROL STRATEGY

The overall control block diagram is shown in Fig. 6.2. The d-axis reference
current is set to zero during the control process. The AC component is totally
transformed to g-axis current to produce electromagnetic torque, while the DC bias
current is transformed to zero sequence current to regulate flux. The Clarke

transformer and Park transformer for the proposed machine can be expressed as
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By substituting Eqg. (6.1) into Eg. (6.3), the zero-sequence current j,can be

obtained, as followed.

i01=\/§|dc
i02=—\/§|dc

From Eg. (6.5), the zero-sequence current 10 is proportional to the DC bias

(6.5)

current ldc, so the control of le can be realized by controlling 1o, as shown in
Fig. 6.2. Pl controllers are used to regulate the dg0-axis currents to reach their
reference values. Detailed design method of PI controllers including how to select

the gains are reported in [103].
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Figure 6.2 Control block diagram of the proposed machine.

6.3.1 Generating the DC bias current

The key feature of the proposed machine is the utilization of DC bias current to
achieve air-gap field regulation. The stator winding is divided into two sub-phases.
Sub-phase 1 is supplied by sinusoidal AC current with positive DC bias, while
sub-phase 2 is supplied by sinusoidal current with negative DC bias. For traditional
star-connected three-phase winding, the sinusoidal current is produced by pulse
width modulation (PWM) scheme, as shown in Fig. 6.3 (a). Since the used inverter is

voltage fed, a DC bias voltage is generated first to produce a DC bias current. The Pl
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controller responsible to minimize the error o —io1, and generate DC voltages

which are added to reference voltage vector used for SPWM.

(a)

0 ot ®0 7 of

(b)

= T 0

e 4

(©)
Figure 6.3 PWM scheme with/without DC bias. (a) Conventional sinusoidal wave.
(b) Sinusoidal wave with positive DC bias. (c) Sinusoidal wave with negative DC

bias.
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To generate sinusoidal current with positive DC bias, the turn-on period is
extended with the same value for all the pulses, as shown in Fig. 6.3 (b), while, to
create sinusoidal current with negative DC bias, the turn-on period for all the pulses
are shortened with the same value, as shown in Fig. 6.3 (c). The area of the shadow
parts in the left figures and the corresponding right figures are equal based on the
area equivalence principle.

6.3.2 Flux weakening operation

For traditional HEMs, the armature windings and field windings are separately
controlled. The armature current is used as g-axis current to produce electromagnetic
torque, while the flux weakening is achieved by applying DC current to the field
windings. The maximum flux weakening current can be expressed as

lHEM = AslothIotJ L (66)

Ndc + Nac

in which, J is the current density, Asotand Ksotare the slot area and slot filling
factor, respectively, while Nacand No represent the turns of armature winding and
field winding, respectively. However, for the proposed machine, the maximum flux
weakening current can be increased as the armature winding and field winding are
integrated into one set of winding. Theoretically, the maximum flux weakening
current is given in Eq. (6.7) with AC component equal to zero, which means all the

current are used as zero sequence current to regulate the flux.
loro = AslotKslotJ (6.7)

The voltage equation in dq0 frame can be expressed as
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Ud Id La O O id 0 -Lg Ofid 0
Ug | = Rs iq +0 Lg O p iq + Q| Ld 0 0 iq +er//f 1 (6.8)
Uo io 0 0 Lo io 0O O Oflio 0

where P is differential operator, Rsis the resistance of each phase, ¥ f is the
excitation flux, Ud,q,0 , 1d.q.0 and La.qo are the voltage, current and

self-inductance in dqO axis, respectively. If flux weakening is required, it can be

achieved by adjusting the zero sequence current after Id s set to zero. During

steady condition, the differential of current is zero and the voltage equation can be

rewritten as

Ud =0
Ug = Rsiq + oyt 6.9)
Uo = Rslo

Therefore the voltage from the inverter can be expressed as

u= «quz +Uo% = \/( Rsig + Q1 )2 + (RSiO)Z (6.10)

