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[bookmark: _Toc423631526][bookmark: _Toc438410207]Abstract
[bookmark: OLE_LINK930]It is well known that the torque density in electrical machines is limited by magnetic saturation and thermal constraints on the winding insulation and permanent magnets (PMs). In particular, doubly salient electrically-excited machines with the armature and DC windings on the stator, for example, the variable-flux machine (VFM), have (a) limited stator slot area for both windings, (b) severe magnetic saturation due to the DC excitation, and (c) negligible reluctance torque, and may exhibit high copper loss and high magnetic saturation. 
[bookmark: OLE_LINK114][bookmark: OLE_LINK115]A novel method to alleviate magnetic saturation in the stator of VFMs is proposed. It is achieved by pre-magnetizing the stator core using PMs placed in the stator slots. The PM effects and performance improvements are analyzed by the finite element method based on the frozen permeability (FP) method. The developed novel VFM with PMs is a hybrid excited stator slot PM (HSSPM) machine. The basic operation principle and the electromagnetic performance with different stator and rotor pole combinations having double (all pole wound concentrated windings) and single layer (alternate pole wound concentrated windings) windings are investigated. HSSPM machines have improved electromagnetic performance and also retain the good flux regulation capability of VFMs. They can also be operated without the DC excitation, i.e. only with the armature and PM excitation. Thus, a new machine configuration – stator slot PM machine (SSPM) is further developed and investigated in terms of the influence of stator/rotor pole combinations and double and single layer windings. The newly developed SSPM machine also has the potential for fail-safe capability in the event of drive faults, and in addition, the requirements on the DC inverter and controller can be eliminated. The finite element predicted electromagnetic performances of HSSPM and SSPM machines are experimentally validated.
Finally, the PM- and iron losses in HSSPM and SSPM machines having different stator/rotor pole combinations with single and double layer windings and their demagnetization ratio are analyzed. The influence of leading design parameters on their machine losses and efficiency is further investigated and their electromagnetic performance compared.

[bookmark: _Toc424206292][bookmark: _Toc438410208]Acknowledgements
[bookmark: OLE_LINK92][bookmark: OLE_LINK93]I would like to express my gratitude to my supervisor, Prof. Z.Q. Zhu, for his encouragement, technical discussions and securing the finances to conduct this research. As I am a strong believer that opportunities separate high achievers from their peers, most importantly, I would like to thank him for giving me the opportunity to study for a PhD under his supervision. 
I would also like to thank Dr. Y. Guan now at Siemens in Sheffield, Dr. P. Farah and Dr. J.C. Mipo at Valeo Electrical Systems in France, for their technical discussions and advice. The technical-, non-technical staff and students of the Electrical Machines and Drives (EMD) research group in the Department of Electronic and Electrical Engineering, University of Sheffield, U.K., are also thanked for their kind support and assistance with building prototypes and administrative tasks. 
Finally, I thank my family and friends for their support, encouragement and patience. I dedicate this thesis to my grandfather, Ernst Gailhofer (1919-2015), who played a significant role in my life.
[bookmark: _Toc424206293][bookmark: _Toc438410209]Nomenclature
	[bookmark: _Hlk420719054][bookmark: OLE_LINK79][bookmark: OLE_LINK80][bookmark: OLE_LINK94]Bn
	Normal component of flux density
	T

	[bookmark: _Hlk420274164]Br,20
	Remanent flux density in PM at 20oC
	T

	Br,T
	Remanent flux density in PM at temperature ‘T’
	T

	[bookmark: _Hlk420773619][bookmark: _Hlk420164602]EFP,DC
	[bookmark: OLE_LINK816][bookmark: OLE_LINK817][bookmark: OLE_LINK818]FP separated open-circuit induced back-EMF due to DC excitation
	V

	[bookmark: OLE_LINK809][bookmark: OLE_LINK810][bookmark: OLE_LINK811]EFP,PM
	FP separated open-circuit induced back-EMF due to PM excitation
	V

	[bookmark: _Hlk420717931]Eoc
	[bookmark: OLE_LINK812][bookmark: OLE_LINK813][bookmark: OLE_LINK814][bookmark: OLE_LINK815]Open-circuit induced back-EMF
	V

	[bookmark: OLE_LINK736][bookmark: OLE_LINK746][bookmark: OLE_LINK747][bookmark: _Hlk420164817]EPM
	Open-circuit PM induced phase voltage
	V

	F
	Magnitude of unbalanced magnetic force
	N

	fS
	Electrical excitation frequency
	Hz

	FX
	[bookmark: OLE_LINK375][bookmark: OLE_LINK376]x component of unbalanced magnetic force
	N

	FY
	y component of unbalanced magnetic force
	N

	h1
	[bookmark: OLE_LINK694][bookmark: OLE_LINK695][bookmark: OLE_LINK748]Stator tooth-tip height 1
	mm

	h2
	Stator tooth-tip height 2
	mm

	HPM
	PM height in radial direction
	mm

	Iabc
	[bookmark: OLE_LINK21][bookmark: OLE_LINK39][bookmark: OLE_LINK40][bookmark: OLE_LINK20]Three phase stator currents
	A

	ich
	Characteristic current
	A

	Id
	D-axis current
	A

	IDC
	Direct current
	A

	Iq
	Q-axis current
	A

	Irated,rms
	Rated rms phase current
	A

	Irms
	RMS armature current
	A

	ISC
	Short-circuit current
	A

	[bookmark: OLE_LINK861][bookmark: OLE_LINK862][bookmark: OLE_LINK863]kdv
	Harmonic distribution factor
	

	[bookmark: _Hlk420744560]kp
	Packing factor
	

	kpv
	Harmonic winding factor
	

	kU
	Voltage ratio
	

	kwv
	Harmonic pitch factor
	

	LaaFP
	[bookmark: OLE_LINK882][bookmark: OLE_LINK883][bookmark: OLE_LINK884][bookmark: OLE_LINK894][bookmark: OLE_LINK895]FP separated self-inductance of armature winding
	H

	LabFP
	[bookmark: OLE_LINK888][bookmark: OLE_LINK889][bookmark: OLE_LINK890]FP separated mutual-inductance of armature winding
	H

	LaDCFP
	FP separated mutual-inductance of armature and DC winding
	H

	Ld
	[bookmark: OLE_LINK577][bookmark: OLE_LINK609][bookmark: OLE_LINK610]Stator armature winding d-axis inductance
	[bookmark: OLE_LINK574][bookmark: OLE_LINK575][bookmark: OLE_LINK576]H

	LDCFP
	[bookmark: OLE_LINK899][bookmark: OLE_LINK900]FP separated self-inductance of DC winding
	H

	[bookmark: _Hlk420773526]Ldd(i)
	Stator armature winding d-axis self-inductance
	H

	[bookmark: _Hlk420164297]Ldq(i)
	Dq-axis mutual-inductance
	H

	lend
	End-winding length
	mm

	Lq
	[bookmark: OLE_LINK611][bookmark: OLE_LINK612][bookmark: OLE_LINK613][bookmark: OLE_LINK614]Stator armature winding q-axis inductance
	H

	Lqq(i)
	[bookmark: OLE_LINK635][bookmark: OLE_LINK636][bookmark: OLE_LINK637][bookmark: OLE_LINK617][bookmark: OLE_LINK618][bookmark: OLE_LINK619][bookmark: OLE_LINK620]Q-axis self-inductance
	H

	lst
	Stack length 
	[bookmark: OLE_LINK5][bookmark: OLE_LINK6]mm

	NC
	Number of periods of cogging torque in one electrical cycle
	

	ncoil
	Number of turns per coil
	

	Nph
	Number of phases
	

	NR
	Number of salient rotor poles
	

	nrated
	Rated speed
	[bookmark: OLE_LINK1][bookmark: OLE_LINK2][bookmark: OLE_LINK3][bookmark: OLE_LINK4]m3

	nS
	Synchronous rotor speed
	rpm

	[bookmark: _Hlk420849232]NS
	Number of salient stator poles
	

	pa
	[bookmark: OLE_LINK600][bookmark: OLE_LINK601][bookmark: OLE_LINK602]Armature pole pairs
	

	Pcu
	Copper loss
	(W)

	[bookmark: _Hlk420274406]pDC
	DC pole pairs
	

	Q
	Number of EMF phasors per phase group
	

	RDC
	DC winding resistance
	Ω

	Rph
	Phase resistance
	Ω

	[bookmark: _Hlk420744580]RRo
	Rotor outer radius 
	mm

	RRtooth
	Rotor tooth height
	mm

	[bookmark: _Hlk420754754]RShaft
	Shaft radius
	mm

	[bookmark: _Hlk420754475]RSi
	Stator inner radius
	mm

	RSo
	Stator outer radius 
	mm

	SA
	Slot area per single slot
	mm2

	SAC
	AC slot area per single slot and coil side
	mm2

	[bookmark: _Hlk420744396]Sbk
	Stator back-iron thickness
	[bookmark: OLE_LINK630][bookmark: OLE_LINK631][bookmark: OLE_LINK658][bookmark: OLE_LINK659][bookmark: OLE_LINK660]mm

	[bookmark: _Hlk420744312]SDC
	[bookmark: OLE_LINK666][bookmark: OLE_LINK667][bookmark: OLE_LINK668][bookmark: OLE_LINK806][bookmark: OLE_LINK807]DC slot area per single slot and coil side
	mm2

	T
	Temperature
	oC

	Tavg
	Average electromagnetic torque
	Nm

	Tem
	Electromagnetic torque
	Nm

	[bookmark: OLE_LINK542][bookmark: OLE_LINK543][bookmark: OLE_LINK544][bookmark: OLE_LINK545]TFP,DC
	[bookmark: OLE_LINK876][bookmark: OLE_LINK877][bookmark: OLE_LINK878][bookmark: OLE_LINK823][bookmark: OLE_LINK824][bookmark: OLE_LINK825][bookmark: OLE_LINK826]FP separated average electromagnetic torque due to DC excitation
	[bookmark: OLE_LINK827][bookmark: OLE_LINK828][bookmark: OLE_LINK829][bookmark: OLE_LINK830]Nm

	TFP,I
	FP separated average electromagnetic torque due to armature excitation
	Nm

	TFP,PM
	FP separated average electromagnetic torque due to PM excitation
	Nm

	Tmax
	Maximum electromagnetic torque
	[bookmark: OLE_LINK568][bookmark: OLE_LINK569][bookmark: OLE_LINK572][bookmark: OLE_LINK573]Nm

	[bookmark: _Hlk420783575]Tmin
	Minimum electromagnetic torque
	Nm

	v
	Harmonic order
	

	Vol.(ferrite)
	[bookmark: OLE_LINK742][bookmark: OLE_LINK743]Volume of ferrite magnets
	m3

	Vol.(NdFeB)
	Volume of NdFeB magnets
	m3

	VPM
	Total stator PM volume
	mm3

	Vrated
	Rated phase voltage
	V

	wo
	Stator slot opening
	[bookmark: OLE_LINK749][bookmark: OLE_LINK758][bookmark: OLE_LINK759]omech.

	α
	Reversible temperature coefficient of induction
	

	α
	Angle between two adjacent EMF phasors in a phase group
	oelec.

	δ
	Airgap length 
	mm

	[bookmark: OLE_LINK763][bookmark: OLE_LINK764][bookmark: OLE_LINK765][bookmark: OLE_LINK766][bookmark: OLE_LINK771][bookmark: OLE_LINK772]θR
	Rotor pole arc
	omech.

	θRp
	Rotor pole pitch
	omech.

	[bookmark: _Hlk420744235]θS
	Stator pole arc
	omech.

	θSp
	Stator pole pitch
	omech.

	κ
	Magnet ratio
	

	ρcu
	Resistivity of copper at room temperature
	Ωm

	ωR
	Rotor angular frequency
	rad

	𝜇(i)
	[bookmark: OLE_LINK644][bookmark: OLE_LINK645][bookmark: OLE_LINK646][bookmark: OLE_LINK647]Permeability due to on load armature field
	

	[bookmark: OLE_LINK704][bookmark: OLE_LINK705][bookmark: OLE_LINK706][bookmark: OLE_LINK707]𝜇(PM1)
	Permeability due to on load PM field source 1
	

	𝜇(PM2)
	Permeability due to on load PM field source 2
	

	𝜓a/bFP
	FP separated flux-linkage in the phase a or b windings
	[bookmark: OLE_LINK907][bookmark: OLE_LINK908][bookmark: OLE_LINK909]Wb

	[bookmark: _Hlk420217011]𝜓abc
	Three phase stator phase flux-linkage
	Wb

	𝜓d
	Stator armature winding d-axis stator flux-linkage 
	Wb

	[bookmark: _Hlk420188176]𝜓d(i)
	D-axis flux-linkage due to on load armature field
	Wb

	𝜓d(PM2)
	D-axis flux-linkage due to on load PM field source 1
	Wb

	[bookmark: OLE_LINK701][bookmark: OLE_LINK702][bookmark: OLE_LINK703][bookmark: OLE_LINK698][bookmark: OLE_LINK699][bookmark: OLE_LINK700]𝜓d(PM2)
	D-axis flux-linkage due to on load PM field source 2
	Wb

	𝜓DC
	Phase flux-linkage due to DC excitation
	Wb

	[bookmark: OLE_LINK901][bookmark: OLE_LINK902][bookmark: OLE_LINK903]𝜓DCFP
	[bookmark: OLE_LINK904][bookmark: OLE_LINK905][bookmark: OLE_LINK906]FP separated flux-linkage in the DC winding
	Wb

	[bookmark: OLE_LINK557][bookmark: OLE_LINK558][bookmark: OLE_LINK559]𝜓PM
	PM phase flux-linkage
	Wb

	𝜓q
	Stator armature winding q-axis stator flux-linkage 
	Wb

	𝜓q(i)
	[bookmark: OLE_LINK605][bookmark: OLE_LINK606][bookmark: OLE_LINK607][bookmark: OLE_LINK608]Q-axis flux-linkage due to on load armature field
	Wb

	𝜓q(PM1)
	[bookmark: OLE_LINK615][bookmark: OLE_LINK616][bookmark: OLE_LINK626][bookmark: OLE_LINK627][bookmark: OLE_LINK621][bookmark: OLE_LINK622][bookmark: OLE_LINK623][bookmark: OLE_LINK624][bookmark: OLE_LINK625]Q-axis flux-linkage due to on load PM field source 1
	Wb

	𝜓q(PM2)
	Q-axis flux-linkage due to on load PM field source 2
	Wb

	
	
	

	2-D
	2 dimensional
	

	3-D
	3 dimensional
	

	AC
	Alternating current
	

	BDFD
	Dc-excited brushless doubly-fed doubly salient machine
	

	DC
	Direct current
	

	DFM
	Doubly fed machine
	

	DL-HSSPM
	Hybrid-excited stator slot permanent magnet machine with double layer winding
	

	DL-SSPM
	[bookmark: OLE_LINK596][bookmark: OLE_LINK597][bookmark: OLE_LINK598][bookmark: OLE_LINK603][bookmark: OLE_LINK604][bookmark: OLE_LINK640]Stator slot permanent magnet machine with double layer winding
	

	DSPM
	Doubly salient PM machine
	

	EMF
	Electromotive force
	

	FE
	Finite element
	

	[bookmark: _Hlk432259815]FP
	Frozen Permeability
	

	GCD
	Greatest common divisor
	

	HMSFPM
	Hybrid-magnet switched-flux machine
	

	HSSPM
	[bookmark: OLE_LINK588][bookmark: OLE_LINK589][bookmark: OLE_LINK590][bookmark: OLE_LINK591][bookmark: OLE_LINK594][bookmark: OLE_LINK595]Hybrid-excited stator slot permanent magnet machine
	

	LCM
	Least common multiple
	

	[bookmark: _Hlk432259879]PM
	Permanent magnet
	

	PMDSM
	PM-excited doubly salient machine
	

	PM-SRM
	PM-excited switched reluctance machine
	

	SC
	Short circuit
	

	SFM
	DC-excited switched-flux machine
	

	SFPM
	Switched-flux permanent machine
	

	[bookmark: _Hlk432279509]SL-HSSPM
	Hybrid-excited stator slot permanent magnet machine with single layer winding
	

	SL-SSPM
	Stator slot permanent magnet machine with single layer winding
	

	SRM
	Switched reluctance machine
	

	SSPM
	Hybrid stator slot permanent magnet machine
	

	UMF
	Unbalanced magnetic force
	

	VFM
	Variable flux machine
	



[bookmark: _Toc438410210]Contents
Abstract	I
Acknowledgements	II
Nomenclature	III
Contents	IX
Chapter 1	General Introduction	1
1.1	Introduction	1
1.2	Electrically-excited brushless doubly salient synchronous machines	3
1.2.1	DC-excited and conventional switched reluctance machines	3
1.2.2	DC-excited brushless doubly salient machines	4
1.2.3	DC-excited switched-flux machines	5
1.2.4	DC-excited variable flux machines	7
1.3	PM-excited brushless doubly salient synchronous machines	8
1.3.1	PM-excited switched reluctance machines	8
1.3.2	PM-excited doubly salient machines	10
1.3.3	PM-excited switched-flux machines	11
1.4	Hybrid-excited brushless doubly salient synchronous machines	14
1.4.1	Hybrid-excited switched-flux PM machines	14
1.4.2	Hybrid-excited doubly salient machines	17
1.4.3	Hybrid-excited switched reluctance machines	18
1.5	Research scope and contributions	19
1.5.1	Research scope	19
1.5.2	Research contributions	23
Chapter 2	Doubly Salient Variable Flux Machines with/without Permanent Magnets	25
2.1	Introduction	25
2.2	Machine structure and operation principle	26
2.3	Open-circuit flux-linkage and back-EMF	29
2.4	Influence of magnetic saturation with and without permanent magnets	31
2.5	PM effect analysis	38
2.5.1	Influence of PM height	38
2.5.2	PM effect analysis on open-circuit using the frozen permeability method	40
2.5.3	PM effect analysis on load using the frozen permeability method	41
2.6	Electromagnetic performance comparison of variable flux machines with/without permanent magnets	43
2.6.1	Open-circuit characteristics	43
2.6.2	Electromagnetic torque	49
2.7	Experimental validation	54
2.8	Conclusions	56
Chapter 3	Novel Hybrid Stator Slot Permanent Magnet Machines	57
3.1	Introduction	57
3.2	Machine structure and basic operation principle	58
3.3	Stator-rotor pole combinations and winding analysis	60
3.3.1	Feasible stator and rotor pole combinations	60
3.3.2	Harmonic winding analysis	61
3.4	Electromagnetic performance comparisons for different stator-rotor pole combinations	69
3.4.1	Geometry parameters and optimization	69
3.4.2	Flux-linkage and back-EMF	76
3.4.3	Cogging torque	80
3.4.4	Winding inductances	82
3.4.5	Electromagnetic torque	85
3.5	Unbalanced magnetic forces	89
3.6	Experimental validation	94
3.6.1	HSSPM with double layer windings	95
3.6.2	HSSPM with single layer windings	99
3.6.3	HSSPM with equivalent single layer windings	102
3.6.4	Cogging torque	105
3.7	Conclusions	107
Chapter 4	Stator Slot Permanent Magnet Machines	108
4.1	Introduction and operating principle	108
4.1.1	Operation principle and potential fail-safe capability	110
4.1.2	Stator and rotor pole combination and geometry optimization	116
4.2	Electromagnetic performance comparisons for different stator and rotor pole combinations	118
4.2.1	Airgap field distribution	118
4.2.2	Phase flux-linkage and back-EMF	122
4.2.3	Cogging torque	127
4.2.4	Winding inductances	130
4.2.5	Electromagnetic torque	134
4.3	Unbalanced magnetic forces	138
4.4	Experimental validation	144
4.5	Conclusions	152
Chapter 5	Influence of Leading Design Parameters on Efficiency and Demagnetization Analysis in HSSPM and SSPM machines with Double and Single Layer Windings and Different Stator and Rotor Poles	153
5.1	Introduction	153
5.2	Influence of leading design parameters on machine losses and efficiency in HSSPM machines	154
5.2.1	PM and iron losses in HSSPM Machines	154
5.2.2	Influence of leading design parameters	164
5.3	Influence of leading design parameters on machine losses and efficiency in SSPM machines	193
5.3.1	PM and iron losses in SSPM Machines	193
5.3.2	Influence of leading design parameters	202
5.4	PM demagnetization in HSSPM and SSPM machines	228
5.4.1	PM demagnetization ratio in HSSPM machines	228
5.4.2	PM demagnetization ratio in SSPM machines	237
5.5	Conclusions	242
Chapter 6	Electromagnetic Performance Comparison of Stator Slot Permanent Magnet Machines with/without Stator Tooth-tips and having Single/Double Layer Windings	243
6.1	Introduction	243
6.2	Influence of permanent magnet volume and stator tooth-tips	245
6.3	Flux-linkage and back-EMF characteristics	251
6.4	Machine inductances	256
6.5	Cogging torque, electromagnetic torque and torque ripple	261
6.6	Comparison of machine losses and efficiency	266
6.7	Conclusions	269
Chapter 7	Conclusions and Future Work	270
7.1	General conclusions	270
7.2	Hybrid stator slot permanent magnet machines	271
7.3	Stator slot permanent magnet machines	273
7.4	Comparison HSSPM and SSPM machines	275
7.5	Future work	276
References	279
Appendix A	 Novel Hybrid-Magnet Switched-Flux Machines	291
A.1 Introduction	291
B.2 Machine structure and configurations	293
A.3 Electromagnetic characteristics	296
A.3.1 Back-EMF	296
A.3.2 Electromagnetic torque	299
A.4 Flux-weakening characteristics and efficiency map comparison	303
A.5 Demagnetization ratio analysis	310
A.6 Comparison of material cost and torque density	313
Appendix B	 Flux-Weakening Performance Comparison of E-Core and Conventional Switched-Flux PM Machines	316
B.1 Introduction	316
B.2 Machine structure and characteristics	317
B.3 Maximum output power capability for non-salient drives	322
B.3.1 Finite speed drives (Region II)	322
B.3.2 Infinite speed drives (Region III)	324
B.4 Output power performance comparison	325
B.4.1	Influence of phase currents for fixed phase voltage	325
C.4.2	Influence of phase current-voltage ratio	331
B.5 Conclusions	334
Appendix C:	Frozen Permeability Method	335
Appendix D:	Prototype Drawings	337
Appendix E:	Measurement Methods	341
Publications	343





I

23

[bookmark: _Toc424334224][bookmark: _Toc438410211][bookmark: _Toc419578816][bookmark: _Toc419754644][bookmark: _Toc419789131][bookmark: _Toc419758866][bookmark: _Toc419749275][bookmark: _Toc419788584][bookmark: _Toc420147074][bookmark: _Ref420871671][bookmark: _Ref420942741][bookmark: _Ref420943168][bookmark: OLE_LINK313][bookmark: OLE_LINK314]General Introduction
[bookmark: _Toc424334225][bookmark: _Toc438410212][bookmark: OLE_LINK665]Introduction
The development of novel doubly salient electrical machine topologies has been motivated by the ever increasing demand for more efficient and more electric systems, for example, electric vehicles, more electric aircraft and more electric trains [GER14]. Much of the research and development in this area can be summarized into DC-excited, PM-excited and hybrid PM and DC-excited doubly salient stator-excited machines, Fig. 1.1.
Low cost doubly salient electrical machines have a peculiar role to play since they typically have good flux regulation capability and no permanent magnets (PMs). Hence, they have the potential to achieve significant cost reduction and to be independent of volatile rare earth magnet market prices and supply fluctuations [DOR10]. The doubly salient machines in this category include; the DC-excited variable flux machines (VFM), DC-excited switched-flux machines (SFM), DC-excited doubly fed machines (DFM) and the DC-excited and conventional switched reluctance machines (SRM). However, due to high energy products of rare earth permanent magnets, PM-excited machines remain more promising with regards to achieving high torque density and efficiency, especially for high-performance applications. Doubly salient PM-excited machines, PM-excited switched reluctance machines (PM-SRMs), PM-excited switched-flux machines (SFPMs), and the PM-excited doubly salient machines (PMDSMs) belong to this category. The third category of doubly salient machines utilizes the synergy of both excitation sources, i.e. hybrid PM and DC excitation. The hybrid-excited machines generally offer a trade-off between the DC and PM excitation, and hence, sacrificing some flux regulation capability for improved efficiency [AMA09]. 
The novel hybrid-excited stator slot permanent magnet machine (HSSPM) and stator slot permanent magnet machine (SSPM) are developed from the doubly salient variable flux machine (VFM) in this thesis and comparatively studied with single and double layer concentrated windings. It is worth noting that the terminology “single layer” and “double layer” in this thesis refer to “alternate pole wound concentrated windings” and “all pole wound concentrated windings”, respectively. The doubly salient VFM, HSSPM and SSPM machines together span the three “excitation” categories of doubly salient machines, i.e. the “DC-excited” VFM, “PM-excited” SSPM, and the “hybrid-excited” SSPM machines. A review of the literature will be useful to introduce the existing topologies and to develop a better understanding of the contributions in this thesis.
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[bookmark: _Ref432264158]Fig. 1.1 Overview of doubly salient stator-excited machines.
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Switched reluctance machines (SRMs) have gained popularity for their low cost, manufacturing simplicity, robustness, and their inherent fault tolerant capability [HAY09]. Conventional SRMs have doubly salient stator and rotor pole laminated steel structures with simple tooth wound coils for the armature windings with no DC excitation / winding, and hence, there is no requirement for DC flux control. The conventional three phase SRM with 12/8 stator/rotor poles is shown in Fig. 1.2(a), [LI08]. Typically, conventional SRMs have doubly salient structure with inner rotor and outer stator. The number of rotor poles is usually chosen to be lower than the number of stator poles [DES10]. The torque production in SRMs depends on the reluctance variation with rotor position and phase currents, hence requiring appropriate control of the unipolar phase currents with respect to rotor position. Each phase winding is independently controlled using the asymmetric half bridge inverter. With the advancement of power electronics and new manufacturing technologies, improved power electronics devices are readily available [EMA08]. This has significantly improved the ability to control SRMs and thus increased the research interest in this machine topology. Despite these developments, significant torque ripple, acoustic noise and vibration [CAM92], [ZHU11], [HON02], [MIK13] are issues limiting its use, especially in high precision and high-performance applications. The torque ripple, magnetic noise and vibration can be caused by the sudden change in current during commutation [HUS02], [HON02]. Magnetic vibration and noise are influenced by the design of stator yoke and pole arcs [HON02], the choice of stator/rotor pole combinations [LI08], and active noise cancellation techniques have been investigated in [LON05], together with sinusoidal excitation of the phase windings [OJE08]. From a design point of view, the torque ripples in SRMs are also significantly influenced by the choice of stator/rotor pole combinations [COR90] and the design of the rotor and stator pole arcs [SAH00, SHE03] since they influence the inductance profile with rotor position. Typically, a larger rotor pole arc is chosen to ensure no negative torque is generated during turn-off commutation and the smaller stator pole arc results in larger slot area for the copper windings. However, it is essential to minimize the torque ripple by appropriate control of the excitation currents alongside the machine geometric design [SAH00], which has motivated the research for optimal current profiling [MIK13], excitation with sinusoidal and rectangular bipolar currents [LIU11], [OJE08].
[bookmark: OLE_LINK358][bookmark: OLE_LINK356][bookmark: OLE_LINK357]The comparatively lower torque density in comparison to PM machines is another reason for its limited use for high-performance applications. Typically, small airgap and expensive, high grade silicon steels (6.5%) are used to improve the electromagnetic performance and efficiency [HAY09]. Novel SRM topologies with improved torque density are currently under investigation, for example, the novel SRM with double stator (DSSRM) [ABB10], the novel SRM with higher number of rotor poles than stator poles [DES10] Fig. 1.2(b), the segmented rotor SRM [MEC04], and the outer rotor DC-excited SRM having multi-tooth structure and flux regulation capability [LIU14]. The DC-biased SRM topology requires field excitation control. 
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[bookmark: _Ref424370834][bookmark: OLE_LINK241][bookmark: OLE_LINK242][bookmark: OLE_LINK243]Fig. 1.2 Switched reluctance machines. (a) Conventional 12/8 stator/rotor pole SRM. (b) 6/10 stator/rotor pole SRM. 
[bookmark: _Toc424334228][bookmark: _Toc438410215]DC-excited brushless doubly salient machines
The DC-excited doubly-fed doubly-salient (BDFDS) machine, shown in Fig. 1.3, has been suggested to produce higher torque density than switched reluctance machines (SRMs), [FAN08]. The machine configuration has 12/8 stator/rotor poles with two sets of windings on the stator, which are excited by DC- and AC currents. The independent control of the torque using the armature and DC excitations is an attractive future of BDFDS machines, since it enables the optimization of the flux-weakening characteristics and efficiency. The torque enhancement over the SRM is due to the fact that the BDFDS machine can be excited as a PM brushless DC machine, using a bipolar converter topology, and as such utilize both the increasing and decreasing flux-linkage variations with rotor position to produce positive torque [FAN05b]. It is also worth mentioning that despite the constructional similarities between the BDFDS machine and the SRM, the BDFDS machine electromagnetic torque is mainly a mutual torque component and not a reluctance torque component as is the case with SRMs [CHE10d]. Outer rotor BDFDS machines have also been developed in [LIU11b].
[image: ]
[bookmark: _Ref424499201]Fig. 1.3 Brushless doubly fed doubly salient machine. 
[bookmark: _Toc419749261][bookmark: _Toc419754630][bookmark: _Toc420147060][bookmark: _Toc424334229][bookmark: _Toc438410216][bookmark: OLE_LINK434][bookmark: OLE_LINK433][bookmark: OLE_LINK25][bookmark: OLE_LINK24]DC-excited switched-flux machines
[bookmark: OLE_LINK444][bookmark: OLE_LINK445][bookmark: OLE_LINK443]DC-excited switched-flux machines with doubly salient stator and rotor laminated steel structures have been investigated in [CHE10c], [TAN12], [TAN14], [ZUL09, ZUL10, and ZUL12b]. The simplest configuration is shown in Fig. 1.4(a). The DC coils are excited such that stationary magnetic north and south poles are created around the circumference of the machine airgap. In order to utilize the cross section and available slot area, the DC coils can be arranged to be fitted into the winding slot area with a coil span of 2 slot pitches Fig. 1.4(b). Configurations with alternate wound DC coils are also possible, Fig. 1.4(c) or with 2 slot pitch DC and phase coils Fig. 1.4 (d). Such machines are clearly favorable for their simplicity in manufacturing, low cost and airgap flux control. However, the torque density may be significantly lower compared to PM machines. The topology in [ZUL09, ZUL10, and ZUL12b] with segmental rotor also has the potential for good flux regulation capability. However, relatively high torque ripple and a less robust rotor structure are potential disadvantages. It is also worth mentioning that the DC-excited SF machines have bipolar flux-linkage variation with rotor position and nearly sinusoidal back-EMF [CHE10c]. Consequently, lower torque ripple and brushless AC operation are important distinguishing characteristics in comparison to the BDFDS machines.
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[bookmark: _Ref424499046][bookmark: OLE_LINK38][bookmark: OLE_LINK34][bookmark: OLE_LINK1136][bookmark: OLE_LINK1137][bookmark: OLE_LINK1138][bookmark: OLE_LINK1139][bookmark: OLE_LINK1135]Fig. 1.4 DC-excited switched-flux machines. (a) DC-excited SF machine. (b) 2-slot pitch winding DC-excited SF machine with all DC coils. (c) 2-slot pitch winding DC-excited SF machine with consequent pole DC winding. (e) 2-slot pitch DC and phase windings. (f) Segmental rotor SF machine.
[bookmark: _Toc419749262][bookmark: _Toc419754631][bookmark: _Toc420147061][bookmark: _Toc424334230][bookmark: _Toc438410217] DC-excited variable flux machines
[bookmark: OLE_LINK424][bookmark: OLE_LINK428][bookmark: OLE_LINK1046][bookmark: OLE_LINK1047][bookmark: OLE_LINK1048]DC-excited variable flux machines are closely related to the DC-excited switched-flux machines both with respect to the machine structure and operating principle with a coil span of 1 slot pitch utilized for the DC and armature coils. Investigations have been conducted in [FUK10, FUK12a, and FUK12b], [LIU13a, LIU13b, LIU13c]. A variable flux machine with 12/10 stator/rotor poles is shown in Fig. 1.5. Due to the placement of the DC winding on the stator, brushes and slip-rings are not required both in the DC variable flux and DC-excited switch-flux machines and the DC excitation provides a mechanism for independent control of the field flux. Depending on the stator/rotor pole combination, torque ripple and unbalanced magnetic forces may be an issue [LIU13a]. It is worth mentioning that in comparison to the conventional switched reluctance machines, the VFM have some considerable advantages, namely: the ability to use a conventional three phase inverter rather than the asymmetric bridge inverter, the key issues of acoustic noise and magnetic vibration are reduced, independent control of the airgap flux via the DC excitation and significantly lower torque ripple can be achieved. 
[image: ]
[bookmark: _Ref424498782]Fig. 1.5 Variable flux machine with 12/10 stator/rotor poles.
[bookmark: _Toc419749264][bookmark: _Toc419754633][bookmark: _Toc420147063][bookmark: _Toc424334231][bookmark: _Toc438410218][bookmark: OLE_LINK71][bookmark: OLE_LINK15]PM-excited brushless doubly salient synchronous machines
[bookmark: _Toc419754634][bookmark: _Toc419749265][bookmark: _Toc420147064][bookmark: _Toc424334232][bookmark: _Toc438410219][bookmark: OLE_LINK408][bookmark: OLE_LINK27][bookmark: OLE_LINK26]PM-excited switched reluctance machines
[bookmark: OLE_LINK36][bookmark: OLE_LINK37][bookmark: OLE_LINK44]In order to enhance the torque and power density of the conventional switched reluctance machine, Fig. 1.2, the PM-excited switched reluctance machines have been investigated in [NAK07] and [AND14], Fig. 1.6. Both machines are excited with unipolar currents using the asymmetric half-bridge. Due to the addition of PMs, non-zero values of cogging torque and back-EMF should be expected, similar to PM machines. However, these characteristics although existent, are negligible. This is because the PM flux shunts mainly in the stator cores and as a consequence, only a negligible variation of PM flux-linkage with rotor position and cogging torque is produced. It is also worth noting that in the PM-excited SRM machines, the flux-linkage current characteristics are extended to two operating quadrants unlike the conventional unipolar excited SRM machines due to the PM-bias. 
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[bookmark: _Ref424495022]Fig. 1.6 PM-excited switched reluctance machines. (a) PM-SRM. (b) PM-SRM with magnetically isolated stator segments.
[bookmark: OLE_LINK33][bookmark: OLE_LINK35][bookmark: OLE_LINK32][bookmark: OLE_LINK365][bookmark: OLE_LINK364][bookmark: OLE_LINK366][bookmark: OLE_LINK42][bookmark: OLE_LINK43][bookmark: OLE_LINK41][bookmark: OLE_LINK363][bookmark: OLE_LINK362][bookmark: OLE_LINK373][bookmark: OLE_LINK374][bookmark: OLE_LINK370][bookmark: _Toc419754635][bookmark: _Toc419749266][bookmark: _Toc420147065][bookmark: _Toc424334233][bookmark: OLE_LINK22][bookmark: OLE_LINK23]Despite the similarities, the PM-excited SRMs have some important distinguishing characteristics. The stator in [NAK07] is the same as the conventional SRM but in [AND14] it is constructed from magnetically isolated stator segments. In [NAK07] the conventional SRM machines are modified to have PMs in-between the stator pole tips, the same as in [AND14]. However, since the stator consists of magnetically isolated segments, only every alternate PM is required. The magnetization direction of alternate PMs is in the opposite direction in [NAK07] while in [AND14] all PMs are magnetized in the same direction. Finally, for the same stator pole number, the choice of rotor pole numbers is different [AND14], for example, the 12/8 stator/rotor pole machine in [NAK07] and the 12/10 stator/rotor pole machine in [AND14].
[bookmark: _Toc438410220]PM-excited doubly salient machines
[bookmark: OLE_LINK104][bookmark: OLE_LINK103][bookmark: OLE_LINK53][bookmark: OLE_LINK55]The PM-excited doubly salient permanent magnet machine (DSPM) having 12/8 stator/rotor poles is shown in Fig. 1.7. DSPM machines have been developed from the SRM machines by inserting PMs in the stator back-iron [LI95]. The stator/rotor pole combinations are the same for the SRM and DSPM machines [CHA99]. However, due to the introduction of PMs, on open-circuit there exists a rotor position dependent phase flux-linkage in the armature windings and cogging torque. It is clear that unlike the SRM the torque production mechanism is now a combination of reluctance torque component due to the self-inductance variation with rotor position and a mutual torque component due to the PM induced back-EMF in the armature windings [FAN05]. The significant point worth noting is that due to the introduction of PM in the magnetic circuit, i.e. a high reluctance path resulting in the redistribution of the armature flux, the machine inductance in the fully aligned rotor and stator pole positions is smaller than in the SRM, and hence, the armature current can be easily reversed [CHE01a, CHE01b]. Thus, a DSPM machine fed with rectangular bipolar currents utilizes both increasing and decreasing reluctance torque components for every phase unlike the SRM which utilizes only the increasing reluctance torque component per phase [LI95]. It can thus be concluded that DSPM machines maintain the structural benefits of the robust rotor with enhanced torque density and power density. 
[bookmark: _Ref424494544][image: ]
[bookmark: _Ref431285315]Fig. 1.7 PM-excited doubly salient permanent magnet machine with 12/8 stator/rotor poles.
[bookmark: _Toc419749267][bookmark: _Toc420147066][bookmark: _Toc419754636][bookmark: _Toc424334234][bookmark: _Toc438410221]PM-excited switched-flux machines
Switched-flux permanent magnet (SFPM) machines have been of significant research interest over the last decade due to inherent distinct advantages of this topology and the comparable performance to existing state of the art machines, for example, the surface permanent magnet and the V-shaped interior permanent magnet machines [CAO12], [PAN07] and [FAS12]. These machines utilize the flux focusing effect to achieve high airgap flux density and have distinguishable performance characteristics from most other PM-excited doubly salient machines [HUA05], i.e. (a) the nearly sinusoidal back-EMF making it suitable for brushless ac operation, (b) high torque and power density, and (c) high efficiency. 
[bookmark: OLE_LINK58][bookmark: OLE_LINK415][bookmark: OLE_LINK413][bookmark: OLE_LINK414]Several relatively new topologies of SFPM machines have been investigated over the last decade. The conventional three phase SFPM machines with 12/10 stator/rotor poles and having double and single layer windings, respectively, are shown in Fig. 1.8(a) and Fig. 1.8(b), [CHEN10b], [HOA07]. The stator and rotor are constructed from laminated steel sheets, with the armature windings and permanent magnets on the stator. The winding connections for different stator and rotor pole combinations have been discussed in [CHEN10a] and [CHEN11a]. The single layer winding SFPM machines are characterized by tooth-coils only on alternate stator poles while the double layer winding machines have tooth-coils on all stator poles. Single layer windings provide some level of fault tolerance since the phase coils are physically isolated and the mutual coupling between the phases is also reduced. It has been shown that the level of reduction of mutual coupling is dependent on the stator and rotor pole combination [CHEN10b]. Motivated by the high market price of rare earth permanent magnet materials, the need to reduce the high cost of permanent magnets resulted in the development of the ferrite magnet SFPM and E-core SFPM machines by eliminating the PM on alternate stator poles and joining the laminated steel stator core segments to achieve E-shaped laminated core segments [CHEN11b], Fig. 1.8(c). The middle tooth in the E-core lamination can be completely removed. This has led to the development of the C-core SFPM machine, Fig. 1.8(d) [CHEN11c]. The important aspect regarding the development of the E-core and C-core topologies is that they approximately halve the PM volume and double the stator slot area in comparison with the conventional SFPM machine with higher electromagnetic torque. The E-core machine also retains fault tolerant characteristics of a single layer winding machine. Some other doubly salient SFPM topologies include the modular rotor Fig. 1.8(e) [THO12], outer rotor configuration with different stator and rotor pole combinations Fig. 1.8(f) [FEI06a], [FEI12], [FEI14], multi-tooth machines with different start/rotor pole combinations [ZHU08], [CHE08], and multi-PM sandwiched [FEI06b] topologies.
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[bookmark: _Ref424495513][bookmark: OLE_LINK416][bookmark: OLE_LINK319][bookmark: OLE_LINK417][bookmark: OLE_LINK45][bookmark: OLE_LINK46]Fig. 1.8 Switched-flux permanent magnet machines. (a) Conventional SFPM machines with double layer windings. (b) Conventional SFPM machines with single layer windings. (c) E-core SFPM machine. (d) C-core SFPM machine. (e) Modular rotor SFPM machine. (f) Outer rotor SFPM machine.

[bookmark: _Toc419754637][bookmark: _Toc419749268][bookmark: _Toc420147067][bookmark: _Toc424334235][bookmark: _Toc438410222][bookmark: OLE_LINK28]Hybrid-excited brushless doubly salient synchronous machines 
[bookmark: _Toc419749270][bookmark: _Toc419754639][bookmark: _Toc420147068][bookmark: _Toc424334236][bookmark: _Toc438410223][bookmark: OLE_LINK29][bookmark: OLE_LINK30]Hybrid-excited switched-flux PM machines
[bookmark: OLE_LINK19]The hybrid-excited switched-flux machines utilize the synergy of the DC- and PM excitation with the primary objective of enhancing the flux regulation capability of the PM-excited machines. Typically, the hybrid-excited switched-flux machines, Fig. 1.9, are the modified forms of the conventional PM-excited switched-flux machines, Fig. 1.8, which have DC coils inserted into the topology. 
A useful distinguishing feature of all hybrid-excited machines, irrespective of the topology, is if the magnetic circuit is [NAO01], [WAN12b], [GIE12];
· Series-excited – The DC excitation flux passes through the PMs and it is consequently exposed to a high reluctance path since the permeability of the rare earth magnets is similar to that of air. This limits the effectiveness of the DC excitation in regulating the airgap flux. The risk of irreversible demagnetization is also increased.
· Parallel-excited – The DC excitation flux does not pass through the PMs. The DC and PM excitation sources operate in parallel, and hence, it is expected that these topologies regulate the air-gap flux more effectively and the immediate risk of irreversible demagnetization due to the DC excitation is reduced.
[bookmark: OLE_LINK474][bookmark: OLE_LINK475][bookmark: OLE_LINK478][bookmark: OLE_LINK477][bookmark: OLE_LINK491][bookmark: OLE_LINK493][bookmark: OLE_LINK492][bookmark: OLE_LINK488][bookmark: OLE_LINK489][bookmark: OLE_LINK490][bookmark: OLE_LINK476][bookmark: OLE_LINK486][bookmark: OLE_LINK487][bookmark: OLE_LINK471][bookmark: OLE_LINK470]The conventional switched-flux machine has been modified by [WEI09, WEI11, OWE09, OWE10a], [HOA07, HOA11], [GAU12, GAU14], [CHE11d], [WAN12a] to develop the, series-excited hybrid conventional switched-flux machine with DC coils in the PM slot, series-excited hybrid conventional switched-flux machine with DC coils in the stator back-iron, series-excited hybrid conventional switched-flux machine with DC coils in the stator slots, the parallel- excited Hybrid E-core switched-flux machine, and the parallel-excited two-part PM excited and electrically excited cascaded switched-flux machines, respectively. In [WEI09, WEI11] the series-excited hybrid conventional switched-flux machine with DC coils in the PM slot has been investigated, Fig. 1.9(a). A significant amount of PM volume has been sacrificed in order to incorporate the DC coils in the stator and the effectiveness of the DC excitation is still limited by the high PM reluctance path. Alternate configurations of placing the PMs and DC coils in the stator, i.e. interchangeably on alternate stator poles and alternate positions in the PM slot, have been investigated in [OWE09, OWE10], including the influence of iron-flux bridges in the stator, Fig. 1.9(b). Although iron-flux bridges enhance the effectiveness of the DC excitation, it is at the expense of some torque density. The parallel-excited conventional topology in [GAU12, GAU14] clearly offers the benefits of being able to retain the PM volume and additional good flux regulation capability. [HOA07, HOA11] places the DC coils in the stator back-iron and utilize a PM shunt flux on open-circuit, similar to the iron-flux bridges. This shunted PM flux contributes on load and helps to pre-magnetize the outer bridges. In [CHE11d], the hybrid-excited E-core switched-flux machine is developed by incorporating DC coils on the middle-teeth of the PM-excited E-core shaped stator lamination, Fig. 1.9(e). The stator slot area is split between the DC and armature windings and it benefits from the simplicity of manufacturing since the initial topology is retained. However, although the topology is parallel-excited, high saturation of the magnetic circuit due to the PM excitation limits the effectiveness of the DC excitation. In [WAN11], the conventional and DC-excited switched flux machines are cascaded to form a single unit with good flux regulation capability.
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[bookmark: _Ref424495503][bookmark: OLE_LINK473][bookmark: OLE_LINK472][bookmark: OLE_LINK494]Fig. 1.9 Hybrid-excited switched-flux permanent magnet machines. (a) Hybrid conventional SFPM machine with DC coils in PM slots. (b) Hybrid conventional SFPM machine with DC coils in PM slots and iron-flux-bridges. (c) Hybrid conventional SFPM machine with DC coils in stator back-iron. (d) Hybrid conventional SFPM machine with DC coils in stator slot. (e) Hybrid E-core SFPM machine. 

[bookmark: _Toc419749269][bookmark: _Toc420147069][bookmark: _Toc419754638][bookmark: _Toc424334237][bookmark: _Toc438410224]Hybrid-excited doubly salient machines
[bookmark: OLE_LINK504][bookmark: OLE_LINK505]The hybrid-excited doubly salient PM machines investigated in [CHA02, CHA03, and Zhu06] maintain similar stator and rotor construction to the conventional PM excited DSSPM machine [LI95]. The auxiliary winding is on the stator and consists of coils wound over multiple stator poles. Perhaps the most important feature of this topology is the iron-flux or magnetic bridges with a flux path in parallel to the PM flux path. This serves as a low reluctance flux path and consequently enhances the effectiveness of the DC excitation during flux-enhancing and flux-weakening. The electromagnetic characteristics of the DSSPM machine are maintained, i.e., unipolar flux-linkage etc. However, the field excitation enhances the flux and efficiency control capability. In comparison, the topology in Fig. 1.10(b) offers larger slot area for the DC coils but requires an additional stator yoke segment hence, a larger stator diameter than the topology in Fig. 1.10(a). A two part DSPM machine and DC-excited doubly salient machine are integrated into a single housing with the armature windings connected in series [ZHI05]. 
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[bookmark: _Ref424500371][bookmark: OLE_LINK1049][bookmark: OLE_LINK1050][bookmark: OLE_LINK1051]Fig. 1.10 Hybrid-excited doubly salient machines. (a) With 12/8 stator/rotor poles. (b) With 6/4 stator/rotor poles.