One can find that the zero sequence current only involves a small voltage drop

since the resistance r.is usually very small. The i, is obtained from the speed
controller, which is exactly the same as the control in traditional permanent magnet

synchronous machines, and o' is obtained through

. \/U Iimz—(Rsiq* +Qer)2
lo = R (6.11)

where uiim IS the voltage limit of inverter.
6.3.3 Constant torque operation

When the proposed machine runs below the base speed and no flux regulation is
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required, the zero sequence current is set to zero. It means there is no DC bias in the
excitation currents, and all the AC current is transformed into the g-axis current. For
traditional HEMs, since the field winding is not excited and useless during constant

torque operation, the maximum output torque can be expressed as

THem = Py tAsiotKslotJ L (6.12)

Ndc + Nac

in which pis the pole-pair number, w1 is the flux linkage produced by the
PMs. For this proposed machine, since all the windings are excited as g-axis
current to produce electromagnetic torque, the maximum output torque is improved,
which can be expressed as

Tpro = Py tAslotKslotJ (6.13)
6.4 DESIGN CONSIDERATIONS

The design process of electrical machine is usually a compromise among a lot
of conflicting requirements. As there are many factors need to be considered, it’s
difficult to find a unique solution. In this paper, torque is the major consideration
during the design process because torque improvement is a major advantage of the
proposed DCF-HEMs over traditional HEMs with additional field coils.

Fig. 6.4 shows the flow chart of the design process. Firstly, the overall
dimensions are obtained based on the well-known torque equation. Then parametric
models of stator and rotor are established using Maxwell Package. The materials
used for lamination and magnet are chosen according to their electromagnetic

characteristics. Finally, the windings are designed and connected. With these four

132



steps, an initial model is obtained. Since some key design parameters have
significant influence on output torque, these parameters are swept and optimal values

are obtained based on their torque performance.

| Determine Dyl based on torque equation |

| Parametric design of stator and rotor |

| Chose materials for lamination and magnet |

| Design and connect windings |

Sweep Dr, Ws, Hs and Hr in Maxwell and get
the optimal value

End

Figure 6.4 Flow chart of the design process.

For conventional PM machines, the electromagnetic torqueTe is positively

proportional to the rotor volume, as governed by Eq. (6.14).
TeooDr?l (6.14)

where Drand |are the rotor diameter and axial length, respectively. The size of
stator PMs and rotor PMs also have great impact on the electromagnetic torque.
According to the existing research reported in[69], good flux modulating effect can
be achieved when the ratio of modulating segment is 0.5. Therefore the ratio of
rotor-pole width to rotor-PM width is fifty to fifty in this paper, and only thickness
of rotor pole is investigated. The analyzed variables are listed as follows:

1) Dr, Rotor diameter;

2) Ws, Width of stator tooth;

3) Hs, Thickness difference of stator tooth;
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4)  Hr, Thickness of rotor pole.
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Figure 6.5 Effect of geometric parameters on torque.

Fig. 6.5 shows the effect of geometric parameters on torque, in which no DC
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bias current is applied and the armature current density is fixed at 8A/mm?. It can be
observed that both the stator PM and rotor PM can interact with armature field to
produce electromagnetic torque, and machine one has larger torque capability due to
its dual PM excitation. It should be noted that the purpose of this paper is to propose
HEMs with integrated AC and DC windings, and systematical design optimization is
not conducted in this paper. The final design parameters of these three machines are

listed in Table 6.1.

TABLE 6.1 DESIGN PARAMETERS

Items DPM RPM SPM
Stator outer diameter 90mm
Rotor outer diameter 56mm 56mm 58mm
Length of air-gap 0.5mm
Stack length 80mm
Width of stator tooth 6.2mm 5mm 5.8mm
Thickness difference of stator tooth 3mm 3.5mm 2mm
Thickness of rotor pole 3mm
Ratio of rotor pole 0.5
PPN of stator 6
PPN of rotor 11
PPN of armature current 5
Number of stator slots 12
Number of phases 3
Turns of conductors 70
PM material NdFeB
Magnet Remanence 11T
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6.5 FINITE ELEMENT ANALYSIS
6.5.1 Flux linkage

The electromagnetic performances of the proposed DCF-HEMs are investigated
using finite element method (FEM). Maxwell package is used to establish the models
and conduct FE calculation. Fig. 6.6 shows the flux linkage waveforms when the
DCF-HEMs run at 800rpm and are applied with/without DC bias current. It can be
observed that flux linkage in sub-phase one and sub-phase two are synchronous but
with opposite DC bias components. When no DC bias current is applied, sub-phase
one has negative DC biased flux linkage while sub-phase two has positive DC biased
flux linkage. After injecting positive DC bias current into the windings, the
peak-peak value of flux linkage is reduced, which means flux weakening is achieved.
The peak-peak value of flux linkage when applied with different DC bias current is
given in Fig. 6.7. One can find that the flux linkage variation decreases almost

linearly with the increasing of DC bias current.

o
o
a

Flux linkage,Wb

Time,ms
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Figure 6.6 Flux linkage waveforms. (a) DPM. (b) RPM. (c) SPM.
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Figure 6.7 Flux linkage variation.

6.5.2 Back EMF
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Fig. 6.8 shows the back EMF of DCF-HEMs when applied with/without DC
bias current. It can be clearly observed that the back EMF can be weakened
effectively by injecting DC bias currents. Among all the three machines, SPM has
the best flux weakening capability since the stator PMs and DC bias current share the
same magnetic path, therefore stator PM excitation can be directly regulated by the
DC bias current. Although rotor PMs are rotating, the rotor PM field can also be

regulated by DC bias current due to bi-directional flux modulating effect.
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Figure 6.8 Back-EMF waveforms. (a) DPM. (b) RPM. (c) SPM.
The flux weakening capability of DPM is not that significant as DPM has the
strongest PM excitation. The ratio of flux weakening of the studied
DEP-DCF-HEMs or n,,,, /N are given in Fig. 6.9. The maximum flux

weakening times are 1.51, 2.1 and 5.83 for DPM, RPM and SPM, respectively.
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Flux weakening times
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DC bias current,A

Figure 6.9 The ratio of flux weakening.
6.5.3 Torgue characteristics
Fig. 6.10 shows the stationary torque waveforms, in which no DC bias current
is applied, and the RMS armature current density is 8A/mm?. It can be observed that

DPM motor can produce the highest torque among DPM, RPM and SPM motors.
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The steady torque waveforms are given in Fig. 6.11, the torque ripple ratio of DPM,

RPM and SPM are 7.9%, 11.3% and 5%, respectively.
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Figure 6.10 Stationary torque waveforms.

"o DPM = RPM <%-SPM

Torque,Nm

Figure 6.11 Steady torque waveforms.

Calculate rated torque Tr ‘

'

Calculate back-EMF Er at rated speed nr

'

Varying DC bias current from 1A to 9A, calculate
the corresponding torque Tiand EMF Ei

'

Calculate the ratio Ki = Er/Ei

Y

‘ Calculate the speed during flux weakening ni

v
Connect (0, Tv), (Nr,To), (i, Ti)

End

Figure 6.12 Flow chart of the calculation process of torque-speed curve.
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Figure 6.13 Torque versus speed waveforms.

Fig. 6.12 shows the flow chart of the calculation process of torque-speed curve,
and the results are given in Fig. 6.13. The torque when the machine runs below rated
speed nris rated torqueTr, which is simulated when the AC current density is
8A/mm? and DC bias current is zero. When calculating torque-speed curve over the
rated speed, the back-EMF when the machine runs at rated speed Eris calculated
and recorded first, then applying DC bias current from 1A to 9A, and calculate the
corresponding EMF Ei, i=12..9 and torqueTi, i=12..9. The ratio of Erover

Ei, i=12..9isdefined as Ki

Ki:%, i-12..9 (6.15)

And the machine speeds correspond to Ti, i=1,2..9can be obtained by
multiplying nrand Ki

ni=nKi, i=12..9 (6.16)

The torque-speed curve can be obtained by connecting (0, Tr ), (nr,Tr), (ni,
Ti)(i=12..9). It should be noted that there is a conflict between the torque density
and flux weakening capability. In order to increase torque density, strong PM

excitation should be used and the flux weakening capability is reduced accordingly.
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6.5.4 Efficiency maps