[bookmark: _Toc420147070][bookmark: _Toc419754640][bookmark: _Toc419749271][bookmark: _Toc424334238][bookmark: _Toc438410225]Hybrid-excited switched reluctance machines
[bookmark: OLE_LINK12][bookmark: OLE_LINK13][bookmark: OLE_LINK14][bookmark: OLE_LINK18]The hybrid-excited switched reluctance machine with 12/8 stator/rotor poles has in addition to its armature windings, PMs and DC/auxiliary windings on the stator [HAS12], Fig. 1.11. Unlike the PM-excited SRM topologies, Fig. 1.6, the PMs are placed in the stator yoke because the machine has been developed from the PM-excited doubly salient machine, Fig. 1.7, by replacing two opposite stator PMs with DC coils. Hence, it is also a hybrid-excited doubly salient machine. As with the PM-SRM topologies, the machine armature is excited via the asymmetric half bridge inverter with unipolar currents. The PM flux also shunts in the stator, similar to the PM-excited SRMs, when the machine is not excited with either the armature or DC current. It is worth mentioning that the operating characteristics is hence different when operated purely as a PM machine to the PM-excited doubly salient machine from which it has been developed The machine stator is in general more complicated than the PM-SRM. The placement of the PMs in the stator yoke is crucial to the safe operation of the machine since ferrites are utilized and placing them in the stator slots will expose them to a strong demagnetizing fringing flux. In general, less PM volume is required than in the PM-excited SRM machines and PM-excited doubly salient machine.
[image: ]
[bookmark: _Ref424494284][bookmark: OLE_LINK112][bookmark: OLE_LINK111]Fig. 1.11 Doubly salient and hybrid excited switched reluctance machines.

[bookmark: _Toc419749272][bookmark: _Toc419754641][bookmark: _Toc420147071][bookmark: _Toc424334239][bookmark: _Toc438410226]Research scope and contributions
[bookmark: _Toc419749273][bookmark: _Toc419754642][bookmark: _Toc420147072][bookmark: _Toc424334240][bookmark: _Toc438410227][bookmark: OLE_LINK17][bookmark: OLE_LINK16][bookmark: OLE_LINK48]Research scope
[bookmark: OLE_LINK840][bookmark: OLE_LINK841][bookmark: OLE_LINK842][bookmark: OLE_LINK10][bookmark: OLE_LINK11]The research in this thesis is focused on improvements of the existing DC-excited doubly salient variable flux machine (VFM). The novel hybrid-excited stator slot permanent magnet machine (HSSPM) and the PM-excited stator slot permanent magnet machine (SSPM) are systematically developed by inserting PMs into the stator slots of the VFM, analyzed and experimentally validated, Fig. 1.12. Their electromagnetic characteristics with different stator/rotor pole combinations having single/double layer windings, PM demagnetization and distribution, PM losses and distribution, iron losses and distribution, and the influence of design parameters on the machine losses and efficiency are investigated and experimentally validated,  Fig. 1.13.
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[bookmark: _Ref431224473][bookmark: OLE_LINK31]Fig. 1.12 DC-excited variable flux machine, novel hybrid-excited stator slot permanent magnet machine (HSSPM) and novel PM-excited stator slot permanent magnet machine (SSPM) machine with 12/10 stator/rotor poles and double layer windings
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[bookmark: _Ref431285005]Fig. 1.13 Illustration of research contributions and research methods.

· [bookmark: OLE_LINK72][bookmark: OLE_LINK73]Chapter 2
The electromagnetic performance limitation due to magnetic saturation in DC-excited doubly salient variable flux machines (VFMs) is highlighted. PMs inserted in-between the stator poles, with its flux shunted in the stator on open-circuit, are used to reduce magnetic saturation of the stator core, and hence, enhance machine performance especially at high electric loading. The PM effects in the doubly salient VFM are analyzed using the frozen permeability method and the two basic operation principles are investigated, i.e. with hybrid DC and PM excitation and only with PM excitation. Finally, the VFM and HSSPM are compared and the HSSPM machine is experimentally validated.
· Chapter 3
[bookmark: OLE_LINK7]The hybrid stator slot permanent magnet (HSSPM) machine is analyzed. The feasible stator and rotor pole combinations are discussed and the harmonic winding analysis conducted. Electromagnetic performances of single and double layer windings are investigated, including the unbalanced magnetic forces. The principle of the hybrid stator slot permanent magnet machines is experimentally validated.
· Chapter 4
[bookmark: OLE_LINK238][bookmark: OLE_LINK239][bookmark: OLE_LINK240]The stator slot permanent magnet (SSPM) machines are developed. The feasible stator and rotor pole combinations are discussed and the harmonic winding analysis conducted. Electromagnetic performances of single and double layer windings are investigated, including the unbalanced magnetic forces. The operation principle of the stator slot permanent magnet machines is experimentally validated.
· [bookmark: OLE_LINK401][bookmark: OLE_LINK400]Chapter 5
The PM-, iron losses, and efficiency of the novel SSPM and HSSPM machines are investigated for different stator/rotor pole combinations having single/double layer windings. This is extended to include the influence of leading design parameters on the machine losses and efficiency. Further, fringing flux between the stator and rotor poles is identified as the main cause of demagnetization and the demagnetization ratio analysis is conducted for SSPM and HSSPM machines with different stator/rotor pole combinations and single/double layer windings. 


· [bookmark: _GoBack]Chapter 6
This chapter summarizes the major findings and contributions of this thesis. The HSSPM and SSPM machines with 12-10/11/13/14 stator/rotor poles and having single and double layer windings are compared. Future research work is also suggested. This includes topics such as magnetic vibration analysis, flux-weakening analysis, short circuit fault analysis, thermal analysis etc.
· Appendices
[bookmark: OLE_LINK230][bookmark: OLE_LINK231]Further research work on novel hybrid-magnet switched-flux PM machines and the comparison of the flux-weakening performance of the E-core and the conventional switched-flux PM machines, is conducted. In addition, further supporting information for this thesis, i.e. the experimental set-up, measurement methods, prototype drawings, and the application of the frozen permeability method are included.
[bookmark: _Toc419749274][bookmark: _Toc419754643][bookmark: _Toc420147073][bookmark: _Toc424334241][bookmark: _Toc438410228]Research contributions
The contributions of this thesis can be summarized as follows, 
· Identification of the limiting factor in the output performance of the doubly salient variable flux machines due to magnetic saturation and solving this problem by employing PMs in the stator slot.
· [bookmark: OLE_LINK407][bookmark: OLE_LINK406][bookmark: OLE_LINK405][bookmark: OLE_LINK843][bookmark: OLE_LINK844][bookmark: OLE_LINK404][bookmark: OLE_LINK399][bookmark: OLE_LINK398]Development and analysis of the novel HSSPM machines. The electromagnetic performance of HSSPM machines with single and double layer windings having 12-10/11/13/14 stator/rotor poles are investigated.
· [bookmark: OLE_LINK236][bookmark: OLE_LINK237]Development and analysis of the novel SSPM machines. The electromagnetic performance of SSPM machines with single and double layer windings having 12-10/11/13/14 stator/rotor poles are investigated.
· [bookmark: OLE_LINK735][bookmark: OLE_LINK750]Identification of the demagnetization mechanism and demagnetization ratio analysis for SSPM and HSSPM machines with different stator/rotor pole combinations having single/double layer windings.
· PM loss distributions, iron loss distributions, and the influence of leading design parameters on the machine losses and efficiency in SSPM and HSSPM machines are investigated having single/double layer windings.
· Investigation of stator slot permanent magnet machines with/without stator tooth-tips having single/double layer windings (Appendix A).
· [bookmark: OLE_LINK402][bookmark: OLE_LINK403][bookmark: OLE_LINK291][bookmark: OLE_LINK292][bookmark: OLE_LINK293]Novel hybrid-magnet switched-flux PM machines are investigated (Appendix B).
· Flux-weakening performance comparison of the conventional and E-core switched-flux machines are investigated (Appendix C).


[bookmark: _Toc424206312][bookmark: _Ref432275683][bookmark: _Toc438410229]Doubly Salient Variable Flux Machines with/without Permanent Magnets
[bookmark: _Toc419789132][bookmark: _Toc419578817][bookmark: _Toc419788585][bookmark: _Toc419749276][bookmark: _Toc419754645][bookmark: _Toc420147075][bookmark: _Toc424206313][bookmark: _Toc438410230]Introduction 
[bookmark: OLE_LINK122]Variable flux machines (VFMs) with their armature and DC windings on their stator, Fig. 2.1, have recently been of significant research interest due to their very attractive features which include: (a) relatively low cost, (b) simple and easy to manufacture robust rotor, (c) low rotor inertia for enhanced dynamic performance, (d) brushless excitation, (e) more convenient cooling due to the placement of most of the heat sources on the stator, and most importantly (f) good flux regulation capability using the DC excitation. In [FUK12] and [LIU13], much of the work on the operation principle and the electromagnetic performance of VFM with different stator/rotor pole combinations have been investigated. The 12/10 stator/rotor pole machine with double layer windings in [LIU13] has been shown to have the highest average output torque capability compared to the 12-8/10/11/13/14 stator/rotor pole machines.
Despite the important benefits, the thermal constraints on the winding insulation and the influence of magnetic saturation are of particular concern since the limited stator slot area for the DC and armature windings and their negligible reluctance torque component will result in high copper loss and high magnetic saturation for high torque. With particular reference to magnetic saturation, one solution to enhance the output performance of the VFM is to utilize PMs as a demagnetizing excitation. In order to achieve this, the PMs are utilized in a way that their flux opposes the DC excitation flux, and hence, influences the core saturation. This concept is investigated in this chapter.
This chapter will mainly focus on the issue of magnetic saturation in the VFMs and its effect on the machine performance. The influence of PMs in counteracting the DC excitation flux and enhancing the machine performance is investigated based on the 12/10 stator/rotor pole VFM. The research in this chapter can be summarized as follows:
· Introduction of the basic operation principle and electromagnetic performance of VFMs.
· Investigation of the limitations on the output performance caused by magnetic saturation and magnetic saturation reduction using PMs. 
· Analysis of PM effects on the machine electromagnetic performance using the frozen permeability method.
· Comparison of electromagnetic performance of optimized VFMs with and without permanent magnets.
· Experimental validation of the operating principle of the 12/10 stator/rotor pole VFM with PMs, i.e. open-circuit back-EMF, static torque with rotor position and static torque with current characteristics.
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[bookmark: _Ref425449920]Fig. 2.1 Variable flux machine with 12/10 stator/rotor poles.
[bookmark: _Toc419788586][bookmark: _Toc419578818][bookmark: _Toc419789133][bookmark: _Toc419754646][bookmark: _Toc419749277][bookmark: _Toc420147076][bookmark: _Toc424206314][bookmark: _Toc438410231]Machine structure and operation principle
The variable flux machine shown in Fig. 2.1 belongs to the class of DC-excited brushless doubly salient synchronous machines. It has doubly salient stator and rotor structures with NS = 12 stator poles and NR = 10 rotor poles. Each stator pole of the VFM has a pair of coils: one for the armature winding (A/B/C 1-4) and the other for the DC winding (DC). Each phase winding consists of four armature coils connected in series. The twelve DC coils are also connected in series to form a single winding. For simplicity, all coils have the equal number of turns and slot area, i.e. each slot is divided into four equal areas between the four coils on two adjacent stator poles. 
[bookmark: OLE_LINK95][bookmark: OLE_LINK96][bookmark: OLE_LINK125][bookmark: OLE_LINK142][bookmark: OLE_LINK113][bookmark: OLE_LINK117][bookmark: OLE_LINK118][bookmark: OLE_LINK97][bookmark: OLE_LINK105][bookmark: OLE_LINK108][bookmark: OLE_LINK143][bookmark: OLE_LINK368][bookmark: OLE_LINK369][bookmark: OLE_LINK540][bookmark: OLE_LINK541]In VFMs, the DC excitation creates a stationary magnetic field with alternate north and south poles in the air-gap, which does not rotate in synchronism with the rotor, unlike in the conventional salient rotor synchronous machines with the DC winding on the rotor [PYR08]. According to the analysis in [FUK12], the DC winding creates a stationary magnetic field with pDC pole pairs in the airgap. This airgap field is modulated by the NR rotor to induce a back-EMF with synchronous frequency fS in the armature windings when the rotor rotates at the angular frequency ωR. Alternatively, the NR rotor modulates the pDC pole pair DC field to create a pa armature pole pair field with the synchronous rotating speed nS by (2.1) and (2.2), respectively,
	
	[bookmark: _Ref420749463](2.1)

	
	[bookmark: _Ref420749469](2.2)


The electromagnetic torque and phase voltage are given by (2.3) and (2.4), respectively,
	
	[bookmark: _Ref420749417](2.3)

	
	[bookmark: _Ref420749411](2.4)


[bookmark: OLE_LINK59][bookmark: OLE_LINK120][bookmark: OLE_LINK121]where 𝜓d, 𝜓q, 𝜓DC, id, iq, IDC, Ld, Lq, ωS, and r are dq-axis flux-linkages, the DC- armature phase mutual flux-linkage, dq-axis currents, DC current, dq-axis inductances, the synchronous angular excitation frequency, and the phase resistance.
[bookmark: OLE_LINK244][bookmark: OLE_LINK245][bookmark: OLE_LINK264]In (2.3), the average electromagnetic torque can be expressed as a mutual torque component, due to the negligible reluctance torque in VFMs, which depends on the DC and q-axis currents. The torque and voltage regulation capability in VFMs using the DC and armature current is evident from (2.3) and (2.4). As a consequence, the DC-armature flux ratio, the power and efficiency can be maximized for all operating conditions [AMA09]. This makes the VFM particularly attractive for variable speed applications, for example, in automotive applications which may require constant output power over the entire operating flux-weakening speed range. Machines with inherent flux regulation capability using the DC excitation are particularly well-suited to achieve this requirement [GIE12]. The flux regulation capability will subsequently be studied using the machine parameters in Table 2.1.
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Fig. 2.2 Variable flux machine stator and rotor geometry parameters.
[bookmark: _Ref420741866]Table 2.1 Variable flux machine parameters.
	Parameters (Symbol)
	Value (Unit)

	[bookmark: _Hlk420742053][bookmark: _Hlk420742719][bookmark: OLE_LINK178][bookmark: OLE_LINK253][bookmark: OLE_LINK760][bookmark: OLE_LINK761][bookmark: OLE_LINK762]Stator outer radius (RSo)
	45mm

	Stator inner radius (RSi)
	24.03mm

	Stack length (lst)
	25mm

	Airgap length (δ)
	0.5mm

	[bookmark: _Hlk419493831][bookmark: OLE_LINK140][bookmark: OLE_LINK136]Back-iron thickness (Sbk)
	2.32mm

	[bookmark: _Hlk420947002][bookmark: OLE_LINK555][bookmark: OLE_LINK556][bookmark: OLE_LINK561][bookmark: OLE_LINK565]Stator pole arc (θS)
	[bookmark: OLE_LINK254][bookmark: OLE_LINK554]11.7odeg. mech.

	Rotor pole arc (θR)
	12.96 odeg. mech.

	Total slot area AC/DC| 
	1375/1375mm2

	Turns per stator pole AC/DC
	46/46


[bookmark: _Toc419754647][bookmark: _Toc419578819][bookmark: _Toc419749278][bookmark: _Toc420147077][bookmark: _Toc424206315][bookmark: _Toc438410232]Open-circuit flux-linkage and back-EMF
The open-circuit phase flux linkage and back-EMF over one electrical period are shown with different DC currents in Fig. 2.3. The definition of the dq-axis and the open-circuit flux plots with 9A DC current is shown in Fig. 2.4. On open-circuit, i.e. without DC current excitation, there is no phase flux-linkage and consequently there is also no back-EMF, since the VFM has not self-excitation capability. With the variable DC excitation, the phase flux-linkage and back-EMF waveforms can be controlled, i.e. increased or decreased, depending on the requirements of the operating conditions. It can be seen that the phase flux-linkage is increased almost linearly with DC excitation currents from 0-9A, Fig. 2.3(b). However, for DC excitation currents from 9-18A, the phase flux-linkage cannot be enhanced further but it reduces with increasing DC excitation. This is due to the influence of magnetic saturation and flux leakage hence, limiting the machine output performance. The influence of magnetic saturation results in the increasingly non-sinusoidal back-EMF waveforms with increasing DC currents. It is worth emphasizing that since VFMs have negligible reluctance torque (2.3), the effectiveness of the DC excitation for flux-enhancement is paramount to their performance and the production of the high mutual torque.
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[bookmark: _Ref432238804][bookmark: OLE_LINK126][bookmark: OLE_LINK957][bookmark: OLE_LINK958][bookmark: OLE_LINK959][bookmark: OLE_LINK975][bookmark: OLE_LINK976][bookmark: OLE_LINK955][bookmark: OLE_LINK956]Fig. 2.3 Open-circuit phase flux-linkage and back-EMF at 400rpm rotor speed with different DC currents. (a) Open-circuit phase flux-linkage. (b) Open-circuit phase f                                                                                                                                                                                                                                                     lux-linkage with DC current. (c) Open-circuit back-EMF.
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[bookmark: _Ref425450604]Fig. 2.4 Flux density distribution for IDC = 9A. (a) D-axis rotor position (stator and rotor tooth aligned). (b) Q-axis rotor position (stator and rotor tooth relatively displaced by 9omech.).

[bookmark: _Toc419578820][bookmark: _Toc419788587][bookmark: _Toc419754648][bookmark: _Toc419749279][bookmark: _Toc419789134][bookmark: _Toc420147078][bookmark: _Toc424206316][bookmark: _Toc438410233]Influence of magnetic saturation with and without permanent magnets
[bookmark: OLE_LINK147][bookmark: OLE_LINK148]The limitation of the flux-enhancing capability of flux-linkage and back-EMF in VFM, due to the influence of magnetic saturation has been highlighted. It is therefore desirable to reduce the effect of magnetic saturation, and hence, improve the flux-enhancing capability of the machine. A method to alleviate the limitation caused by magnetic saturation using permanent magnets (PMs) placed in-between the stator poles of the VFM, i.e. in the stator slot, is proposed Fig. 2.5. The PMs are used to pre-magnetize the stator core, and consequently, to reduce or alternatively delay the onset of magnetic saturation with increasing currents. The concept has been successfully applied in wound rotor salient pole synchronous machines [SHI07, YAM10] and claw pole alternators [HEN07, FOD07].
In order to investigate the potential of magnetic saturation reduction the 12/10 stator/rotor poles machine is investigated with and without PMs. In Fig. 2.5 (b), PMs are inserted into the stator slot of the machine. The PM height in the radial direction is 3.48mm and they are arranged and magnetized circumferentially, i.e. magnetized parallel to the magnet edge, such that the PM flux is in the opposite direction to the DC excitation flux on every stator pole. 
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[bookmark: _Ref425454116][bookmark: OLE_LINK138][bookmark: OLE_LINK139][bookmark: OLE_LINK137]Fig. 2.5 Variable flux machines with 12/10 stator/rotor poles. (a) Without PMs. (b) With PMs in the stator slot.

The variations of phase flux-linkage with rotor position for different DC currents are compared for the VFM with and without PMs in Fig. 2.6. The phase flux-linkage in the VFM without PMs saturates at approximately 9A and it reduces with subsequent increase in DC current. However, with PMs the phase flux-linkage is further enhanced and the magnetic circuit does not saturate until about 18A- which is double the case without PMs. The corresponding back-EMF waveforms at 400rpm rotor speed are compared in Fig. 2.7. The reduced influence of magnetic saturation with PMs, i.e. lower harmonic content in the back-EMF waveforms especially at high DC currents, can be observed with PMs.

[bookmark: OLE_LINK174][bookmark: OLE_LINK173][image: ]
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[bookmark: _Ref425454164][bookmark: OLE_LINK170][bookmark: OLE_LINK169][bookmark: OLE_LINK172][bookmark: OLE_LINK171][bookmark: OLE_LINK150][bookmark: OLE_LINK149]Fig. 2.6 Open-circuit phase flux-linkage with and without PMs for different DC currents. 
(a) VFM without PMs. (b) VFM with PMs.
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[bookmark: OLE_LINK175](a)
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(b)
[bookmark: _Ref425454192]Fig. 2.7 Back-EMF at 400rpm rotor speed with and without PMs for different DC currents. 
(a) VFM without PMs. (b) VFM with PMs.
The corresponding flux density distribution in the VFM with and without PMs is shown in Fig. 2.8 for DC currents of 0A, 9A and 18A with the rotor position in the d-axis. At 0A, the VFM without PMs is not excited while with PMs, all the PM flux shunts in the stator. For 9A, the flux density distribution is similar in the rotors with and without PMs. However, the flux density is higher in the stator without PMs. For 18A, the saturation in the stator without PMs is much higher than that with PMs. 
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[bookmark: _Ref425454227][bookmark: OLE_LINK152][bookmark: OLE_LINK151][bookmark: OLE_LINK154][bookmark: OLE_LINK153][bookmark: OLE_LINK157][bookmark: OLE_LINK158]Fig. 2.8 Flux density plots in VFM with and without PMs. (a) With PMs (IDC = 0A). (b) Without PMs (IDC = 0A). (c) With PMs (IDC = 9A). (d) Without PMs (IDC = 9A). (e) With PMs (IDC = 18A). (f) Without PMs (IDC = 18A).
The radial component of flux density in the rotor and stator poles can be further investigated for the influence of magnetic saturation. The waveforms and amplitude of the radial flux density components for different DC currents are shown in Fig. 2.9. The flux density components in the stator are periodic over one electrical period, i.e. 360oelec. while in the rotor they are periodic over 600oelec. The influence of magnetic saturation of the stator and rotor poles can be seen in Fig. 2.9 (c). The negative DC-bias of flux-density occurs only in the stator and with increasing DC currents, the saturation remains lower than in the VFM without PMs. However, the saturation in the rotor of the VFM with PMs is now the limiting factor on the output performance due to the saturation. It can be concluded that the PMs are useful in reducing the effects of magnetic saturation, and hence, the machine output performance can be improved. The influence of the PM height and the contribution of PMs are investigated in the next section using the frozen permeability method.
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[bookmark: _Ref425454277][bookmark: OLE_LINK166][bookmark: OLE_LINK168][bookmark: OLE_LINK167][bookmark: OLE_LINK164][bookmark: OLE_LINK163][bookmark: OLE_LINK165][bookmark: OLE_LINK162]Fig. 2.9 Flux density with and without PMs. (a) Waveforms of radial flux density component in stator and rotor tooth without PMs. (b) Waveforms of radial flux density component in stator and rotor tooth with PMs. (c) Amplitude of radial flux density component in stator and rotor tooth with DC current.

[bookmark: _Toc419578821][bookmark: _Toc419754649][bookmark: _Toc419788588][bookmark: _Toc419749280][bookmark: _Toc419789135][bookmark: _Toc420147079][bookmark: _Toc424206317][bookmark: _Toc438410234]PM effect analysis 
[bookmark: _Toc420147080][bookmark: _Toc424206318][bookmark: _Toc438410235]Influence of PM height
[bookmark: OLE_LINK789][bookmark: OLE_LINK790][bookmark: OLE_LINK791]The influence of magnetic saturation on the fundamental of back-EMF is investigated for varying PM heights and DC currents in Fig. 2.10. The stator and rotor geometry remains fixed during this investigation. The limited flux-enhancing capability of the VFM without PMs is in-between 0 – 9A (PM = 0mm). However, significant improvement in the flux-enhancing capability is achieved with PMs. The saturation point of the fundamental back-EMF shifts to higher values of DC currents with increasing PM heights. Hence, the optimal PM height should be able to achieve similar characteristics with the VFM without PMs between 0 – 9A and better performance at higher currents. This is achieved with low PM heights, 1mm – 3mm. It is shown that for high PM height, i.e. 5mm - 9mm, there exists open-circuit back-EMF with no DC current, i.e. the machines develop self-excitation capability. This back-EMF is due to magnetic saturation of the stator core, hence resulting in PM flux linking the rotor and stator. 
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[bookmark: _Ref425453843]Fig. 2.10 Fundamental of back-EMF variation at 400rpm rotor speed with DC current and PM height.

[bookmark: OLE_LINK796][bookmark: OLE_LINK797][bookmark: OLE_LINK798]The average electromagnetic torque characteristics with q-axis and DC currents are shown in Fig. 2.11. In Fig. 2.11 (a) the average electromagnetic torque is investigated with IDC = 0A, i.e. the DC excitation is not utilized. In Fig. 2.11 (b), the DC excitation is fixed to IDC = 6A. Without PMs (PM = 0mm) and without DC excitation, no average electromagnetic torque is produced. Although the average electromagnetic torque is in general lower without DC excitation since the total excitation magnetomotive force (MMF) is lower, it is noteworthy to mention that the VFM with PMs can be operated as a purely PM-excited machine whilst with both PMs and DC excitation a hybrid-excitation is utilized. These different modes of operation / machines will be investigated in-depth in this thesis.
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[bookmark: _Ref425453734][bookmark: OLE_LINK792][bookmark: OLE_LINK793][bookmark: OLE_LINK794][bookmark: OLE_LINK795]Fig. 2.11 Electromagnetic torque variation with q-axis current and PM height. (a) IDC = 0A. (b) IDC = 6A.

[bookmark: _Toc419754651][bookmark: _Toc419578823][bookmark: _Toc419749282][bookmark: _Toc420147081][bookmark: _Toc424206319][bookmark: _Toc438410236]PM effect analysis on open-circuit using the frozen permeability method
The PM effect on the electromagnetic characteristics in the VFM with PMs is investigated using the frozen permeability (FP) method. The FP method (Appendix D) is a useful technique to separate the contributions of the individual flux sources of the back-EMF, i.e. flux due to the DC excitation and the PMs by (2.5),
	
	[bookmark: _Ref420773311](2.5)


where Eoc, EFP,DC and EFP,PM are the open-circuit back-EMF and the FP separated open-circuit back-EMF contributions of the DC and PM excitation sources, respectively. Most importantly, in VFMs with PMs, the contribution of PMs to the back-EMF either due to magnetic saturation and / or direct PM flux-linkage variation with rotor position in the armature windings can be investigated. The fundamental of back-EMF with different DC currents is shown in Fig. 2.12 for the VFM with PMs, the PM height equals 3.48mm. 
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[bookmark: _Ref425453573]Fig. 2.12 Fundamental of back-EMF at 400rpm with different DC currents.

The fundamental of back-EMF reduces after the saturation point, i.e. 18A. It can be observed that between 0 – 18A the PMs contribution to the back-EMF is negligible, i.e. the PMs are used primarily to reduce magnetic saturation of the stator core. However, for DC currents higher than 18A, there is direct PM flux-linkage variation contributing to the phase back-EMF.

[bookmark: _Toc419578824][bookmark: _Toc419749283][bookmark: _Toc419754652][bookmark: _Toc420147082][bookmark: _Ref420943271][bookmark: _Toc424206320][bookmark: _Toc438410237]PM effect analysis on load using the frozen permeability method
The average electromagnetic torque in Fig. 2.13 is separated using the frozen permeability method by (2.6),
	
	[bookmark: _Ref420770961](2.6)


[bookmark: OLE_LINK799][bookmark: OLE_LINK800][bookmark: OLE_LINK801][bookmark: OLE_LINK802]where TFP,DC, TFP,I, TFP,PM are the FP separated on load torque components due to the DC excitation, armature reaction, and PM excitation. Without DC excitation, Fig. 2.13 (a), the electromagnetic torque is negligible at low currents, i.e. below 3A, with similar torque contributions from the PM and armature reaction components up to about 12A. Above 12A, the armature reaction increases almost linearly with the total average electromagnetic torque but the PM torque saturates. For the case with DC excitation (IDC = 6A), Fig. 2.13 (b), the DC excitation contributes mainly to the total electromagnetic torque, i.e. approximately 75% or more. The PM and armature reaction torque components contribute almost equally to the remaining average torque. It can thus be summarized that while the torque production with PMs and DC excitation is mainly due to the mutual flux between the DC-armarture winding, without DC excitation, the torque production is mainly due to the armarture reaction.
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[bookmark: _Ref425453015]Fig. 2.13 Electromagnetic torque with different DC-, q-axis currents and PM height. (a) IDC = 0A. (b) IDC = 6A.

[bookmark: _Toc419578825][bookmark: _Toc419749284][bookmark: _Toc419754653][bookmark: _Toc420147083][bookmark: _Toc424206321][bookmark: _Toc438410238]Electromagnetic performance comparison of variable flux machines with/without permanent magnets
[bookmark: _Toc419749285][bookmark: _Toc419578826][bookmark: _Toc419754654][bookmark: _Toc420147084][bookmark: _Toc424206322][bookmark: _Toc438410239][bookmark: OLE_LINK49][bookmark: OLE_LINK146]Open-circuit characteristics
In the previous sections, the potential of magnetic saturation reduction using PMs in the stator slot was investigated. For a simple and fair comparison, the copper loss for the VFM with and without PMs in Table 2.2, is set equal and the electromagnetic characteristics, i.e. the phase flux-linkage, back-EMF, electromagnetic torque, torque ripple and iron loss are compared.
The open-circuit phase flux-linkage and back-EMF with rotor position with and without PMs and different DC currents are compared in shown in Fig. 2.14 and Fig. 2.15, respectively. On open-circuit the VF with PMs have negligible flux linkage with no DC excitation, consistent with the shunted flux in the stator. Both machines have relatively sinusoidal phase flux-linkage variation with rotor position. The two key observations are that: (a) at low DC current density, i.e. 0 - 15A/mm2, the phase flux-linkage is similar for the VFM with and without PMs and (b) the phase flux-linkage is higher with PMs for high current density 20 - 30A/mm2. The fundamental is increased approximately 20% for current density 20 - 30A/mm2. The same observations can be made for the back-EMF. It is worth noting that the saturation points in the VFM with and without PMs are 20A/mm2 and 25A/mm2, respectively.
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[bookmark: _Ref425454759]Fig. 2.14 Open-circuit phase flux-linkage. (a) Waveforms without PMs. (b) Waveforms with PMs. (c) Harmonics without PMs. (d) Harmonics with PMs.
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[bookmark: _Ref425454789]Fig. 2.15 Back-EMF at 400rpm rotor speed. (a) Waveforms without PMs. (b) Waveforms with PMs. (c) Harmonics without PMs. (d) Harmonics with PMs.

[bookmark: _Ref420782285]Table 2.2  Optimized VFM parameters with and without PMs.
	Parameters (unit)
	VF with PM
	VF without PM

	[bookmark: _Hlk420216519][bookmark: OLE_LINK60][bookmark: OLE_LINK61][bookmark: OLE_LINK469][bookmark: OLE_LINK546][bookmark: OLE_LINK547][bookmark: OLE_LINK548][bookmark: OLE_LINK549][bookmark: OLE_LINK550][bookmark: OLE_LINK551]Stator outer diameter (mm)
	90

	Stack length (mm)
	25

	Airgap length (mm)
	0.5

	Packing factor
	0.4

	Turns per pole AC/DC
	46/46
	46/46

	PM N38SH @ 20°C
	1.2T/1.05
	-

	[bookmark: _Hlk417112704]PM outer radius (mm)
	26.355
	-

	PM height (mm)
	1.6
	-

	Back-iron thickness (mm)
	1.6
	2.32

	Magnet volume (mm3)
	149*25
	-

	Stator pole arc (odeg.)
	12.9
	11.7

	Rotor pole arc (odeg.)
	12.96
	12.96

	Total slot area AC/DC (mm2)
	1298/1298
	1375/1375

	Split ratio
	0.539
	0.534



[bookmark: _Toc419749286][bookmark: _Toc419578827][bookmark: _Toc419754655][bookmark: _Toc420147085][bookmark: _Toc424206323][bookmark: _Toc438410240]Electromagnetic torque 
In this section, the electromagnetic torque of the VFM with and without PMs is compared for the same total copper loss. The total copper loss is equally distributed between the DC and armature windings and can be calculated by (2.7)-(2.9), 
	
	[bookmark: _Ref420792240](2.7)

	
	(2.8)

	
	[bookmark: _Ref420792242](2.9)


where Pcu, Rph, RDC, SDC, kp, Irms, DSo, ncoil, ρcu,lst, lend, 𝛾, ht are the total copper loss, the phase resistance, the DC winding resistance, the DC slot are per single slot and coil side, rms armature current, stator outer diameter, number of turns per coil of DC winding, copper resistivity, stack length, end-winding length, split ratio, and stator tooth height. It has been taken into consideration that the slot area is equally divided by all coils, the numbers of turns per coil are equal, i.e. for the DC and phase windings, and the end-winding shape is a semi-circle.
The main benefit of introducing magnets into the variable flux machine is to increase the electromagnetic torque at high electric loading (or copper loss) by alleviating magnetic saturation, Fig. 2.16. At low electric loading (or copper loss), the electromagnetic torque is similar with and without PMs. The average electromagnetic torque with PMs can be increased by up to 18% and the dominant higher order harmonic is the 6th harmonic. The flux density/equipotential line distributions for all machines at 50W and 400W copper loss is shown in Fig. 2.16. The magnetic saturation is reduced in the HSSPM machine compared to the variable flux machine, especially at high electric loading.
The torque ripple may be higher in either machine, depending on the operating conditions. It can be calculated by (2.10),
	
	[bookmark: _Ref420783712](2.10)


where Tmax, Tmin, Tavg are the maximum-, minimum-, and the average electromagnetic torque. The torque ripple is dependent on the copper loss (electric loading) and it lies between 5-14% for the VFMs, Fig. 2.16. It is also worth mentioning that although higher iron loss is observed in the HSSPM machine, the efficiency remains higher, Fig. 2.18.
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[bookmark: _Ref425454678][bookmark: OLE_LINK262]Fig. 2.16 Electromagnetic torque in VFMs with and without PMs and for different copper loss. (a) Waveforms. (b) Harmonics. (c) Average electromagnetic torque with copper loss. (d) Torque ripple with copper loss.
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[bookmark: OLE_LINK675][bookmark: OLE_LINK676][bookmark: OLE_LINK677][bookmark: OLE_LINK678][bookmark: OLE_LINK691]Fig. 2.17 Flux density distributions for different copper loss at rotor d-axis position. (a) VFM with PMs - 50W (IDC = 3.63A, Iq = 5.14A). (b) VFM - 50W (IDC = 3.74A, Iq = 5.29A). (c) VFM with PMs - 400W (IDC = 10.28, Iq = 14.54A). (d) VFM - 400W (IDC = 10.59A, Iq = 14.98A).

[image: ]
[bookmark: _Ref437290863]Fig. 2.18 Comparison of the machine losses in VFMs with and without PMs and for different copper loss. 

[bookmark: _Toc419578828][bookmark: _Toc419749287][bookmark: _Toc419754656][bookmark: _Toc420147086][bookmark: _Toc424206324][bookmark: _Toc438410241][bookmark: OLE_LINK692][bookmark: OLE_LINK693]Experimental validation
[bookmark: OLE_LINK781][bookmark: OLE_LINK782][bookmark: OLE_LINK805]The machine operating principle is validated using a proof of principle prototype with 90mm stator outer diameter and 25mm stack length in. The prototype consists of a simple aluminum stator frame. The tooth wound coils, laminated steel stator and the stator slot magnets are insulated using fiber glass.
[image: ][image: ]
Fig. 2.19 Prototype VFM with PMs having 12/10 stator/rotor poles. (a) 12 pole stator. (b) 10 pole rotor.

[bookmark: OLE_LINK752][bookmark: OLE_LINK808][bookmark: OLE_LINK819][bookmark: OLE_LINK832]The detailed measurement method for back-EMF and static torque is discussed in appendix F. The back-EMF waveforms simulated in 2D FE and experimentally measured at 400rpm rotor speed are compared in Fig. 2.21. The static torque with armature and DC currents is shown in Fig. 2.21. It is worth mentioning that the armature current for the purposes of static torque validation is also a DC current with a value equal to IA = IDC, IB = Ic = -0.5IDC. The experimental results show reasonable agreement with the 2D FE analysis. The error is attributed to end-effects and manufacturing tolerances. The controllable back-EMF and static torque waveforms with DC currents confirm the flux regulation capability of the machine.
[image: ]
[bookmark: OLE_LINK155][bookmark: OLE_LINK156]Fig. 2.20 Back-EMF waveforms at 400rpm with different DC currents.
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(a)
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(b)
[bookmark: _Ref425451602][bookmark: OLE_LINK159][bookmark: OLE_LINK160][bookmark: OLE_LINK187][bookmark: OLE_LINK186]Fig. 2.21 Static torque with peak armature (DC) currents and two different DC excitation currents. (a) Static torque with rotor position with 8A armature current. (b) Average static torque–current characteristic.
[bookmark: _Toc419578829][bookmark: _Toc419754657][bookmark: _Toc419749288][bookmark: _Toc420147087][bookmark: _Toc424206325][bookmark: _Toc438410242]Conclusions
This chapter has introduced the machine structure and basic operation principle of doubly salient synchronous variable flux machines. The limitation of the machine in enhancing the fundamental amplitude of flux-linkage and back-EMF due to magnetic saturation of the stator has been highlighted. It has been shown that with PMs introduced into the magnetic circuit, i.e. in the stator slot, the fundamental amplitude of flux-linkage and back-EMF can be increased, and consequently, the torque density improved. The influence of PM height and the contribution of the PM to the total open-circuit back-EMF and average electromagnetic torque with different DC currents are analyzed using the frozen permeability method. Two fundamentally different machine characteristics have been identified depending on the excitation with and without DC excitation for the machines with PMs. Finally, the back-EMF and torque density for fixed copper loss are compared for optimized VFM with and without PMs and the machine characteristics are experimentally verified.
[bookmark: _Toc419507839][bookmark: _Toc419749289][bookmark: _Toc419758867][bookmark: _Toc420147088][bookmark: _Ref420942745][bookmark: _Ref420943173][bookmark: _Ref420947251][bookmark: _Toc424206326][bookmark: _Toc438410243]Novel Hybrid Stator Slot Permanent Magnet Machines 
[bookmark: _Toc438410244][bookmark: _Toc419507841][bookmark: _Toc419749290][bookmark: _Toc419754658][bookmark: _Toc420147089][bookmark: _Toc424206327][bookmark: OLE_LINK833][bookmark: OLE_LINK834]Introduction 
[bookmark: OLE_LINK570][bookmark: OLE_LINK571]In Chapter 2, a variable flux machine (VFM) was introduced and analyzed. In order to enhance the torque density, PMs were introduced in-between the stator poles. The VFM with PMs is a new hybrid-excited machine topology and is henceforth referred to as the hybrid stator slot permanent magnet (HSSPM) machine. The inherent flux regulation capability of hybrid excited machines, using the DC excitation, makes them particularly well-suited in variable speed applications [GIE12] since the DC excitation introduces an extra degree of freedom to control the air-gap flux which is excited by the permanent magnets (PMs) and the armature excitation flux [CHE11d]. This is beneficial because by optimizing the DC-armature flux ratios, the power and efficiency can be maximized for all operating conditions [AMA09]. Consequently, several interesting hybrid machine concepts are being investigated, for example, hybrid-excited switched-flux [SUL11, CHE11d, and GAU14] and hybrid-excited doubly salient machines [ZHA12, CHE14]. They have been classified into series and parallel excited topologies [CHE14, WAN12a] and stator/rotor PM/DC excited topologies [CHE11d]. Stator PM and DC excitation machines typically have simple robust rotors, without requirement for brushes and slip-rings [OWE10], and the PM and winding temperatures may be more easily managed since they are on the stator [HUA08]. However, the torque density may be influenced by the competition of the winding and PM slot areas on the stator. The HSSPM machine belongs to the class of parallel-excited, stator PM and DC-excited machines. The PMs inserted specifically in the stator slot has the advantages that (a) the DC and magnet flux paths are in parallel thus maintaining good flux regulation capability, and (b) the risk of demagnetization may be less severe since the magnets are not placed in the main magnet circuit of the stator or rotor. Consequently, the major drawbacks in the series excited machines can be avoided, i.e. the limited effectiveness of the DC excitation since their DC excitation flux path is via the high PM reluctance, hence significantly limiting its effectiveness [CHE14]. 
The investigations in this chapter are briefly summarized as follows:
· Introduction of the basic operating principle of the hybrid excited machine.
· Investigations of different stator/rotor pole combinations with single and double layer windings.
· Electromagnetic performance comparison with different stator/rotor pole combinations, i.e. flux-linkage, back-EMF, cogging torque, electromagnetic torque, and unbalanced magnetic forces.
· Experimental validation of the 12-10/11/13/14 stator/rotor pole machines with single and double layer windings.
[bookmark: _Toc424206328][bookmark: _Toc438410245]Machine structure and basic operation principle
Each stator pole of the HSSPM machine has a pair of coils in the stator slot: one for the armature winding (A/B/C 1-4) and the other for the DC winding (DC). Each phase winding consists of four armature coils connected in series. The twelve DC coils labelled DC are also connected in series to form a single winding. All coils have the same number of turns and the same slot area, i.e. the slot area is divided into four equal parts. The DC winding is excited to produce alternate north and south poles. Permanent magnets, magnetized in a direction parallel to the magnet circumferential edge, are placed in all the slot openings between two adjacent stator poles with alternate magnetization directions such that their flux path is in opposite direction to that of the DC excitation flux of the same stator pole. 
[bookmark: OLE_LINK1147][bookmark: OLE_LINK1148][bookmark: OLE_LINK1149][bookmark: OLE_LINK1150][bookmark: OLE_LINK1151][bookmark: OLE_LINK685][bookmark: OLE_LINK686]The basic operating principle can be explained using the simplified model and its equivalent magnetic circuit Fig. 3.1, where Pg, Pm, Pbr, Pbs, 𝜙DC and 𝜙m are the airgap permeance, magnet permeance, stator permeance, rotor permeance and the DC and magnet flux, respectively. On open-circuit Fig. 3.1 (a) negligible flux-linkage variation with rotor position will be observed in the coil since the magnet flux will link mainly with the stator. The magnet flux links the coil mainly via the salient stator pole and tooth and consequently negligible electromotive force (EMF) is induced in the coil. This is due to the high reluctance paths of the airgap (Pg) which limits the flux linking with the rotor. When both coil current and PM are present, Fig. 3.1 (b), more flux from the coil excitation is introduced hence, flux can now link both the rotor and stator and thus contribute to the induced EMF in the coil. This same principle applies to the three phase machine under the influence of DC and armature currents. 
[bookmark: _Ref425456608][image: ]                    [image: ]
[bookmark: OLE_LINK1127][bookmark: OLE_LINK1128][bookmark: OLE_LINK1129]                                    (a)                                                                         (b)

[image: ]
(c)

[bookmark: _Ref438301176]Fig. 3.1 Principle flux paths for HSSPM machines with 12/10 stator/rotor poles. (a) IDC = 0A. (b) PM, IDC > 0A. (c) Magnetic equivalent circuit.
The machine average electromagnetic torque and phase voltage equations for the VFM in (2.3) - (2.4) machine can be modified to take into account the PM flux-linkage 𝜓PM by,
	
	(3.1)

	
	(3.2)


[bookmark: _Toc419507842][bookmark: _Toc419749291][bookmark: _Toc419754659][bookmark: _Toc420147090][bookmark: _Toc424206329][bookmark: _Toc438410246]Stator-rotor pole combinations and winding analysis
[bookmark: _Toc419507843][bookmark: _Toc419749292][bookmark: _Toc419754660][bookmark: _Toc420147091][bookmark: _Toc424206330][bookmark: _Toc438410247]Feasible stator and rotor pole combinations
The optimal choice of phase number, winding layer number and stator/rotor pole combination is chosen after several considerations for the intended application, i.e. fault tolerance, torque ripple, unbalanced magnetic forces (UMF), frequency dependent losses, output torque and power etc. In general, there exist many stator/rotor pole combinations for an Nph phase machine given by (3.3), 
	
	[bookmark: _Ref415512496](3.3)


where NS, NR, GCD(), Nph, k are the number of stator poles, the number of rotor poles, the greatest common divider, the phase number and an integer, respectively. For example, the feasible stator/rotor pole combinations for different phases are; 
· [bookmark: OLE_LINK988][bookmark: OLE_LINK989][bookmark: OLE_LINK990][bookmark: OLE_LINK991][bookmark: OLE_LINK992][bookmark: OLE_LINK993][bookmark: OLE_LINK994][bookmark: OLE_LINK995][bookmark: OLE_LINK996]Nph = 2 – 4/3, 4/5, 6/7, 6/8 stator/rotor poles etc. 
· [bookmark: OLE_LINK997][bookmark: OLE_LINK998][bookmark: OLE_LINK999]Nph = 3 – 6/4, 6/5, 6/7, 6/8, 12/8, 12/10, 12/11, 12/13, 12/14 stator/rotor poles etc.
· Nph = 4 – 8/6, 8/7, 8/9, 8/10, 12/11, 12/13 stator/rotor poles etc.
In order to simplify the analysis in this research, the phase number is restricted to three, i.e. Nph = 3, and the stator pole number is fixed to NS = 12 poles. This is because the higher 12 stator pole machines in general offer better performance due to their shorter flux paths compared to the 6 stator pole machines. In addition, the 6/4 and 6/8 topologies typically have a low fundamental winding factor and high torque ripple while the 6/5 and 6/7 stator/rotor pole machines have comparably lower torque ripple but their asymmetric airgap flux distribution results in unbalanced magnetic forces [LIU12].
[bookmark: OLE_LINK982][bookmark: OLE_LINK983][bookmark: OLE_LINK984]According to (3.3), for a three phase machine with 12 stator poles all rotor poles except multiples of 3 are possible, i.e. the coils per magnetic periodicity must be an integer multiple of the phase number, where the magnetic periodicity is given by GCD(NS,NR). For example, in an Nph = 3 phase HSSPM machine, with Ns = 12, NR = 10/14 are feasible since the periodicity is 2 and k = 2. In FEA, only 180omech. of the machines cross section needs to be modelled due to magnetic periodicity. Similarly, with NR = 11/13, the periodicity is 1 and k = 4. However, due to the periodicity the full machine cross section needs to be modelled in FEA. The stator/rotor pole combinations subsequently investigated are the 12/10, 12/11, 12/13 and 12/14 stator/rotor pole machines since these offer the highest fundamental winding factors (derived later) i.e. the rotor pole number is close to the stator pole number. The main machine parameters are in Table 3.1. 
[bookmark: _Ref416550137]Table 3.1 Main machine parameters in 12 stator pole HSSPM machines
	Parameter
	Unit
	12-10/11/13/14

	Stack radius
	Mm
	45

	Stack length
	Mm
	25

	Airgap
	Mm
	0.5

	[bookmark: OLE_LINK282][bookmark: OLE_LINK283][bookmark: OLE_LINK284]Rated current
	A
	[bookmark: OLE_LINK285][bookmark: OLE_LINK286][bookmark: OLE_LINK287]5.6A(rms)

	Rated voltage
	V
	26V(rms)

	Turns/phase
	
	184

	Turns DC winding
	
	552

	Packing factor
	
	0.59

	Rated speed
	rpm
	400



[bookmark: _Toc419507844][bookmark: _Toc419749293][bookmark: _Toc419754661][bookmark: _Toc420147092][bookmark: _Toc424206331][bookmark: _Toc438410248]Harmonic winding analysis
[bookmark: OLE_LINK1081][bookmark: OLE_LINK1082][bookmark: OLE_LINK1083][bookmark: OLE_LINK1152][bookmark: OLE_LINK1153][bookmark: OLE_LINK1154]The method to determine the coil back-EMF phasors in HSSPM machines is similar to switched-flux machines [CHE11a]. In [CHE11a], it is shown that the coil back-EMF (αe in electrical degrees) equals the multiple of the rotor pole number and coil position along the stator circumference (NR x (αm in mechanical degrees)). In order to take into account the alternate magnetization directions of the PMs and its influence on the phase shift of the coil back-EMF, coils on adjacent (south) poles in Fig. 3.2 (a) have their coil back-EMFs indicated with an (‘) as shown using, for example, the 12/10 stator/rotor pole machine with DL windings in Fig. 3.2 (b). The coils can be further grouped to form the phases in Fig. 3.2 (c), respectively. The coil connections are determined similarly for other stator/rotor pole combinations.
[bookmark: OLE_LINK985][bookmark: OLE_LINK986][bookmark: OLE_LINK987]The fundamental coil back-EMF phasors for the three phase DL-HSSPM and SL-HSSPM machines with 12-10/11/13/14 stator/rotor poles are shown in Fig. 3.2. The DL-HSSPM machines coil back-EMF phasors consist of two sets of balanced three phase windings which are phase shifted by 0oelec. for the 12-10/14 stator/rotor pole machines and 30oelec. for the 12-11/13 stator/rotor pole machines. The SL-HSSPM machines fundamental coil back-EMF phasors is one of the two sets of balanced three phase DL-HSSPM windings. It is worth mentioning that the turns per phase are equal in SL- and DL-HSSPM machines. 
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[bookmark: _Ref425456740][bookmark: OLE_LINK185][bookmark: OLE_LINK1085][bookmark: OLE_LINK1086][bookmark: OLE_LINK1087]Fig. 3.2 Winding connections and fundamental back-EMF phasors. (a) Coil position 12/10 stator/rotor pole machine (mech. deg.). (b) Coil position 12/10 stator/rotor pole machine (elec. deg.). (c) 10 rotor DL. (d) 11 rotor DL. (e) 13 rotor DL. (f) 14 rotor DL. (g) 10 rotor SL. (h) 11 rotor SL. (i) 13 rotor SL. (j) 14 rotor SL.