The efficiency maps of the DCF-HEMs are simulated and shown in Fig. 6.14.
One can find that DPM has the highest efficiency since it has the largest torque
density. The detailed electromagnetic performances of the DCF-HEMs are listed in
Table 6.2. One can find that although SPM has the lowest torque density, it has the
highest torque per PM volume (T/PMV) value, which shows a good utilization of
PM material. A surface mounted permanent magnet motor and an interior permanent
magnet motor are modeled as benchmark, which have the same overall sizes and
copper loss as the DCF-HEMs in our paper. The torque density is 16.94kNm/m? for
surface mounted permanent magnet motor and 21kNm/m?® for interior permanent
magnet motor, when the current density is 8A/mm?. Therefore, the proposed DPM
can achieve the highest torque density compared with normal permanent magnet

motor, RPM and SPM.
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Figure 6.14 Efficiency maps. (a) DPM. (b) RPM. (c) SPM.

TABLE 6.2 ELECTROMAGNETIC PERFORMANCES

Items DPM RPM SPM

Rated power (W) 1122 770 595
Rated speed (rpm) 800 800 800
Rated torque (Nm) 13.4 9.2 7.1
Ratio of flux weakening 1.51 2.1 5.83
PM usage(cm®) 28.9 20 5.6
Torque density(kNm/m?®) 26.3 18 13.9
T/PMV(KNm/m®) 464 460 1268

6.6 EXPERIMENTAL VERIFICATION

143



6.6.1 Testbench

In order to verify the principles and design of DCF-HEMs, a DPM prototype is
made and experimental investigations are conducted. The design parameters are the
same as given in Table 6.1. Fig. 6.15 shows the test bench, which includes the
prototype, a torque sensor for torque measurement, a servo motor and servo
controller used to generate adjustable load torque, DC power source and inverter to

drive the prototype, and an oscilloscope used to display the tested waveforms.
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Figure 6.15 Test bench of the DPM.

6.6.2 EMF measurement

Fig. 6.16 shows the measured EMF waveforms of sub-phase one when the
machine runs at 800rpm, balanced waveforms can be obtained which shows the
feasibility of the proposed design. The measured and simulated EMF waveform of
sub-phase Al are compared in Fig. 6.17, one can see good agreement between the

measured curve and simulated curve.
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Figure 6.16 Back EMF waveforms of sub-phase one.
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Figure 6.17 Back EMF waveforms of sub-phase Al.

6.6.3 Steady state performance

The steady state torque when the RMS armature current is 4A and DC bias
current is 6A is measured, as given in Fig. 6.18. The machine speed is 800rpm
during this measurement. It can be observed that stable electromagnetic torque can
be generated. Fig. 6.19 shows the torque values when applied with different DC bias
currents, the equivalent current leis fixed at 10A during the test. Again, one can find
good agreement between the tested results and simulated ones. The output decreases
with the increasing of DC bias current. The major reason behind is that increasing

DC bias current will reduce the RMS armature current, and the electromagnetic

145



torque decreases accordingly. Also, increasing DC bias current will result in flux

weakening, which will reduce the torque as well.
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Figure 6.18 Steady state torque, speed and phase currents.
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Figure 6.19 Torque values when applied with different DC bias currents.
6.6.4 Efficiency maps
The efficiency map of the DPM over the whole operating region is investigated,
and compared with the efficiency when using external DC field current control as
used in traditional hybrid excited machines, as given in Fig. 6.20. One can find that
the proposed machine can achieve both higher torque and wider flux weakening

range.
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Figure 6.20 Efficiency maps. (a) External DC field current control. (b) DC bias
current control.

6.7 SUMMARY

In this chapter, the idea of integrated field and armature windings is
incorporated into the design of novel hybrid excited machines with bi-directional
flux modulating effect. Field windings in traditional hybrid excited machines are
eliminated and DC bias current is injected into the windings to act as flux regulator.
Analytical model of bi-directional flux modulating effect is established and
harmonics excited by different magnetic sources are investigated in detail, which can

give a physical insight of the working principle.
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Three finite element models which are SPM with stator PM excitation, RPM
with rotor PM excitation, and DPM with dual PM excitations are built and compared.
Their electromagnetic performances are deeply studied, and the results show that
DPM can achieve the highest torque density and SPM has the widest flux weakening
range. All these three machines can realize flux weakening through DC bias current
control. A prototype of DPM is made, and experimental tests are conducted which

well verifies its electromagnetic design.
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CHAPTER 7 CONCLUSIONS AND RECOMMENDATIONS
7.1 CONCLUSIONS