Having determined the winding connections for the 12-10/11/13/14 stator/rotor pole machines with SL and DL windings, the harmonic analysis, i.e. the harmonic winding factors are calculated by (3.4)-(3.6),
	
	[bookmark: _Ref414434988](3.4)

	
	(3.5)

	
	[bookmark: _Ref414434991](3.6)


where NR, NS, Q, α, v, kdv, kpv and kwv are the number of rotor poles, number of stator poles, number of EMF phasors per phase group, angle between adjacent EMF phasors in a phase group, harmonic order, harmonic distribution factor, harmonic pitch factor and harmonic winding factor, respectively. 

The harmonic winding factors for the SL- and DL-HSSPM machines with 12-10/11/13/14 stator/rotor poles are in Table 3.2 and Table 3.3, respectively. Some key conclusions can be drawn;
· The harmonic winding factors are the same with 10 and 14 rotor poles. 
· The harmonic winding factors are different with SL and DL windings for 11 and 13 rotor poles. The different winding factors are due to the 30oelec and 120oelec. distribution of adjacent back-EMF phasors in SL-HSSPM and DL-HSSPM machines, respectively.
· The 3rd and 6th harmonics are not generated in the 12-10/14 and 12-11/13 stator rotor pole machines, respectively. However, since triplen harmonics are cancelled in the terminal voltages in both wye and delta connected systems, theses harmonics are not problematic.
· The 5th and 7th order harmonics have a very low winding factor in the 11 and 13 rotor pole machines. 


[bookmark: _Ref416618667]Table 3.2 SL-HSSPM machines harmonic winding factors. 
	[bookmark: _Hlk420863683]Rotor
poles
	Winding factor
	v = 1
	v = 2
	v = 3
	v = 4
	v = 5
	v = 6
	v = 7

	[bookmark: _Hlk416618443]10
	kdv
	1.00
	1.00
	1.00
	1.00
	1.00
	1.00
	1.00

	
	kpv
	0.87
	0.50
	0.00
	-0.50
	-0.87
	-1.00
	-0.87

	
	kwv
	0.87
	0.50
	0.00
	-0.50
	-0.87
	-1.00
	-0.87

	11
	kdv
	1.00
	1.00
	1.00
	1.00
	1.00
	1.00
	1.00

	
	kpv
	0.97
	0.87
	0.71
	0.50
	0.26
	0.00
	-0.26

	
	kwv
	0.97
	0.87
	0.71
	0.50
	0.26
	0.00
	-0.26

	13
	kdv
	1.00
	1.00
	1.00
	1.00
	1.00
	1.00
	1.00

	
	kpv
	0.97
	0.87
	0.71
	0.50
	0.26
	0.00
	-0.26

	
	kwv
	0.97
	0.87
	0.71
	0.50
	0.26
	0.00
	-0.26

	14
	kdv
	1.00
	1.00
	1.00
	1.00
	1.00
	1.00
	1.00

	
	kpv
	0.87
	0.50
	0.00
	-0.50
	-0.87
	-1.00
	-0.87

	
	kwv
	0.87
	0.50
	0.00
	-0.50
	-0.87
	-1.00
	-0.87










[bookmark: _Ref416618669]Table 3.3 DL-HSSPM machines harmonic winding factors. 
	Rotor
poles
	Winding factor
	v = 1
	v = 2
	v = 3
	v = 4
	v = 5
	v = 6
	v = 7

	[bookmark: _Hlk420851839]10
	kdv
	1.00
	1.00
	1.00
	1.00
	1.00
	1.00
	1.00

	
	kpv
	0.87
	0.50
	0.00
	-0.50
	-0.87
	-1.00
	-0.87

	
	kwv
	0.87
	0.50
	0.00
	-0.50
	-0.87
	-1.00
	-0.87

	11
	kdv
	0.97
	0.87
	0.71
	0.50
	0.26
	0.00
	-0.26

	
	kpv
	0.97
	0.87
	0.71
	0.50
	0.26
	0.00
	-0.26

	
	kwv
	0.93
	0.75
	0.50
	0.25
	0.07
	0.00
	0.07

	13
	kdv
	0.97
	0.87
	0.71
	0.50
	0.26
	0.00
	-0.26

	
	kpv
	0.97
	0.87
	0.71
	0.50
	0.26
	0.00
	-0.26

	
	kwv
	0.93
	0.75
	0.50
	0.25
	0.07
	0.00
	0.07

	14
	kdv
	1.00
	1.00
	1.00
	1.00
	1.00
	1.00
	1.00

	
	kpv
	0.87
	0.50
	0.00
	-0.50
	-0.87
	-1.00
	-0.87

	
	kwv
	0.87
	0.50
	0.00
	-0.50
	-0.87
	-1.00
	-0.87




[bookmark: _Toc419507845][bookmark: _Toc419749294][bookmark: _Toc419754662][bookmark: _Toc420147093][bookmark: _Toc424206332][bookmark: _Toc438410249]Electromagnetic performance comparisons for different stator-rotor pole combinations
[bookmark: _Toc419507846][bookmark: _Toc419749295][bookmark: _Toc419754663][bookmark: _Toc420147094][bookmark: _Toc424206333][bookmark: _Toc438410250]Geometry parameters and optimization
A simplified model of the stator and the rotor of HSSPM machines is shown in Fig. 3.3 Each slot of the HSSPM machines contains four coil sides – two from adjacent DC excitation coils belonging to the single DC excitation winding (SDC) and one each from adjacent coils (SA), which may belong the same or a different phase winding. 
 [image: ]
[bookmark: _Ref425456790]Fig. 3.3 HSSPM geometry parameters.

[bookmark: OLE_LINK274]In order to take into account the interdependence of the geometry parameters and the different saturation characteristics for different stator/rotor pole combinations the machines with different rotor poles are globally optimized using genetic algorithms with the objective of maximizing the average electromagnetic torque. The optimization constraints for a fair comparison are fixed: (a) rated inverter current, (b) rated current density, (c) copper loss (60W at 80oC), (d) stator outer diameter, (e) stack length, (f) airgap length and (g) fixed turns/phase. Under such constraints the inverter and the thermal constraints are the same. The optimized geometry parameters are in Table 3.4 and Table 3.5.

[bookmark: _Ref420862785][bookmark: OLE_LINK391][bookmark: OLE_LINK392][bookmark: OLE_LINK592]Table 3.4 DL-HSSPM machines optimized geometry parameters.
	Parameters
	Unit
	[bookmark: OLE_LINK968][bookmark: OLE_LINK969][bookmark: OLE_LINK970][bookmark: OLE_LINK971]10 DL
	11 DL
	13 DL
	14 DL

	[bookmark: _Hlk420862541]PM height (HPM)
	mm
	2.337
	1.991
	1.915
	2.041

	PM volume
	mm3
	6428
	5547
	5678
	6288

	[bookmark: OLE_LINK161]Rotor radius (RRo)
	mm
	26.68
	27.30
	27.89
	27.88

	Rotor pole arc (θR)
	omech.
	15.12
	13.25
	10.57
	9.9

	Stator pole arc (θS)
	omech.
	11.97
	11.94
	11.07
	10.35

	[bookmark: _Hlk415778657]Back-iron (Sbk)
	mm
	1.624
	1.375
	1.315
	1.507

	AC slot area 
	mm2
	1114

	DC slot area 
	mm2
	1114



[bookmark: _Ref420862793]Table 3.5 SL-HSSPM machines optimized geometry parameters.
	Parameters
	Unit
	[bookmark: OLE_LINK963][bookmark: OLE_LINK964][bookmark: OLE_LINK965][bookmark: OLE_LINK966][bookmark: OLE_LINK967]10 SL
	11 SL
	13 SL
	14 SL

	[bookmark: _Hlk420216614]PM height (HPM)
	mm
	2.639
	2.944
	3
	2.421

	PM volume
	mm3
	7352
	8460
	8835
	7671

	Rotor radius (RRo)
	mm
	26.825
	26.37
	26.46
	27.675

	Rotor pole arc (θR)
	omech.
	15.04
	13.74
	11.02
	9.9

	Stator pole arc (θS)
	omech.
	11.64
	11.22
	10.83
	9.81

	[bookmark: _Hlk415176184]Back-iron (Sbk)
	mm
	1.849
	1.79
	1.823
	1.637

	AC slot area 
	mm2
	1114

	DC slot area 
	mm2
	1114
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[bookmark: _Ref425456916][bookmark: OLE_LINK197][bookmark: OLE_LINK199][bookmark: OLE_LINK198][bookmark: OLE_LINK194][bookmark: OLE_LINK195][bookmark: OLE_LINK196][bookmark: OLE_LINK191][bookmark: OLE_LINK192][bookmark: OLE_LINK193]Fig. 3.4 Open-circuit field distributions IDC =5.6A. (a) 10 rotor SL. (b) 10 rotor DL. (c) 11 rotor SL. (d) 11 rotor DL. (e) 13 rotor SL. (f) 13 rotor DL. (e) 14 rotor SL. (f) 14 rotor DL.
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Fig. 3.5 Load flux distributions IDC =5.6A. (a)10 rotor SL. (b)10 rotor DL. (c)11 rotor SL. (d)11 rotor DL. (e)13 rotor SL. (f)13 rotor DL. (e)14 rotor SL. (f)14 rotor DL.

[bookmark: _Toc419507847][bookmark: _Toc419749296][bookmark: _Toc419754664][bookmark: _Toc420147095][bookmark: _Toc424206334][bookmark: _Toc438410251][bookmark: OLE_LINK188][bookmark: OLE_LINK190][bookmark: OLE_LINK205][bookmark: OLE_LINK204][bookmark: OLE_LINK189]Flux-linkage and back-EMF
[bookmark: OLE_LINK960][bookmark: OLE_LINK961][bookmark: OLE_LINK962]In Fig. 3.6 and Fig. 3.7, the flux-linkage and back-EMF are investigated for the 12-10/11/13/14 stator/rotor poles SL- and DL-HSSPM machines, respectively. The open-circuit flux plots are in Fig. 3.4. On open-circuit, i.e. IDC = 0A, the fundamental open-circuit phase flux-linkage (PM) is very negligible, especially in comparison to the flux-enhanced fundamental with IDC = 5.59A. The DC bias in the 10/14 SL-HSSPM machines are due to the superposition of flux in coils with the same magnet polarity and winding direction. As a result of the DC bias, the flux-linkage is unipolar. The flux-linkage in all other machines is bipolar. The fundamental component of back-EMF is higher the higher the number of rotor poles with DC current. It can be seen that due to the zero winding factor, the 3rd harmonic is non-existent in the 12-10/14 stator/rotor pole machines. In 12-11/13 stator/rotor pole machines the 6th harmonics is non-existent. It is also worth mentioning that in the machines with bipolar flux-linkage, even order harmonics are cancelled. However, even order harmonics exists due to the asymmetry in the unipolar flux-linkage of the 10 and 14 rotor pole SL-HSSPM machines. This asymmetry is cause by the addition of only coils in a phase with the same winding direction and PM polarity.
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[bookmark: _Ref425456876]Fig. 3.6 Open-circuit phase flux-linkage (PM) for 12-10/11/13/14 stator/rotor poles with different DC currents. (a) Waveforms DL-HSSPM. (b) Waveforms SL-HSSPM. (c) Amplitude of harmonics DL-HSSPM. (d) Amplitude of harmonics SL-HSSPM.
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[bookmark: _Ref425456891]Fig. 3.7 Open-circuit back-EMF for 12-10/11/13 and 14 stator/rotor poles with different DC currents at 400rpm rotor speed. (a) Waveforms DL-HSSPM. (b) Waveforms SL-HSSPM. (c) Amplitude of harmonics DL-HSSPM. (d) Amplitude of harmonics SL-HSSPM.
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The cogging torque on open-circuit and IDC = 0A, is caused by PM leakage flux and it is negligible in HSSPM machines. This is also the case for the PM flux-linkage variation with rotor position (discussed earlier), hence the cogging torque with 12-10/11/13 and 14 stator/rotor poles is investigated for IDC = 5.59A in Fig. 3.8. The fundamental frequency of cogging torque for different stator/rotor pole combinations is given by (3.7),
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[bookmark: OLE_LINK219]where NC, NS, NR, LCM are the harmonic order, number of stator poles, number of rotor poles, and least common multiple, respectively. 
The fundamental frequency of cogging torque, according to (3.7) is the 6th harmonic in the 10 and 14 rotor pole machines and the 12th harmonic in 11 and 13 rotor pole machines, independent of the winding layer number. Nevertheless, the cogging torque remains small in all machines. Finally, it should be mentioned that due to the different machine geometry, the amplitude of cogging torque, which is independent of the winding layer number, is different for the same stator/rotor pole combination. In addition, the much higher cogging torque in the 14 rotor pole machines compared to the other machines is because the machines were optimized to maximize the average electromagnetic torque. 
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[bookmark: _Ref425456963]Fig. 3.8 Cogging torque for different 12-10/11/13/14 stator/rotor pole combinations with single (SL) and double layer (DL) windings. (a) Waveforms. (b) Harmonics.

[bookmark: _Toc420147097][bookmark: _Toc419507849][bookmark: _Toc419749298][bookmark: _Toc419754666][bookmark: _Toc424206336][bookmark: _Toc438410253]Winding inductances 
The torque production in HSSPM machines is mainly a mutual torque component, i.e. due to the super-imposed DC-armature and PM-armature mutual flux-linkage variation with rotor position. Self-inductance variations are mainly attributed to contributing to the torque ripple of the machines. The inductances are evaluated in 2D FEA using the frozen permeability (FP) method for improved accuracy by (3.8)-(3.11),
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	(3.10)
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[bookmark: OLE_LINK873][bookmark: OLE_LINK874][bookmark: OLE_LINK875][bookmark: OLE_LINK879][bookmark: OLE_LINK880][bookmark: OLE_LINK881][bookmark: OLE_LINK885][bookmark: OLE_LINK886][bookmark: OLE_LINK887][bookmark: OLE_LINK891][bookmark: OLE_LINK892][bookmark: OLE_LINK893][bookmark: OLE_LINK896][bookmark: OLE_LINK897][bookmark: OLE_LINK898]where LaaFP, LabFP, LaDCFP, LDCFP, 𝜓a/bFP, 𝜓DCFP, Ia/b/c and IDC are the FP calculated phase self-inductance, phase mutual-inductance, DC-armature mutual-inductance, DC self-inductance, phase flux-linkage, DC flux-linkage, phase- and DC currents, respectively.
The machine inductances evaluated at the rated current are shown in Fig. 3.9. The self- and mutual inductances are periodic over one electrical cycle. Significant variations are observed only in the DC-armature winding mutual-inductances and armature self-inductances for the 10 and 14 pole machines with single layer windings.  The DC-armature mutual inductance variation in all machines is consistent with electromechanical energy conversion. The variation in armature self-inductances for the 10 and 14 poles SL-HSSPM is consistent with torque ripple production mainly due to the presence of even space harmonics in the unipolar winding topologies. The DC-armature winding mutual-inductances are unipolar in 10 and 14 poles SL-HSSPM but bipolar in all other machines. The self-inductance variation in the 10 and 14 rotor poles SL-HSSPM machines contributes mainly to the torque ripple.
[image: ]
(a)
[image: ]
(b)

[image: ]
(c)
[image: ]
(d)
[bookmark: _Ref425457012][bookmark: OLE_LINK206]Fig. 3.9 Machine inductances (IDC = Irms = 5.91A). (a) Self-inductance waveforms of armature winding. (b) Self-inductance waveforms of DC winding. (c) Mutual-inductance waveforms of armature winding. (d) Mutual-inductance waveforms of DC-armature winding.
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The 2D FEA evaluated electromagnetic torque for the 12- 10/11/13/14 stator/rotor pole HSSPM machines are compared for different DC-armature current ratios (𝛾) given by (3.12),
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[bookmark: OLE_LINK939][bookmark: OLE_LINK940][bookmark: OLE_LINK941]where Irated,rms and IDC are the rated rms phase current and the DC excitation currents, respectively. 
The electromagnetic torque waveforms, harmonics, and torque current characteristics are shown in Fig. 3.10. For 𝛾 = 0, the DC excitation current is not utilized to excite the machine. For 𝛾 = 1, the average electromagnetic torque is controlled using the DC excitation. For the same 𝛾, DC, and armature currents, the current density and copper loss is the same in all machines since the turns/phase, slot are and packing factor are the same.

[bookmark: OLE_LINK371][bookmark: OLE_LINK372][bookmark: OLE_LINK377][bookmark: OLE_LINK336][bookmark: OLE_LINK335][bookmark: OLE_LINK337][bookmark: OLE_LINK378][bookmark: OLE_LINK379][bookmark: OLE_LINK932][bookmark: OLE_LINK933][bookmark: OLE_LINK934][bookmark: OLE_LINK935][bookmark: OLE_LINK936][bookmark: OLE_LINK937][bookmark: OLE_LINK938]The average electromagnetic torque is highest in the 14 rotor pole DL-HSSPM machine and lowest in the 10 rotor pole SL-HSSPM machine. The torque ripple is highest in the 10 and 14 rotor pole SL-HSSPM machines with approximately 80%. It is mainly due to the even order harmonics in the phase back-EMF, i.e. with asymmetry. It is lowest in the 11 rotor pole SL with 3%. The maximum-, minimum-, average-, and torque ripple of all machines are summarized in Table 3.6 for 𝛾 =1. The 3rd order harmonic is dominant in the 10 and 14 rotor pole SL machines while the 6th order harmonic is dominant in all other machines. With increasing 𝛾 and q-axis currents, the torque is generally higher for the 10 and 14 rotor pole machines in DL-HSSPM machines and in SL-HSSPM machines it is higher for 11 and 13 rotor pole machines. A summary of comparison at rated currents and 𝛾 = 1 is in Table 3.6.
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[bookmark: _Ref425457039][bookmark: OLE_LINK641][bookmark: OLE_LINK642]Fig. 3.10 Electromagnetic torque for 12-10/11/13/14 stator/rotor pole HSSPM machines with different current ratios. (a) Waveforms DL-HSSPM. (b) Waveforms SL-HSSPM. (c) Amplitude of harmonics (𝛾 = 1). (d) Torque-current characteristics DL-HSSPM. (e) Torque-current characteristics SL-HSSPM.

[bookmark: _Ref416637642]Table 3.6 Torque characteristics at rated currents and 𝛾 =1.
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	[bookmark: OLE_LINK662][bookmark: OLE_LINK663][bookmark: OLE_LINK671]0.94
	[bookmark: OLE_LINK846][bookmark: OLE_LINK847][bookmark: OLE_LINK848]0.87
	[bookmark: OLE_LINK674][bookmark: OLE_LINK733][bookmark: OLE_LINK734]0.89
	[bookmark: OLE_LINK849][bookmark: OLE_LINK850][bookmark: OLE_LINK851]0.89
	[bookmark: OLE_LINK751][bookmark: OLE_LINK773][bookmark: OLE_LINK774]0.90
	[bookmark: OLE_LINK854][bookmark: OLE_LINK855][bookmark: OLE_LINK856]0.91
	0.95
	[bookmark: OLE_LINK857][bookmark: OLE_LINK858][bookmark: OLE_LINK859]0.91

	Maximum torque (Nm)
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	Minimum torque (Nm)
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	0.45
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	0.88
	0.89
	0.90
	0.92
	0.51
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[bookmark: _Toc438410255]Unbalanced magnetic forces
The UMF loci with current ratio (𝛾) are shown in Fig. 3.12 for the 12-11/13 stator/rotor pole HSSPM machines with SL and DL windings. The 13 rotor pole machines have lower UMF compared to the 11 rotor pole machines. The influence of the DC current and the armature current on the average UMF is shown in Fig. 3.13. On open-circuit, i.e., for IDC=0A, all machines have negligible UMF. It is shown that with increasing DC and armature currents, the UMF initially increases but saturates at high DC and armature currents. The average UMF in the 11 rotor pole machines is higher than in the 13 rotor pole machines with DC and q-axis currents. The UMF in SL machines is higher than that in DL machines for the same stator/rotor pole combination.
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Fig. 3.11 Field distributions for 𝛾 = 1. (a) 12/11 SL-HSSPM. (b) 12/11 DL-HSSPM. (c) 12/11 SL-HSSPM. (d) 12/11 DL-HSSPM.
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[bookmark: _Ref416694373]Fig. 3.12 Loci of unbalanced magnetic forces of 12-11/13 stator/rotor pole HSSPM machines for different DC-armature currents ratios (𝛾). (a) 11 and 13 pole SL. (b) 11 and 13 pole DL.
[image: ]
(a)

[image: ]
(b)


[image: ]
(c)

[image: ]
(d)
[bookmark: _Ref432279874]Fig. 3.13 Average unbalanced magnetic force with DC- and q-axis currents for the 12-11/13 stator/rotor poles HSSPM machines. (a)11 pole SL. (b)11 pole DL. (c)13 pole SL. (d)13 pole DL.

[bookmark: _Toc419507852][bookmark: _Toc419749301][bookmark: _Toc419754669][bookmark: _Toc420147100][bookmark: _Toc424206339][bookmark: _Toc438410256]Experimental validation 
The operation principle of the 12-10/11/13/14 stator/rotor pole HSSPM machines is validated using the prototype shown in Fig. 3.14. The machine geometric dimensions and detailed experimental measurement procedures are given in appendices E and F, respectively. It is worth mentioning that a single stator, wound with double layer windings, has been utilized for testing both single layer and double layer windings, together with different rotor pole numbers, to save production costs. The measured back-EMF waveforms, cogging torque, static torque waveforms, static torque with currents and inductances are compared with results from FE analysis. In general good agreement is achieved between the measured and 2D FE predicted results.
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[bookmark: _Ref425457182]Fig. 3.14 Prototype machines 12-10/11/13/14 stator/rotor poles (from left to right). (a) 12 pole stator. (b) 10/11/13 and 14 rotor poles 

[bookmark: _Toc419507853][bookmark: _Toc419749302][bookmark: _Toc419754670][bookmark: _Toc420147101][bookmark: _Toc424206340][bookmark: _Toc438410257]HSSPM with double layer windings
The back-EMF waveforms are compared for the 12/-10/11/13/ 14 stator/rotor pole HSSPM machines at 400rpm rotor speed. In order to validate the flux regulation capability via the DC excitation, the back-EMF is measured in Fig. 3.15 for 4A and 8A DC currents, respectively. Good agreement is observed with the FEA predicted values for both DC currents. The back-EMF with 8A is approximately twice than that with 4A. This verifies the flux regulation capability of the HSSPM machines.

[image: ]
(a)
[image: ]
(b)
[bookmark: _Ref425457254]Fig. 3.15 Back-EMF for 12-10/11/13/14 stator/rotor pole machines at 400rpm rotor speed with double layer windings and with DC currents. (a) IDC = 4A. (a) IDC = 8A.

The measured and FEA predicted static torques with rotor position for different phase- and DC currents are compared in Fig. 3.16, respectively. In general, good agreement is achieved between the measured and predicted static torques. The discrepancy between the measured and 2D FEA predicted static torque results from the influence of end-effects and also from manufacturing imperfections. The static torque is more sinusoidal in the 11 and 13 rotor pole machines. This is due to their more sinusoidal back-EMF. 
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[bookmark: _Ref425457288]Fig. 3.16 Static torque for 12-10/11/13/14 stator/rotor pole for double layer winding HSSPM with Iq = 8A and DC currents. (a) IDC = 4A. (a) IDC = 8A.
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Fig. 3.17 Static torque for 12-10/11/13/14 stator/rotor pole machines with double layer windings, DC- and q-axis currents. (a) IDC = 4A. (b) IDC = 8A.

[bookmark: _Toc411418677][bookmark: OLE_LINK179][bookmark: OLE_LINK180][bookmark: OLE_LINK181][bookmark: _Toc419507854][bookmark: _Toc419749303][bookmark: _Toc419754671][bookmark: _Toc420147102][bookmark: _Toc424206341][bookmark: _Toc438410258]HSSPM with single layer windings
The back-EMF waveforms at 400rpm rotor speed are shown in Fig. 3.18 and Fig. 3.21, respectively. In Fig. 3.18, the back-EMF is the actual value measured for the prototype machine. Since the prototype is manufactured as a double layer winding, only half the turns/phase can be used to test as a single layer winding machine. 
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[bookmark: _Ref425457370]Fig. 3.18 Back-EMF for 12-10/11/13/14 stator/rotor pole machines at 400rpm rotor speed with single layer windings and with DC currents. (a) IDC = 4A. (a) IDC = 8A.
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[bookmark: _Ref425457478][bookmark: OLE_LINK643][bookmark: OLE_LINK649][bookmark: OLE_LINK656]Fig. 3.19 Static torque for 12-10/11/13/14 stator/rotor pole for single layer winding HSSPM with Iq = 8A and with dc currents (IDC). (a) IDC = 4A. (a) IDC = 8A.
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[bookmark: _Ref425457541]Fig. 3.20 Static torque for 12-10/11/13/14 stator/rotor pole machines with single layer windings, DC- and q-axis currents. (a) IDC = 4A. (b) IDC = 8A.
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In this section, the performance of the single layer machine is in Fig. 3.21 the measured back-EMF waveforms are multiplied by 2 and compared to the FEA predicted back-EMF for the single layer winding machine with the same turns/phase as the double layer winding machine. The measured static torque with rotor position for different DC- and q-axis currents are shown in Fig. 3.19-Fig. 3.23. The measured static torque characteristics of the prototype machine are shown and compared to the FEA results in Fig. 3.19-Fig. 3.20. In Fig. 3.22-Fig. 3.23 the measured static torques are multiplied by 2 and compared to the static torque of the 2D FEA with the same turns/phase as the double layer winding machine.
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[bookmark: _Ref425457350]Fig. 3.21 Back-EMF for 12-10/11/13/14 stator/rotor pole machines at 400rpm rotor speed with single layer windings and with DC currents. (a) IDC = 4A. (a) IDC = 8A.
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[bookmark: _Ref425457579]Fig. 3.22 Static torque for 12-10/11/13/14 stator/rotor pole for single layer winding HSSPM with Iq = 8A and with dc currents (IDC). (a) IDC = 4A.
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The cogging torque with rotor position for the 12-10/11/13/14 stator/rotor pole machines is shown in Fig. 3.24. It is clear that due to the operating principle of HSSPM machines, the cogging torque is very small, i.e. negligible, hence accurate measurements are difficult to achieve, especially due to other influences such as eccentricity.
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[bookmark: _Ref425457614]Fig. 3.24 Cogging torque for 12-10/11/13/14 stator/rotor pole machines. (a) 12-10/14 stator/rotor poles. (b) 12-11/13 stator/rotor poles.

[bookmark: _Toc419507857][bookmark: _Toc419749306][bookmark: _Toc419754674][bookmark: _Toc420147105][bookmark: _Toc424206344][bookmark: _Toc438410261]Conclusions
In this chapter, the basic structure and operation principle of the hybrid-excited stator slot permanent magnet machines has been introduced and the electromagnetic performance and unbalanced magnetic forces of the three phase 12-10/11/13/14 stator/rotor pole machines with single and double layer windings are investigated. Finally, the operating principle of the HSSPM machines has been experimentally verified.
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[bookmark: _Toc398715423][bookmark: _Toc397855570][bookmark: OLE_LINK852][bookmark: OLE_LINK853]The VFMs and HSSPM have been discussed in Chapter 2 and in Chapter 3, respectively. As is the case with all machine types, advantages and disadvantages of the topologies exist. The low cost and good flux regulation capability are attractive features of the VFM. However, its torque density is limited by magnetic saturation. The HSSPM has improved torque density while retaining good flux regulation capability. However, the complexity of the winding assembly is increased with closed slots (by the PMs) and two different sets of windings, which are generally subject to different supply constraints, i.e. one for the armature winding and the other for the DC winding.
To address the aforementioned issue, a novel permanent magnet machine – stator slot permanent magnet machine (SSPM), is proposed, Fig. 4.1. The brushless AC machine is developed by eliminating the DC winding in the HSSPM machine. This will have the advantages that: (a) the winding assembly will be easier since only the phase windings are required, (b) other issues related to the DC winding are eliminated, e.g., DC control and inverter requirements etc. (c) any risk of PM demagnetization from the DC flux is eliminated, and (d) there is increased potential for fail-safe capability during inverter/controller shut-down or winding short circuits since the induced voltage can be designed to be negligible on open-circuit. 
The SSPM machine is similar in structure to the HSSPM machine, i.e. brush-less with doubly salient stator and rotor structures and PMs in-between the stator poles. However, it has no DC windings. It is excited only by three phase sinusoidal currents. The operating principle remains the same as the HSSPM machines without DC excitation. However, as discussed in chapter 2, the armature reaction is the main torque producing component. Hence the SSPM machine is closely related to switched reluctance machines.
[bookmark: OLE_LINK98][bookmark: OLE_LINK99][bookmark: OLE_LINK100]The proposed SSPM machine and PM-excited SRM [NAK07], Fig. 1.6, have similar structure, negligible/no cogging torque and relatively low/no open-circuit back-EMF compared to conventional PM machines. Unlike the PM-excited switched reluctance machines, which operate only within two quadrants of the ψ-i loop [NAK07], the SSPM machine will operate in all four quadrants due to the excitation with sinusoidal bipolar currents. This is typical for brushless AC machines [STA96].  Additionally, it can be supplied with a conventional bidirectional inverter for PM machines rather than the asymmetric bridge converter typical for SRMs.  
SRMs are typically disadvantaged in applications sensitive to magnetic vibration, noise and high torque ripple. Although improvements have been achieved by design optimization [COR90, SAH00, HON02, SHE03, LI08] and active excitation/control techniques [LIU11, OJE08, POL97, LON05, MIK13], it is usually at the expense of a reduction of the machine torque density and efficiency. From a design point of view, the average torque and torque ripple in SRMs are also significantly influenced by the choice of the stator/rotor pole combination [COR90] and the design of the rotor and stator pole arcs [SAH00, HE03] since they influence the inductance profile with rotor position. Typically, a larger rotor pole arc is chosen to ensure no negative torque is generated during turn-off commutation and the smaller stator pole arc results in larger slot area for the copper windings. However, it is essential to minimize the torque ripple by appropriate control of the excitation currents alongside the machine geometric design [SAH00], which has motivated the research for optimal current profiling [MIK13], excitation with sinusoidal and rectangular bipolar currents [LIU11]. In the SSPM machine, the stator pole arc directly influences both the stator slot area and the PM volume. The average torque, torque ripple, magnetic vibration and noise are also dependent on the stator/rotor pole combination, design of the stator, rotor pole arcs, and back-iron. However, the inherent nearly sinusoidal bipolar phase flux-linkage in the 12/10 stator/rotor pole PM machine and the excitation with sinusoidal bipolar currents generally implies much lower torque ripple which simplifies the objective to minimize the torque ripple by geometric design. In addition, negligible unbalanced magnetic forces are expected due to the symmetry of the machine air-gap flux and continuous excitation currents in the phases. 
[bookmark: OLE_LINK145]
Finally, it is worth noting that the HSSPM and VFMs investigated in Chapter 2 and Chapter 3 can be considered to belong to a family of machines, Fig. 1.13, consisting of: an electrically excited machine (VFM), a hybrid excited machine (HSSPM) and their corresponding permanent magnet machine – the SSPM machine. 
The investigations in this chapter are briefly summarized as follows:
· Demonstration of the operation principle, and the potential fail-safe capability with different PM characteristics.
· Stator and rotor pole combinations and geometry optimization for three phase machines with 12-10/11/13/14 stator/rotor pole machines.
· Electromagnetic performance comparison with different stator/rotor pole combinations, i.e. flux-linkage, back-EMF, cogging torque, electromagnetic torque, winding inductances and unbalanced magnetic forces. 
· Experimental validation of machine characteristics.
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[bookmark: _Ref432283119]Fig. 4.1 SSPM machine with 12/10 stator/rotor poles and double layer windings.

[bookmark: _Toc419507819][bookmark: _Toc419754677][bookmark: _Toc419749309][bookmark: _Toc420147108][bookmark: _Toc431238181][bookmark: _Toc438410264]Operation principle and potential fail-safe capability
The three phase SSPM machine with 12 stator and 10 rotor poles is shown in Fig. 4.1. Each stator pole of the SSPM machine has a tooth wound coil (A/B/C 1-4). Each phase winding is a series connection of four tooth wound coils. All coils have the same number of turns and the same slot area, i.e. a double layer winding with two equal halves. Permanent magnets magnetized in a direction parallel to the magnet circumferential edge are placed in all the slot openings between two adjacent stator poles to establish alternate magnetic north and south poles.
The basic operation principle can be explained using the same simplified model and its corresponding equivalent circuit as for the HSSPM machine shown in Fig. 3.1. However, it is worth mentioning that unlike the HSSPM machine, the coil in Fig. 4.2 will be supplied only by phase AC currents. 
[bookmark: OLE_LINK683][bookmark: OLE_LINK684][image: ]                    [image: ]
                                    (a)                                                                         (b)
[bookmark: _Ref431226947][bookmark: _Ref386470664]Fig. 4.2 A simplified model showing the PM and current flux paths. (a) PM with I = 0A. (b) PM with I > 0A. 
[bookmark: _Ref388984311]The electrical excitation frequency is calculated similar to the switched flux machines by (4.1) and the electromagnetic torque by (4.2) 
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	[bookmark: _Ref431226616](4.2)


where m is the phase number, Wc is the net change in magnetic co-energy, fe and n are the electrical excitation frequency and the rotor speed.
The SSPM has no PM flux-linkage variation with rotor position on open-circuit, i.e. no back-EMF, assuming a linear magnetic circuit. This has been discussed for the HSSPM machines with IDC = 0A. This is particularly useful in high speed inverter-fed drives, where there is a risk of uncontrolled generator operation in the case of the inverter/controller failure or during machine winding short-circuits [ADN92],[JAH99]. During either failure mode, the voltage ratio by (4.3) and the short-circuit current by (4.4) are dependent on the back-EMF and the machine parameters, 
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where kU, EPM, Vrated, ISC are the voltage ratio, open-circuit back-EMF, rated phase voltage, and short circuit current, respectively. 
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[bookmark: _Ref432283758]Fig. 4.3 Open-circuit flux line and -density distribution with different PM remanent flux density. (a) Br = 1.2T. (b) Br = 0.4T.

[bookmark: OLE_LINK657][bookmark: OLE_LINK679][bookmark: OLE_LINK680][bookmark: OLE_LINK681]The open-circuit flux/equipotential line distribution is shown in Fig. 4.3 for Br = 1.2T and Br = 0.4T. As can be observed some flux links the rotor when the stator is saturated for Br = 1.2T, Fig. 4.3 (a). However, with less magnet flux, the stator is not saturated and less flux links the rotor for Br = 0.4T.
The back-EMF on open-circuit is investigated in Fig. 4.4. The remanent flux density 1.2T and 0.4T correspond to NdFeB and ferrite magnets, respectively. It can be observed that with decreasing PM remanent flux density the open-circuit back-EMF approaches zero although the rotor is operating at a relatively high speed of 4000rpm. It is shown that the SSPM is still capable of torque production, even with negligible back-EMF, although the torque density is reduced in Fig. 4.5.
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[bookmark: _Ref431227425][bookmark: OLE_LINK865]Fig. 4.4 Open-circuit back-EMF variation with rotor position and different Br at 4000rpm.
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[bookmark: _Ref431227438]Fig. 4.5 Average electromagnetic torque characteristics with different PM remanence.
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[bookmark: _Ref423077370]Fig. 4.6. Flux distributions with different PM remanent flux density at rated current (Iq = 7.91A) and with the rotor and stator tooth fully aligned. (a) Br = 0.4T. (b) Br = 0.8T. (c) Br = 1.2T.
[bookmark: _Ref420945022]Table 4.1 Initial SSPM machine parameters with 12/10 stator/rotor poles.
	Parameters (unit)
	Value

	Stator outer diameter (mm)
	90

	Stack length (mm)
	25

	Air-gap length (mm)
	0.5

	PM N38SH @ 20°C
	1.2/1.05

	Turns/pole (AC)
	92

	Stator pole arc (omech.)
	11.7

	[bookmark: OLE_LINK869][bookmark: OLE_LINK870][bookmark: OLE_LINK871]Rotor pole arc (omech.)
	15.48

	PM height (mm)
	3.03

	Total slot area (mm2)
	2622

	Back-iron thickness (mm)
	1.4124

	Split ratio
	0.533


[bookmark: _Toc419507820][bookmark: _Toc419749310][bookmark: _Toc419754678][bookmark: _Toc420147109][bookmark: _Toc431238182][bookmark: _Toc438410265]Stator and rotor pole combination and geometry optimization
The feasible stator/rotor pole combinations are the same as discussed for the HSSPM machines in chapter 3. This is the case for double layer and single layer winding SSPM machines. In SRMs, the stator/rotor pole combinations are typically restricted, e.g., the possible rotor pole numbers for a three phase 12 pole stator SRM is given by (4.5) in [HOR93],
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[bookmark: OLE_LINK917][bookmark: OLE_LINK918]Typically, the number of rotor poles NR is less than the number of stator poles NS, i.e. the combinations are restricted to 12/4 and 12/8 stator/rotor poles. In [DES10], SRMs with higher number of rotor than stator poles have been proposed, extending the possible combinations by (4.6),
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Consequently, a 12/22 stator/rotor pole combination is feasible. In comparison to the SSPM machines, the rotor pole number for a three phase machine with 12 stator poles is given by (4.7),
	
	[bookmark: _Ref416948973](4.7)


Clearly, the SSPM machines offer more feasible stator/rotor pole combinations e.g. 12/8, 12/10, 12/11, 12/13, 12/14, 12/16, etc. It should be mentioned that the increase in feasible stator/rotor pole combinations is not restricted to 12 stator pole or three phase machines. In this chapter, the analysis of stator/rotor pole combinations is restricted to the 12-10/11/13/14 machines with single and double layer windings. In order to take into account the different SL and DL winding characteristics and also the different saturation characteristics for different stator/rotor pole combinations, the SSPM machines are globally optimized with the objective of maximizing the average electromagnetic torque. The optimization constraints are for fixed: (a) rated inverter current, (b) rated current density, (c) copper loss (60W at 80oC), (d) stator outer diameter, (e) stack length, (f) airgap length and (g) fixed turns/phase. The optimized machine parameters for the 12-10/11/13/14 SL-SSPM and DL-SSPM machines are shown in Table 4.2-Table 4.4, respectively
[bookmark: _Ref416949626][bookmark: _Ref420948308]Table 4.2 Main machine and drive characteristics
	Parameter
	Value

	Stator outer radius (mm)
	90

	Stack length (mm)
	25

	Airgap (mm)
	0.5

	Rated RMS current (A)
	5.6A

	Rated voltage (V)
	26V

	Turns/phase 
	368

	Packing factor 
	0.59

	Rated speed (rpm)
	400




[bookmark: _Ref416949826]Table 4.3 SSPM machine parameters with single layer windings
	[bookmark: _Hlk402676975]Parameter
	10 SL
	11 SL
	13 SL
	14 SL

	[bookmark: _Hlk420948594]PM height (mm)
	3.50
	3.48
	3.40
	3.25

	PM volume (mm3)
	10287
	10473
	10824 
	10451 

	[bookmark: _Hlk420948931]Rotor radius (mm)
	25.785
	26.685
	27.09
	27.54

	Stator back-iron (mm)
	1.775
	1.373
	1.425
	1.511

	Rotor pole arc (omech.)
	15.12
	13.716
	13.752
	14.184

	Stator pole arc (omech.)
	11.55
	10.77
	9.84
	9.39





[bookmark: _Ref416949829][bookmark: OLE_LINK281][bookmark: OLE_LINK288]Table 4.4 SSPM machine parameters with double layer windings
	Parameter
	10 DL
	11 DL
	13 DL
	14 DL

	[bookmark: _Hlk402693445][bookmark: _Hlk418726844]PM height (mm)
	3.56
	3.78
	3.60
	3.16

	PM volume (mm3)
	10339
	11333
	11429
	[bookmark: OLE_LINK228][bookmark: OLE_LINK227]10347

	[bookmark: _Hlk420948700]Rotor radius (mm)
	26.19
	26.325
	26.955
	27.54

	Stator back-iron (mm)
	1.55
	1.55
	1.36
	1.38

	[bookmark: OLE_LINK972][bookmark: OLE_LINK973][bookmark: OLE_LINK974]Rotor pole arc (omech.)
	15.048
	14.148
	13.536
	13.392

	Stator pole arc (omech.)
	11.22
	10.8
	9.93
	9.45




[bookmark: _Toc419507821][bookmark: _Toc419754679][bookmark: _Toc419749311][bookmark: _Toc420147110][bookmark: _Toc431238183][bookmark: _Toc438410266]Electromagnetic performance comparisons for different stator and rotor pole combinations
[bookmark: _Toc419507822][bookmark: _Toc419749312][bookmark: _Toc419754680][bookmark: _Toc420147111][bookmark: _Toc431238184][bookmark: _Toc438410267]Airgap field distribution
The non-sinusoidal distribution of radial component of airgap flux density and the open-circuit flux plots are shown in Fig. 4.7 and Fig. 4.8, respectively, for the single layer and double layer SSPM machines with the rotor position in the d-axis. It is important to emphasize at this point that the open-circuit characteristics will be influenced by the difference in geometry due to the optimization since typically for the same turns/phase SL and DL machines will have the same open-circuit characteristics with the same geometry. Asymmetry in the airgap flux density can be observed in the 11 and 13 rotor pole machines and 180o symmetry in 10 and 14 rotor pole machines. The airgap flux on open-circuit is a leakage flux term. The term “leakage” utilized in this context is because according to the ideal operating characteristics, no flux should link with the rotor. 
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[bookmark: _Ref431228597]Fig. 4.7 Radial airgap flux density distribution on open-circuit with angular position for 12-10/11/13/14 stator/rotor pole machines with the initial rotor position in the d-axis. (a) 10 pole rotor. (b) 11 pole rotor. (c) 13 pole rotor. (d) 14 pole rotor.
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[bookmark: _Ref431228628]Fig. 4.8 Open-circuit field distributions for 12-10/11/13/14 stator/rotor pole machines with the initial rotor position at 0omech. (a) 10 pole SL. (b) 10 pole DL. (c) 11 pole SL. (d) 11pole DL. (e) 13 pole SL. (f) 13 pole DL. (g) 14 pole SL. (h) 14 pole DL.

[bookmark: _Toc420147112][bookmark: _Toc419754681][bookmark: _Toc419507823][bookmark: _Toc419749313][bookmark: _Toc431238185][bookmark: _Toc438410268]Phase flux-linkage and back-EMF
Under ideal operating conditions SSPM machines have no induced back-EMF since the PM flux shunts only in the stator and does not link with the rotor. However, the nonlinear BH characteristics of steel results in magnetic saturation and consequently flux-leakage which links the rotor and the stator. This leakage flux component can be observed in the open-circuit flux plots in Fig. 4.8 for the 12-10/11/13/14 stator/rotor pole machines.
The open-circuit PM flux-linkage and back-EMF for the 12-10/11/13/14 stator/rotor pole SSPM machines with SL and DL windings are shown in Fig. 4.9 and Fig. 4.10, respectively. The open-circuit flux-linkage (PM) is unipolar in the 10 and 14 SL SSPM machines have while it is bipolar in the other machines. This is because the machines with unipolar phase flux-linkage, have superimposed the coil flux-linkages from coils wound in the same direction and on stator teeth with the same magnet polarity, consequently, resulting in a DC biased (unipolar) phase flux-linkage. However, in the machines with bipolar phase flux-linkage, some of the coils in a phase have different coils directions and are wound on stator teeth with different magnet polarity. 
Higher fundamental amplitude in PM flux-linkage and back-EMF is observed in the DL-SSPM machines compared to SL-SSPM machines for the same rotor pole. The fundamental flux-linkage is higher in machines with NR<NS but the fundamental back-EMF is higher in machines with NR>NS due to higher frequency. The 11 DL-SSPM has the highest fundamental flux-linkage while the 13 DL-SSPM has the highest fundamental back-EMF. The even order harmonics are cancelled in the machines with bipolar flux-linkage but exist in machines with unipolar flux-linkage. Also, the 3rd harmonic does not exist in 10 and 14 rotor pole machines because the 3rd harmonic winding factor is zero. In the 11 and 13 rotor pole machines, the 6th harmonic does not exist in 10 and 14 rotor pole machines because the 6th harmonic winding factor is zero.
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[bookmark: _Ref431228603]Fig. 4.9 Open-circuit (PM) phase flux-linkage for SL- and DL-SSPM machines. (a) Waveforms, 10 and 14 rotor poles. (b) Waveforms, 11 and 13 rotor poles. (c) Harmonics, 10 and 14 rotor poles. (d) Harmonics, 11 and 13 rotor poles
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[bookmark: _Ref431228945]Fig. 4.10 Open-circuit back-EMF at 400rpm rotor speed for SL- and DL-SSPM machines. (a) Waveforms, 10 and 14 rotor poles. (b) Waveforms, 11 and 13 rotor poles. (c) Harmonics, 10 and 14 rotor poles. (d) Harmonics, 11 and 13 rotor poles.