This thesis incorporates the flux modulating theory and flux controllability into
the design of electrical machines, which results in flux-controllable flux-modulated
(FCFM) machines. This kind of machines can achieve both high torque density due
to the flux modulating effect, and wide speed range introduced by the good flux
controllability. Three major machine concepts are proposed, which are dual stator
memory machines, hybrid excited dual PM machine and DC coil free hybrid excited
machines. The research objectives have been achieved and conclusions are discussed
as following:

Firstly, the literature review is conducted, in which flux-controllable machines
and flux-modulated machines are reviewed separately. The configuration, working
principle, advantages and disadvantages, and application of each machine concept
are discussed and compared, which gives a clear scope of the development of the
current techniques.

Secondly, flux-modulated memory machines with dual stators are proposed.
Hybrid PM excitation is employed, in which AINiCo can act as flux regulator and
NdFeB is used to generate electromagnetic torque. The flux regulating theory is
discussed based on the demagnetization model of AINiCo. FEM is employed to
analyze the electromagnetic performances, the results show that the proposed

flux-modulated memory machines can achieve both high torque density and good
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flux regulating capability.

Thirdly, the flux-modulated memory machine is designed with five phases, so it
can work under fault conditions. The current control method under open circuit fault
is discussed, which shows that stable torque can still be generated by controlling the
current of the remaining healthy windings. The torque characteristics under open
circuit conditions are compared with normal condition. The results show that average
torque is reduced and torque ripple is increased during open circuit condition. The
reason is because the amplitude of fundamental field component is reduced while the
amplitude of harmonic field components is increased.

Fourthly, a hybrid-excited dual PM machine is proposed, which incorporates the
outer stator and inner stator of the dual stator flux modulated machine into one stator,
and the mechanical structure is simplified. Through controlling the field current, the
air-gap field can be both strengthened and weakened, and EMF and torque can be
adjusted accordingly. Compared with traditional single PM machine, the proposed
dual PM machine can achieve higher torque density.

Fifthly, the application of a hybrid excited flux bidirectional modulated machine
in wind power generation is studied. Two control strategies are investigated, which
are constant voltage control and MPPT control. A Siemens 1212C PLC controller
stored with the wind turbine parameters and wind curves is used to simulate the real
wind, and the load is provided by a slide rheostat. The experimental results show that

this machine can achieve both constant voltage control and MPPT control by
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controlling field current. Therefore, thyristor based controlled rectifier in traditional
wind power generation systems can be replaced with diode based uncontrolled
rectifier with the proposed generator, which can reduce the hardware cost.

Lastly, the idea of integrated winding is applied to the design of hybrid excited
machines and DC-coil-free hybrid-excited machines are proposed. Different from
field regulation in traditional hybrid excited machines with additional field windings,
DC bias current is injected into the winding to act as field regulator. The slot
utilization can be improved. The proposed machine can achieve both higher torque
density and wider speed range than traditional hybrid excited machines.
Experimental investigations are conducted, and the results show the effectiveness of
the proposed design.

In summary, this thesis incorporates flux controllability and flux modulating
into electrical machine design. After a systematical literature review of the current
techniques, a series of flux controllable flux modulated machines are proposed.
Although their configurations are different and they have different features, their
design principles are identical, which is based on bidirectional flux modulating
theory. The electromagnetic performances of the proposed machines are
comprehensively studied using FEM. Some prototypes are made, and experimental
investigations are conducted to verify the electromagnetic design.

7.2 RECOMMENDATIONS

Although systematic research and the design, analysis and application of novel

151



flux-controllable flux-modulated machines have been accomplished in this thesis,

there are still some aspects to be further studied. Some recommendations are given

as follows:

a)

b)

The flux controllable flux modulated machines are based on bidirectional
flux modulating effect, which results in low power factor. Therefore, it
would be interesting to explore machine concepts with high power factor.
When AINiCo magnet is used, the transient performances and accurate
control methods need to be studied further.

The driver of DC coil free hybrid excited machines has two sets of
converters, which doubles the converter cost. It would be meaningful to
explore new converter topologies for the DC coil free hybrid excited

machines.
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