[bookmark: _Toc419749314][bookmark: _Toc419507824][bookmark: _Toc419754682][bookmark: _Toc420147113][bookmark: _Toc431238186][bookmark: _Toc438410269]Cogging torque
[bookmark: OLE_LINK278][bookmark: OLE_LINK279]The FE computed cogging torques for the 12-10/11/13/14 stator/rotor pole machines with SL and DL windings are shown in Fig. 4.11.  The fundamental frequency of cogging torque depends on the stator/rotor pole combination and is independent of the winding layer number. The fundamental frequency of cogging torque for the machines with 12 stator poles and  10,11,13 and 14 rotor poles are 6, 12, 12 and 6, respectively. The 6 periods of cogging torque, i.e. a dominant 6th order harmonic is shown for the 10 and 14 rotor pole machines and 12 periods of cogging torque i.e. a dominant 12th order harmonic, in the 11 and 13 rotor pole machines. It is worth noting that since the geometry of the investigated machines is different due to the optimization, the cogging torque amplitude is not equal in SL and DL machines for the same stator/rotor pole combination. Nevertheless, the amplitude of cogging torque is very small in all SSPM machines.
[image: ]
(a)

[image: ]
(b)
[image: ]
(c)
[image: ]
(d)
[bookmark: _Ref431229182][bookmark: OLE_LINK300][bookmark: OLE_LINK301][bookmark: OLE_LINK302][bookmark: OLE_LINK280]Fig. 4.11 Cogging torque with different rotor poles for SL- and DL-SSPM machines. (a) Waveforms, 10 and 14 rotor poles. (b) Waveforms, 11 and 13 rotor poles. (c) Harmonics, 10 and 14 rotor poles. (d) Harmonics, 11 and 13 rotor poles.

[bookmark: _Toc419749315][bookmark: _Toc420147114][bookmark: _Toc419754683][bookmark: _Toc419507825][bookmark: _Toc431238187][bookmark: _Toc438410270]Winding inductances
The machine inductance is a key characteristic of SL and DL windings, which is also influenced by the stator and rotor pole combination. The self-inductance, the mutual-inductance and the dq-axis inductances are investigated in Fig. 4.12. The phase and dq-axis inductances have been calculated by 2D FE analysis for the 12-10/11/13/14 stator/rotor pole machines using the frozen permeability (FP) technique by (4.8) - (4.11),
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	[bookmark: _Ref431229464](4.11)


[bookmark: OLE_LINK682]where the parameters LaaFP, LabFP, LdFP, LqFP are the FP calculated self-inductance, mutual-inductance, d-axis and q-axis inductances, respectively. 
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[bookmark: _Ref416962554][bookmark: OLE_LINK211]Fig. 4.12 Machine inductance waveforms at rated current (Irms = 5.6A) for SL- and DL-SSPM machines with 12-10/11/13/14 stator/rotor poles. (a) Self-inductance. (b) Mutual-inductance. (c) D-axis inductance. (d) Q-axis inductance.
The self- and mutual inductances are periodic over one electrical cycle. Large variations in self-inductance are observed for SL machines compared to DL machines, especially in the 10 and 14 SL machines with unipolar flux-linkage. The mutual-inductances have larger variations for even rotor pole machines. The variation for SL and DL machines is similar for their respective d-axis and q-axis inductances with a dominant 6th order harmonic except for the 12-10/14 stator/rotor pole SL machines which have a much larger variation of the q-axis inductance. The dominant harmonic is of the 3rd order for their d-axis and q-axis inductances. 
The average inductance at rated and overload currents (three times the rated value) are in Table 4.5. The average self-inductance and dq-axis inductances are positive for all stator/rotor pole combinations and winding (single/double). In SL machines, the mutual inductance is negative with 10 and 14 rotor poles and positive for the 11 and 13 rotor poles while it is negative in DL-SSPM machines for all rotor poles. The self-inductance and dq-axis inductances are higher in the SL compared to DL both at rated and over-load currents for all slot-pole combinations. The decrease in inductance due to magnetic saturation is observed with rated and over load currents. The dq-axis inductances in SL machines show a more significant reduction with overload current compared to DL machines due to magnetic saturation. This can also be observed in their self- and mutual inductances.
[bookmark: _Ref421024010]Table 4.5 Machine inductances at different currents
	Irms
(A)
	L(mH)

	SL

	
	
	10
	11
	13
	14

	[bookmark: _Hlk405195338][bookmark: _Hlk408998345][bookmark: _Hlk408996125]5.60
	Laa
	15.3
	10
	9.8
	13.7

	
	Lab
	-1.4
	0.7
	0.7
	-1.3

	
	Ld
	9.5
	7.4
	7.5
	8.9

	
	Lq
	10.9
	8.5
	8.5
	9.8

	16.78
	Laa
	7.1
	5
	5
	6.1

	
	Lab
	-0.6
	0.3
	0.3
	-0.5

	
	Ld
	5.3
	4.4
	4.3
	4.7

	
	Lq
	5.2
	4.3
	4.3
	4.6

	DL

	5.60
	
	10
	11
	13
	14

	
	Laa
	5.3
	6.9
	6.6
	4.8

	
	Lab
	-2.5
	-0.2
	-0.2
	-2.2

	
	Ld
	5.7
	5.8
	5.6
	5.4

	
	Lq
	7.2
	7
	6.7
	6.5

	16.78
	Laa
	4.1
	4.4
	4.2
	3.9

	
	Lab
	-1.9
	-0.6
	-0.6
	-1.8

	
	Ld
	4.1
	4.2
	4
	3.7

	
	Lq
	3.9
	4
	3.8
	3.6


[bookmark: _Toc419749316][bookmark: _Toc419754684][bookmark: _Toc419507826][bookmark: _Toc420147115][bookmark: _Toc431238188][bookmark: _Toc438410271]Electromagnetic torque
[bookmark: OLE_LINK1013][bookmark: OLE_LINK1014][bookmark: OLE_LINK1015][bookmark: OLE_LINK223]The 2D FE evaluated electromagnetic torque for the SSPM machines with SL- and DL- windings and 12-10/11/13/14 stator/rotor poles are compared in Fig. 4.13. For rated current, the average electromagnetic torque is higher in SL machines with the same rotor pole. SSPM machines with stator/rotor pole combinations NR = NS ± 2 and NR = NS ± 1 have higher electromagnetic torque the higher the number of rotor poles for the same winding layer number. The average electromagnetic torque is highest in the 13 rotor pole SL machine and the lowest in the 11 rotor pole DL machine. All machines with bipolar flux-linkage have a dominant 6th order harmonic except the unipolar flux-linkage machines, i.e. the 10 and 14 rotor pole SL machines, which have a significant 3rd order harmonic. With increasing electric loading, the average electromagnetic torque variation with current is in general higher in DL- and SL-SSPM machines for lower rotor pole numbers, i.e. for NR = NS ± 2 and NR = NS ± 1 combinations.
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[bookmark: _Ref431229903][bookmark: OLE_LINK246][bookmark: OLE_LINK248][bookmark: OLE_LINK249][bookmark: OLE_LINK247]Fig. 4.13 Electromagnetic torque for SL- and DL-SSPM machines. (a) Waveforms, 12-10/14 stator/rotor poles. (b) Waveforms, 12-11/13 stator/rotor poles. (c) Harmonics, 12-10/14 stator/rotor poles. (d) Harmonics, 12-11/13 stator/rotor poles. (e) Torque-current characteristics, 12-10/14 stator/rotor poles. (f) Torque-current characteristics, 12-11/13 stator/rotor poles.
The torque ripples are higher in the 10 and 14 SL machines (approx. 115%), i.e. with unipolar flux-linkage, and they have a dominant 3rd order harmonic. The highest torque ripple is 115% in the 10 SL-SSPM machines. The torque ripples in the 10 and 14 SL machines are mainly due to the even order harmonics since the back-EMF is asymmetric. The lowest torque ripple is in the 13 SL-SSPM machines with a dominant 6th order harmonic. The electromagnetic torque characteristics for rated current, i.e. average, maximum, minimum and ripple torque is summarized in TABLE 4.6.



[bookmark: _Ref416964983]TABLE 4.6 Electromagnetic torque at rated current (Iq = 7.91A)
	[bookmark: OLE_LINK753][bookmark: OLE_LINK754][bookmark: OLE_LINK755][bookmark: OLE_LINK1062][bookmark: OLE_LINK1084]Parameters
	10 SL
	10 DL
	11 SL
	11 DL
	13 SL
	13 DL
	14 SL
	14 DL

	Average torque (Nm)
	1.080
	1.019
	1.101
	0.997
	1.131
	1.015
	1.121
	1.069

	Maximum torque (Nm)
	0.325
	0.885
	1.059
	0.941
	1.092
	0.964
	0.383
	0.983

	Minimum torque (Nm)
	1.572
	1.145
	1.134
	1.064
	1.161
	1.074
	1.633
	1.151

	Ripple torque (%)
	115
	25.5
	6.8
	12.3
	6.1
	10.9
	111.4
	15.6



[bookmark: _Toc420147116][bookmark: _Toc419507827][bookmark: _Toc419749317][bookmark: _Toc419754685][bookmark: _Toc431238189][bookmark: _Toc438410272]Unbalanced magnetic forces
Unbalanced magnetic forces (UMF) acting between the stator and the rotor influence the magnetic noise and the wear on the bearings [DOR08]. The UMF in the 11 and 13 rotor pole machines with SL and DL windings are investigated due to their inherent magnetic asymmetry as a result of the stator/rotor pole combinations, Fig. 4.14.It can also be influenced by the winding layer number due to the different saturation characteristics. 
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[bookmark: _Ref431230320]Fig. 4.14 Field distributions of 12-11/13 stator/rotor pole SSPM machines at rated current (Iq = 7.91A) with the rotor in the d-axis. (a) 11 pole SL. (b) 11 pole DL. (c) 13 pole SL. (d) 13 pole DL.

[bookmark: OLE_LINK1028][bookmark: OLE_LINK1029][bookmark: OLE_LINK1030][bookmark: OLE_LINK1031][bookmark: OLE_LINK1032]The UMF components along the x-axis (FX), y-axis (FY) and its magnitude (F) can be evaluated from FE calculated radial- and circumferential airgap flux density components by (4.12)-(4.14), respectively,
	
	[bookmark: _Ref416965733](4.12)

	
	(4.13)

	
	[bookmark: _Ref408826361](4.14)


where r, lst, Br, Bθ, µ0, θ are the airgap radius, stack length, radial and circumferential flux density components, permeability of free space and the angular position, respectively, [ZHU07].

[bookmark: OLE_LINK1025][bookmark: OLE_LINK1026][bookmark: OLE_LINK1027]The UMF waveforms and loci, on open-circuit and on load under q-axis current control i.e. Id = 0, are shown in Fig. 4.15 - Fig. 4.16. On open-circuit, the force components FX and FY are small compared to when the machines are excited with rated (Iq =7.91) and overload (Iq =15) currents. The force components FX and FY oscillate with similar amplitudes on open-circuit and on load, respectively, over one electrical period. However, the peak occurs at different rotor positions. In addition, it is worth noting that the rotation direction of the UMF is in opposite direction i.e. anticlockwise for 11 and clockwise for 13 rotor pole machines.
The average UMF for the 11 and 13 rotor pole SSPM machines with SL and DL windings are compared in Fig. 4.17. It is the highest in the 11 rotor pole SL and DL machines for all currents. At low electric loading the average UMF is higher in SL machines but with increased loading, it is higher in the DL machines due to the influence of magnetic saturation.
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[bookmark: _Ref431230360]Fig. 4.15 Unbalanced magnetic forces of 12-11/13 stator/rotor pole SSPM machines on open-circuit and at rated current (Iq = 7.91A). (a) 11 pole SL. (b) 11 pole DL. (c) 13 pole SL. (d) 13 pole DL.
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[bookmark: _Ref431230367]Fig. 4.16 Loci of unbalanced magnetic forces of 12-11/13 stator/rotor pole SSPM machines for different currents. (a) 11 pole SL and DL. (b) 13 pole SL and DL.
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[bookmark: _Ref431230430]Fig. 4.17 Average unbalanced magnetic force with q-axis currents of 12-11/13 stator/rotor poles SSPM machines with single and double layer windings.

[bookmark: _Toc419507828][bookmark: _Toc419754686][bookmark: _Toc415587063][bookmark: _Toc419749318][bookmark: _Toc420147117][bookmark: _Toc431238190][bookmark: _Toc438410273][bookmark: _Toc398715443][bookmark: _Toc397855591]Experimental validation
The experimental validation for the back-EMF and static torque characteristics is conducted using the same prototype machine in chapter 3. The detailed prototype drawings are in appendix D and the measurement methods in appendix E. 
The open-circuit back-EMF waveforms at 400rpm rotor speed and static torque against rotor position and against phase currents for the SSPM machines with double and single layer windings are shown in Fig. 4.18 - Fig. 4.23. Since the prototype machines are manufactured with double layer windings, the equivalent single layer winding results are also shown. 
The back-EMF waveform measurements show more sinusoidal voltages in the 11 and 13 rotor pole machines. The asymmetry in the back-EMF waveforms for the 10 and 14 rotor pole machines with single layer windings can also be verified, in accordance with the operating principle.
Generally, although the influence of magnetic saturation, material imperfections and end-effect can be observed, reasonably good predictions of the FE and experimental (measured) results for both the static torque and back-EMF. The 12/10 stator/rotor pole machine 3D FE meshed model is shown in Fig. 4.24.
The discrepancy between the back-EMF and static torque accounting for the influence of end-effect is investigated in Fig. 4.25 - Fig. 4.26, using the 12/10 stator/rotor pole machine with double layer windings. The measured fundamental back-EMF compared to the 2D and 3D test results is approximately 18-19% and 5-6%, respectively. However, there is still a higher 5th order harmonic in the computed values compared to the tests due to manufacturing and material imperfections.
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[bookmark: _Ref431233973][bookmark: OLE_LINK218][bookmark: OLE_LINK91]Fig. 4.18 Open-circuit back-EMF for 12/-10/11/13/14 stator/rotor poles and double layer windings at 400rpm rotor speed.
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[bookmark: OLE_LINK214]Fig. 4.19 Static torque with rotor position for 8A phase currents for 12/-10/11/13/14 stator/rotor poles and double layer windings.
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Fig. 4.20 Static torque with phase currents for 12/-10/11/13/14 stator/rotor poles and double layer windings.
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(b)
Fig. 4.21 Open-circuit back-EMF for 12/-10/11/13/14 stator/rotor poles and single layer windings at 400rpm rotor speed.. (a) Single layer winding. (b) Equivalent single layer winding.
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[bookmark: OLE_LINK209][bookmark: OLE_LINK210][bookmark: OLE_LINK212][bookmark: OLE_LINK213][bookmark: OLE_LINK220]Fig. 4.22 Static torque with rotor position for 8A phase currents and for 12/-10/11/13/14 stator/rotor poles with single layer windings. (a) Single layer winding. (b) Equivalent single layer winding.
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[bookmark: _Ref431233980]Fig. 4.23 Static torque with phase currents and for 12/-10/11/13/14 stator/rotor poles with single layer windings. (a) Single layer winding. (b) Equivalent single layer winding.

[bookmark: _Ref431234985][image: ]
[bookmark: _Ref431238224]Fig. 4.24 12/10 stator/rotor pole DL machine 3D FE meshed model.
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[bookmark: _Ref402945888]Fig. 4.25. Back-EMF waveforms at 500rpm rotor speed for 12/10 double layer winding machine. (a) Waveforms. (b) Harmonics.
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[bookmark: _Ref431233760]Fig. 4.26 Static torque characteristics. (a) Waveforms. (b) Torque-current. (c) Torque-copper loss.

[bookmark: _Toc431238191][bookmark: _Toc438410274]Conclusions
This chapter has introduced the basic operation principle and the potential fail-safe capability of SSPM machines in the event of uncontrolled generator operation and winding faults is also demonstrated. The electromagnetic performance and unbalanced magnetic forces of three phase 12-10/11/13/14 stator/rotor pole machines with single and double layer windings are investigated. Finally, the operating principle of the SSPM machines has been experimentally verified. In chapter 5, the influence of design parameters on machine losses and efficiency of the 12-10/11/13/14 stator/rotor pole SSPM machines with SL and DL windings will be investigated. The PM demagnetization and demagnetization ratio analysis is also performed. 

[bookmark: _Toc419625840][bookmark: _Toc419749320][bookmark: _Toc419754688][bookmark: _Toc419758869][bookmark: _Toc420147119][bookmark: _Toc431543850][bookmark: _Toc438410275][bookmark: _Toc419749358][bookmark: _Toc419754726][bookmark: _Toc419758871][bookmark: _Toc420147152]Influence of Leading Design Parameters on Efficiency and Demagnetization Analysis in HSSPM and SSPM machines with Double and Single Layer Windings and Different Stator and Rotor Poles
[bookmark: _Toc419625841][bookmark: _Toc419749321][bookmark: _Toc419754689][bookmark: _Toc420147120][bookmark: _Toc431543851][bookmark: _Toc438410276]Introduction 
The novel HSSPM and SSPM machines have been investigated in the previous chapters and their electromagnetic characteristics with 12-10/11/13/14 stator/rotor poles and having single and double layer windings investigated. In this chapter, the analysis is extended to include the PM loss, iron loss, machine efficiency and PM demagnetization. An unusual feature of the novel HSSPM and SSPM machines is the interdependence of the PM volume and stator slot area which limits the space for the windings. This limited space needs to be adequately balanced, i.e. optimized, to enhance machine performance and more importantly, as will be shown, there can be a potential risk of local irreversible demagnetization since the PMs are in the machine airgap regions and exposed to the varying fringing flux with rotor position between the machine stator and rotor poles.
The analysis in this chapter is conducted using 2D FE analysis and includes: 
· The prediction of the PM and iron losses for the 12-10/11/13/14 stator/rotor pole HSSPM and SSPM machines with single- and double layer windings.
· [bookmark: OLE_LINK109][bookmark: OLE_LINK110]The influence of leading design parameters on the PM loss, iron loss, copper loss and machine efficiency are investigated for the 12-10/11/13/14 stator/rotor pole HSSPM and SSPM machines with single- and double layer windings.
· Identification of the PM demagnetization mechanism and the PM demagnetization ratio in HSSPM and SSPM machines are calculated for the 12-10/11/13/14 stator/rotor pole with single- and double layer windings.

[bookmark: _Toc431543852][bookmark: _Toc438410277][bookmark: _Toc419749349][bookmark: _Toc419754717][bookmark: _Toc420147143][bookmark: OLE_LINK294][bookmark: _Toc419625858][bookmark: _Toc419749338][bookmark: _Toc419754706][bookmark: _Toc420147133]Influence of leading design parameters on machine losses and efficiency in HSSPM machines
[bookmark: _Toc419625850][bookmark: _Toc419749330][bookmark: _Toc419754698][bookmark: _Toc420147128][bookmark: _Toc431543853][bookmark: _Toc438410278]PM and iron losses in HSSPM Machines
[bookmark: _Toc419625852][bookmark: _Toc419749332][bookmark: _Toc419754700]PM loss in HSSPM machines
In order to investigate the influence of machine design parameters on the efficiency, the machine losses need to be predicted. The losses considered are the DC copper loss, PM loss and the iron loss. The PM loss in the 12-10/11/13/14 SL and DL HSSPM machines can be predicted in 2D FE analysis. In order to evaluate the PM eddy current loss, linear magnetic characteristics are assumed, i.e. relative recoil permeability (µr) of 1.05, a remanent flux density (Br) of 1.2T at 20oC PM operating temperature, and the material resistivity is set to 6.67x105(Ωm)-1.
In Fig. 5.1 - Fig. 5.3, the PM eddy current loss waveforms, PM loss density distribution and PM current density distribution at rated current (IDC = Iq, rms = 5.59A) are evaluated at 4000rpm for the 10 SL and 10 DL machines. The PM loss waveforms are evaluated over one electrical cycle. Clearly, the joule loss density and current density are highest in the corners of the PMs exposed to the fringing flux between the stator pole and the airgap regions. It is worth noting that in accordance with the ideal machine operating principle, no eddy current loss is induced on open-circuit, i.e. ignoring non-linear effects and with no DC current, Fig. 5.4. This is because under ideal conditions, the PM flux shunts only via the stator and thus there exists no time-variation of the magnetic flux density with rotor position.  Accounting for non-linear effects, i.e. magnetic core saturation, and under the influence of non-zero DC current, the PM loss remains negligible. The PM losses with different q-axis currents for the 12-10/11/13/14 stator/rotor pole HSSPM machines with SL and DL windings, Fig. 5.4, show that the SL machines have higher PM loss compared to the DL machines with the same rotor pole number. The PM loss evidently also increases with increasing pole number due to the higher frequency. 
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[bookmark: _Ref419303935]Fig. 5.1 PM (single piece) eddy current loss waveforms with rotor position for different armature currents at 4000rpm at 20oC operating temperature and IDC = 5.59A. (a) 10 SL. (b) 10 DL.
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	[bookmark: OLE_LINK1023][bookmark: OLE_LINK1024][bookmark: OLE_LINK1033](b)
	


[bookmark: _Ref419303940][bookmark: OLE_LINK234][bookmark: OLE_LINK1119][bookmark: OLE_LINK1120][bookmark: OLE_LINK1121]Fig. 5.2 PM eddy current density distribution at 20oC and 4000rpm rotor speed for rated current Iq, rms = IDC = 5.59A. (a) 10 SL. (b) 10 DL.
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[bookmark: _Ref431328349][bookmark: OLE_LINK235][bookmark: OLE_LINK225]Fig. 5.3 PM eddy current loss density distribution at 20oC and 4000rpm rotor speed for rated current Iq, rms = IDC = 5.59A. (a) 10 SL. (b) 10 DL.
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[bookmark: _Ref431328928]Fig. 5.4 PM loss characteristics with q-axis currents having single layer and double layer windings at 4000rpm and IDC = 5.59A.

[bookmark: _Toc419625853][bookmark: _Toc419749333][bookmark: _Toc419754701]Iron loss
The FE predicted iron loss distribution in HSSPM machines is investigated in Fig. 5.5 - Fig. 5.7. The iron loss is evaluated using manufacturer’s multi-frequency loss density (W/m3) data for NEOMAX35SH laminated steel sheets in Jmag FE software. The method of iron loss calculation in this thesis takes into consideration major and minor loops for hysteresis loss and harmonic loss components for the eddy current loss terms given by (5.1),
	
	[bookmark: _Ref437384939](5.1)


[bookmark: OLE_LINK1071][bookmark: OLE_LINK1072][bookmark: OLE_LINK1075][bookmark: OLE_LINK1076][bookmark: OLE_LINK1077][bookmark: OLE_LINK1078][bookmark: OLE_LINK1079][bookmark: OLE_LINK1080][bookmark: OLE_LINK1073][bookmark: OLE_LINK1074]where PFe, Ph, Pe, ne, N, k, Whe(B,f), We(Bk,fk), Ve, are the total iron loss of all elements, hysteresis loss of all elements, eddy current loss of all elements, number of elements, maximum frequency order, harmonic order, hysteresis loss density at given flux density and frequency, joule loss density at given flux density and frequency and the volume of each element.
[bookmark: OLE_LINK62][bookmark: OLE_LINK63]The corresponding radial- and circumferential iron flux density component variations with rotor position at rated current and the corresponding core loss distribution in the stator and rotor show that the losses are mainly concentrated in the rotor teeth and the stator back-iron regions for the 10 SL and 10 DL machines, respectively. Finally, the core loss comparison for the 12-10/11/13/14 stator/rotor pole HSSPM machines with SL and DL windings are compared. It is shown that the SL machines have in general higher rotor and stator core loss compared to the DL machines with the same rotor pole number. The losses also increase with increasing rotor pole number due to the higher frequency. It can also be seen there exists higher losses in the machine stator compared to the rotor.
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[bookmark: _Ref431332150]Fig. 5.5  Flux density in stator and rotor cores at rated current and 4000rpm rotor speed. (a) Radial (BR) and circumferential (Bθ) flux density component in 10 SL rotor/stator teeth and rotor/stator back-iron, respectively. (b) Radial (BR) and circumferential (Bθ) flux density component in 10 DL rotor/stator teeth and rotor/stator back-iron, respectively.
	[image: ]
	[image: ]

	(a)
	

	
[image: ]
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Fig. 5.6  Iron loss density distribution at 4000rpm rotor speed excited with rated current IDC = Iq, rms = 5.59A. (a) Stator 10 SL. (b) Rotor 10 SL. (b) Stator 10 DL. (c) Rotor 10 DL.
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(c)
[bookmark: _Ref431332152][bookmark: OLE_LINK267]Fig. 5.7 Comparison of iron loss for different stator/rotor pole combinations with single and double layer windings. (a) Rotor iron loss. (b) Stator iron loss. (c) Total iron loss. 

[bookmark: _Toc431543854][bookmark: _Toc438410279]Influence of leading design parameters
The influence of leading design parameters on the machine losses and efficiency in HSSPM machines are investigated for the 12-10/11/13/14 stator/rotor pole machines with single and double layer windings using 2D FE analysis. The design parameters investigated are (a) the stator pole arc, (b) the rotor pole arc, (c) the split ratio, (d) the stator back-iron/yoke thickness, (e) the PM height, and (f) the rotor teeth height. The variation of the individual parameters with DC copper losses, PM losses, iron losses and machine efficiency are studied for 𝛾 = 1. The geometric parameters for the HSSPM machine are illustrated in Fig. 5.8, namely; PM height (HPM), stator inner radius (RSi), stator outer radius (RSo), rotor outer radius (RRo), shaft radius (RShaft), rotor back-iron thickness (Rbk), rotor pole arc (θR), rotor pole pitch (θRp), stator pole arc (θS), stator pole pitch (θSp), stator back-iron thickness (Sbk).  Additional parameters defined include the split ratio (SR), the stator pole arc/pitch ratio (Spp) and the rotor pole arc/pitch ratio (Rpp) given by 
	
	(5.2)

	[bookmark: OLE_LINK47]
	(5.3)

	
	[bookmark: _Ref431483268](5.4)


The total machine losses (PT) and efficiency (η) for fixed output/shaft power (PO) are given by (5.5) - (5.6),
	
	[bookmark: _Ref431239619](5.5)

	
	[bookmark: _Ref431239622](5.6)


where PT, Pcu, PFe, PPM, Po, η are the total losses, armature copper loss, iron loss, PM eddy current loss, output power, and efficiency, respectively. 
[bookmark: _Ref422332601].[image: ]
[bookmark: _Ref431200345]Fig. 5.8 Illustration of stator and rotor geometric parameters in HSSPM machines.

During the analysis all other geometric design parameters are fixed except for the parameter under investigation. The influence of losses for fixed output (shaft) torque of 0.931Nm (output torque at rated current) is investigated to ensure the same output torque for all designs at a fixed rotor speed of 6000rpm. This approach has been successfully applied for PM machines used in high speed applications [LUO09]. 

[bookmark: OLE_LINK81]Influence of rotor pole arc to pole pitch ratio
The variation of the iron-, PM-, copper losses and machine efficiency with the rotor pole arc to pole pitch ratio (Rpp) is shown for the 12-10/11/13/14 stator/rotor pole HSSPM machines with single and double layer windings in Fig. 5.9.  The rotor pole arc to pole pitch ratio has been defined in (5.4). The PM loss is negligible in comparison to the iron and copper loss for the SL/DL windings and different rotor pole numbers. The machine copper loss increases for low pole arc values and also for high pole arc values, irrespective of the winding with SL/DL and rotor pole number. The copper loss is mainly influenced by the changing rotor permeance and magnetic saturation since all other design parameters are unchanged during the analysis. The copper loss is the dominant loss component although the iron loss can be of a significant amount hence, it also influences the machine efficiency. The increase in iron loss with Rpp is mainly as a result of the consequent increase in iron volume. It can be seen that Rpp for maximum efficiency is between 0.3 – 0.4 for 12-10/11/13/14 stator/rotor pole machines with SL/DL windings and it is in general higher for 10/11 rotor pole machines compared to 13/14 rotor pole machines. 
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[bookmark: _Ref431483209]Fig. 5.9 Variation of HSSPM machine losses and efficiency with rotor pole arc to rotor pole pitch ratio . (a) 10 SL. (b) 10 DL. (c) 11 SL. (d) 11 DL. (e) 13 SL. (f) 13 DL. (g) 14 SL. (h) 14 DL.

Influence of stator pole arc to pole pitch ratio
[bookmark: OLE_LINK131][bookmark: OLE_LINK132][bookmark: OLE_LINK133]The variation of the losses and machine efficiency with stator pole arc/pitch ratio (Spp) investigated over the range 0.27 to 0.51 is shown in Fig. 5.10. The PM loss remains relatively low and constant in comparison to the iron and copper losses. Clearly, the variation of copper loss with the stator pole arc is influenced by the changing slot area, magnetic saturation and PM volume. The iron loss increases with increasing Spp due to the consequent increase in volume of steel. The maximum efficiency with Spp is typically between 0.27 - 0.33 and also in general higher in the 10/11 rotor pole machines compared to the 13/14 rotor pole machines 
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[bookmark: _Ref431038720]Fig. 5.10 Variation of HSSPM machine losses and efficiency with stator pole arc / pitch ratio . (a) 10 SL. (b) 10 DL. (c) 11 SL. (d) 11 DL. (e) 13 SL. (f) 13 DL. (g) 14 SL. (h) 14 DL.


Influence of split ratio
The ratio of the rotor inner radius to stator outer radius defined as the split ratio is investigated in Fig. 5.11. The optimal spit ratio is shown to decrease with an increase in rotor pole number, irrespective of the winding. It is observed that the copper loss increased with split ratio due to the reduced slot area while the iron loss decreases and the PM loss is relatively constant and in comparison much smaller than the copper and iron loss.
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[bookmark: _Ref431540390]Fig. 5.11 Variation of HSSPM machine losses and efficiency with split ratio. (a) 10 SL. (b) 10 DL. (c) 11 SL. (d) 11 DL. (e) 13 SL. (f) 13 DL. (g) 14 SL. (h) 14 DL.


Influence of PM height
The increase of PM height reduces the available slot area and hence the copper loss increases. The PM loss remains relatively constant with PM height and negligible compared to the iron and copper losses. The iron loss is shown to reduce with PM height. The optimal PM height for maximum efficiency is generally between low to mid PM heights since for high values of PM height, the copper loss becomes significant, and hence, the machine efficiency reduces. It also generally increases with increasing rotor pole number.
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[bookmark: _Ref431038723]Fig. 5.12 Variation of HSSPM machine losses and efficiency with PM height. (a) 10 SL. (b) 10 DL. (c) 11 SL. (d) 11 DL. (e) 13 SL. (f) 13 DL. (g) 14 SL. (h) 14 DL.

Influence of stator back-iron/yoke thickness
The influence of the stator back-iron thickness investigated over the range of 1mm – 3mm is shown in Fig. 5.13. The stator back-iron thickness influences the core saturation and also the available slot area. It is observed that the machine efficiency reduces, for large and small values of stator back-iron thickness, irrespective of stator/rotor pole combination and winding. The PM loss is also shown to increase for all stator/rotor pole combinations and windings. 
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[bookmark: _Ref431541321]Fig. 5.13 Variation of HSSPM machine losses and efficiency with stator back-iron/yoke thickness. (a) 10 SL. (b) 10 DL. (c) 11 SL. (d) 11 DL. (e) 13 SL. (f) 13 DL. (g) 14 SL. (h) 14 DL.

Influence of rotor teeth height
The influence of the rotor teeth height investigated over the range 2mm – 10mm is shown in Fig. 5.14. The variation of rotor teeth height corresponds to a variation of the rotor yoke for a fixed shaft radius and a fixed rotor outer radius. The rotor tooth height is primarily required to create the saliency for torque production, which is satisfactorily achieved with teeth height over than 5mm since the losses and efficiency are relatively constant with increasing teeth height, irrespective of the stator/rotor pole combination and winding. However, the iron loss has an increasing influence on the machine efficiency with increasing rotor pole number, which reduces the machine efficiency. The maximum efficiency is achieved between 5-7mm for all machines and it is generally highest with 10 rotor poles and lowest with 14 rotor poles. 


[image: ]
(a)
[image: ]
(b)




[image: ]
(c)
[image: ]
(d)




[image: ]
(e)
[image: ]
(f)




[image: ]
(g)
[image: ]
(h)
[bookmark: _Ref431541975]Fig. 5.14 Variation of HSSPM machine losses and efficiency with rotor teeth height. (a) 10 SL. (b) 10 DL. (c) 11 SL. (d) 11 DL. (e) 13 SL. (f) 13 DL. (g) 14 SL. (h) 14 DL.

[bookmark: _Toc431543855][bookmark: _Toc438410280][bookmark: OLE_LINK295][bookmark: OLE_LINK296]Influence of leading design parameters on machine losses and efficiency in SSPM machines
[bookmark: _Toc431543856][bookmark: _Toc438410281]PM and iron losses in SSPM Machines
PM loss
The PM loss waveforms, PM loss density distribution and PM current density distribution evaluated at 20oC operating temperature and 4000rpm are shown in Fig. 5.15 - Fig. 5.18 for the 10DL and 10SL machines. Similar to the analysis for the HSSPM machine, the fringing flux causes significant variation of the flux density in the PMs with rotor position. This can be verified by the eddy current loss density and the current density, which are highest at the PM and stator pole regions adjacent to the airgap. The PMs are not segmented during the analysis and they are evaluated over electrical period of the excitation. It is worth noting that in accordance with the ideal machine operating principle, no eddy current loss, i.e. negligible loss, is induced on open-circuit, as shown in Fig. 5.18 at rotor speed of 4000rpm. The PM losses with different q-axis current are shown in Fig. 5.18. The eddy current loss on load increases with increasing q-axis current. It is in general higher in SL machines compared to DL machines with the same rotor pole number. It is highest in the 14SL machine and lowest in the 10DL machine.
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[bookmark: _Ref419636972][bookmark: OLE_LINK1017][bookmark: OLE_LINK1018][bookmark: OLE_LINK1022]Fig. 5.15 PM (single piece) eddy current loss waveforms with rotor position for different armature currents at 4000rpm and 20oC operating temperature. (a) 10 SL. (b) 10 DL.
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[bookmark: OLE_LINK1034][bookmark: OLE_LINK1035]Fig. 5.16 PM eddy current density distribution at 20oC and 4000rpm rotor speed for rated current Iq, rms = 5.5932A. (a) 10 SL. (b) 10 DL.
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[bookmark: _Ref419636974][bookmark: OLE_LINK1041][bookmark: OLE_LINK1042][bookmark: OLE_LINK1043]Fig. 5.17  PM eddy current density distribution at 20oC and 4000rpm rotor speed for rated current Iq, rms = 5.5932A. (a) 10 SL. (b) 10 DL.
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[bookmark: _Ref419403506]Fig. 5.18  PM loss characteristics with q-axis currents and at 4000rpm rotor speed.
[bookmark: _Toc419625857][bookmark: _Toc419749337][bookmark: _Toc419754705]Iron loss
The FE predicted iron loss distribution in SSPM machines is investigated in Fig. 5.19 - Fig. 5.21 It is of primary interest to determine the relative distribution of core losses in the stator and rotor and the influence of the stator/rotor pole numbers. The stator and rotor core regions are divided into:  (a) the rotor back-iron regions, (b) the rotor tooth regions, (c) the stator back-iron regions, and (d) the stator tooth regions. The corresponding radial- and circumferential iron flux density components at rated current and core loss distribution with q-axis currents are shown in Fig. 5.19 - Fig. 5.20 for the 10SL and 10 DL machines, respectively. In the SSPM machine, it is shown that the core loss is mainly in the machine stator back-iron and teeth regions compared to the rotor teeth and back-iron regions. Finally, the core loss comparison for the 12-10/11/13/14 stator/rotor pole SSPM machines with SL and DL windings are compared. It is shown that the SL machines have in general higher rotor and stator core loss compared to the DL machines with the same rotor pole number. The losses also increase with increasing stator pole number due to the higher frequency. It can also be seen there exists higher losses in the machine stator compared to the rotor.
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[bookmark: _Ref431321299][bookmark: OLE_LINK1059][bookmark: OLE_LINK1060]Fig. 5.19  Flux density in stator and rotor cores at rated current and 4000rpm rotor speed. (a) Radial (BR) and circumferential (Bθ) flux density component in 10 SL rotor/stator teeth and rotor/stator back-iron, respectively. (b) Radial (BR) and circumferential (Bθ) flux density component in 10 DL rotor/stator teeth and rotor/stator back-iron, respectively. 
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[bookmark: _Ref419715340][bookmark: OLE_LINK1052][bookmark: OLE_LINK1053][bookmark: OLE_LINK1054]Fig. 5.20  Iron loss density distribution at 4000rpm rotor speed excited with rated current Iq, rms=5.59A. (a) Stator 10 SL. (b) Rotor 10 SL. (b) Stator 10 DL. (c) Rotor 10 DL.
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[bookmark: _Ref431321304]Fig. 5.21.  Comparison of iron losses for different stator/rotor pole combinations with single and double layer windings at 4000rpm. (a) Stator iron loss. (b) Rotor iron loss. (c) Total iron loss. 

[bookmark: _Toc431543857][bookmark: _Toc438410282][bookmark: OLE_LINK51][bookmark: OLE_LINK52]Influence of leading design parameters
[bookmark: OLE_LINK107]The influence of leading design parameters on the machine losses and efficiency in SSPM machines are investigated for the 12-10/11/13/14 stator/rotor pole machines with single and double layer windings. The design parameters investigated are the stator pole arc, the rotor pole arc, the split ratio, the stator back-iron thickness, the PM height and the rotor tooth height. The variation of the individual parameters with DC copper losses, PM losses, iron losses and machine efficiency are studied and the results are shown in Fig. 5.23 - Fig. 5.27.
[bookmark: OLE_LINK76]Influence of rotor pole arc to pole pitch ratio
[bookmark: OLE_LINK64][bookmark: OLE_LINK65][bookmark: OLE_LINK66]The influence of the rotor pole arc to pole pitch ratio (Rpp) is shown in Fig. 5.22 for the 12-10/11/13/14 stator/rotor pole SSPM machines with single and double layer windings.  The range of Rpp considered is between 0.21 and 0.57. The machine copper loss is high for low pole arc values and also for high pole arc values in the considered range, irrespective of the winding with SL/DL and rotor pole number. The copper loss is mainly influenced by the changing rotor permeance and magnetic saturation since all other design parameters are unchanged during the analysis. The PM loss is negligible in comparison to the iron and copper loss for the SL/DL windings and different rotor pole numbers. However, the iron loss can be comparable to and even higher than the copper loss, especially with 13 and 14 rotor poles. Hence, it can significantly influence machine efficiency. The increase in iron loss with Rpp is mainly as a result of the consequent increase in iron volume. It can be seen that the Rpp for maximum efficiency is between 0.3 – 0.4 for 12-10/11/13/14 stator/rotor pole machines with SL/DL windings and it is in general higher for 10/11 rotor pole machines compared to 13/14 rotor pole machines. 


[image: ]
[bookmark: OLE_LINK102](a)
[image: ]
(b)




[image: ]
(c)
[image: ]
(d)




[image: ]
(e)
[image: ]
(f)




[image: ]
(g)
[image: ]
(h)

[bookmark: _Ref431538690]Fig. 5.22 Variation of SSPM machine losses and efficiency with rotor pole arc to toro pole pitch ratio. (a) 10 SL. (b) 10 DL. (c) 11 SL. (d) 11 DL. (e) 13 SL. (f) 13 DL. (g) 14 SL. (h) 14 DL.


Influence of stator pole arc to pole pitch ratio
[bookmark: OLE_LINK129][bookmark: OLE_LINK130][bookmark: OLE_LINK67][bookmark: OLE_LINK68][bookmark: OLE_LINK69][bookmark: OLE_LINK70]The variation of the losses and machine efficiency with stator pole arc/pitch ratio (Spp) investigated over the range of 0.27 to 0.51 is shown in Fig. 5.23. The maximum efficiency with Spp is typically between 0.25 - 0.35 and it also in general higher in the 10/11 rotor pole machines compared to the 13/14 rotor pole machines. The PM loss remains relatively low and constant in comparison to the iron and copper losses. Clearly, the copper loss with variation with the stator pole arc is influenced by the changing slot area, magnetic saturation and PM volume. The iron loss increases with increasing Spp due to the consequent increase in volume of steel and it can exceed the copper loss in the 13 and 14 rotor pole machines. 
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[bookmark: _Ref431034526][bookmark: OLE_LINK89][bookmark: OLE_LINK90][bookmark: OLE_LINK101][bookmark: OLE_LINK83][bookmark: OLE_LINK84][bookmark: OLE_LINK85][bookmark: OLE_LINK86][bookmark: OLE_LINK87][bookmark: OLE_LINK88]Fig. 5.23 Variation of SSPM machine losses and efficiency with stator pole arc. (a) 10 SL. (b) 10 DL. (c) 11 SL. (d) 11 DL. (e) 13 SL. (f) 13 DL. (g) 14 SL. (h) 14 DL.
[bookmark: OLE_LINK106]
Influence of split ratio
[bookmark: OLE_LINK82][bookmark: OLE_LINK116]The split ratio (SR), defined as the ratio of the rotor outer radius to stator outer radius, is investigated over the range of 0.55 – 0.75. The optimal split ratio for maximum efficiency increases with rotor pole number, irrespective of SL/DL windings. It is generally in the range of 0.6-0.7. It is observed that the copper loss increases with split ratio due to the reduced slot area while the iron loss decreases and the PM loss is relatively constant and in comparison much smaller than the copper and iron loss.
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Fig. 5.24 Variation of SSPM machine losses and efficiency with split ratio. (a) 10 SL. (b) 10 DL. (c) 11 SL. (d) 11 DL. (e) 13 SL. (f) 13 DL. (g) 14 SL. (h) 14 DL.

Influence of PM height
[bookmark: OLE_LINK119]The PM height reduces the available slot area and influences both the machine output and magnetic core saturation. The optimal PM height for maximum efficiency generally increases with increasing rotor pole number while the PM loss is relatively constant and small compared to the iron and copper losses. The iron loss generally reduces with PM height while the copper loss is high at low PM heights and at high PM heights. The optimal PM height to maximize machine efficiency is approximately 3mm – 5mm.
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Fig. 5.25 Variation of SSPM machine losses and efficiency with PM height. (a) 10 SL. (b) 10 DL. (c) 11 SL. (d) 11 DL. (e) 13 SL. (f) 13 DL. (g) 14 SL. (h) 14 DL.

[bookmark: OLE_LINK56]Influence of stator back-iron / yoke thickness
The influence of the stator back-iron thickness investigated over the range of 1mm – 3mm is shown in Fig. 5.26. The stator back-iron thickness influences the core saturation and also the available slot area. It is observed that the machine efficiency reduces, with increasing stator back-iron thickness, irrespective of stator/rotor pole combination and winding. The PM loss is also shown to increase for all stator/rotor pole combinations and windings. 
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[bookmark: _Ref431215878]Fig. 5.26 Variation of SSPM machine losses and efficiency with stator back-iron thickness. (a) 10 SL. (b) 10 DL. (c) 11 SL. (d) 11 DL. (e) 13 SL. (f) 13 DL. (g) 14 SL. (h) 14 DL.

Influence of rotor teeth height
[bookmark: OLE_LINK127][bookmark: OLE_LINK128]The influence of the rotor teeth height investigated over the range of 2mm – 10mm is shown in Fig. 5.27. It should be mentioned that for a fixed shaft radius and a fixed rotor outer radius, the variation of rotor teeth height is also a variation of rotor back-iron/yoke thickness. The rotor teeth height is primarily required to create the saliency for torque production, which is satisfactorily achieved with teeth height over 5mm since the losses and efficiency are relatively constant with increasing teeth height, irrespective of the stator/rotor pole combination and winding. However, the iron loss has an increasing influence on the machine efficiency with increasing rotor pole number and hence the efficiency reduces and it is generally highest with 10 rotor poles and lowest with 14 rotor poles. The optimal efficiency is achieved between 5-7mm for all machines.
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[bookmark: _Ref431034534][bookmark: OLE_LINK50]Fig. 5.27 Variation of SSPM machine losses and efficiency with rotor tooth height. (a) 10 SL. (b) 10 DL. (c) 11 SL. (d) 11 DL. (e) 13 SL. (f) 13 DL. (g) 14 SL. (h) 14 DL.

[bookmark: _Toc419625846][bookmark: _Toc419749326][bookmark: _Toc419754694][bookmark: _Toc420147125][bookmark: _Toc431543858][bookmark: _Toc438410283]PM demagnetization in HSSPM and SSPM machines
[bookmark: _Toc419625847][bookmark: _Toc419749327][bookmark: _Toc419754695][bookmark: _Toc420147126][bookmark: _Toc431543859][bookmark: _Toc438410284]PM demagnetization ratio in HSSPM machines
In PM machines, safe operation of the PMs may be required over high currents, high temperatures and in the case of faults. Demagnetization analysis of the PMs is thus a crucial step in the design process of PM electrical machines. Demagnetization of the PMs is influenced by the magnitude of the demagnetizing current flux and also on the operating temperature of the magnets. Typically, demagnetization is investigated under the influence of d-axis current since in the conventional PM machines the magnet flux and d-axis flux are along the same axis. In the proposed HSSPM machine, the magnets are placed in-between the stator poles and are thus not physically along the d-axis. However, the magnets are exposed to a demagnetizing fringing flux due to the armature and DC currents. The concept of demagnetization due to the fringing flux is shown in Fig. 5.28, when a stator pole and a rotor pole are aligned such that a flux path exists between a pole side of the stator and the rotor pole. This flux can demagnetize the north pole of the PM if it travels from the stator to rotor or demagnetize the south pole of the PM if it travels from the rotor to the stator since the flux direction is opposite to the magnetization direction of the magnets. Similarly, if the excitation flux flows in an opposite direction as shown, the PM flux is enhanced rather than demagnetized. As a consequence, the demagnetization is dependent on the rotor position, polarity and magnitude of the respective currents on the adjacent stator poles of the PM. In the proposed machine the demagnetization due to fringing flux is of particular importance because of the alternate polarity of the DC excitation and PM flux, thus it will be investigated for different demagnetizing and DC currents.
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[bookmark: _Ref431383993]Fig. 5.28 Principle of PM demagnetization by the fringing flux linking stator and rotor poles. 

The influence of temperature is a characteristic of the magnet material. At low temperatures up to approximately 80°C for NEOMAX35SH (NdFeB), the magnet BH characteristic is linear and the risk of demagnetization is reduced. However, at higher temperatures the risk of demagnetization increases due to the non-linear BH characteristics of the magnet. The magnet remanent flux density at 120°C is calculated using (5.7),
	
	[bookmark: _Ref377114776](5.7)


where  T, Br,20, Br,T, and α are the magnet working temperature, the remanent flux density at 20°C, the magnet remanent flux density at working temperature and the reversible temperature coefficient of induction. 
Demagnetization is investigated at a reference maximum temperature of 120°C and a corresponding reference knee point flux density of 0.33T. The circumferential component of flux density in the PMs is investigated, since this is in the magnetization direction of the PMS, in order to determine the influence and extent of demagnetization on open circuit, i.e. with only DC excitation and on load with both DC and phase currents.
[bookmark: OLE_LINK1093][bookmark: OLE_LINK1094][bookmark: OLE_LINK1095][bookmark: OLE_LINK1090][bookmark: OLE_LINK1091][bookmark: OLE_LINK1092]The circumferential component of flux density distribution in the PMs of the HSSPM machine without stator tooth-tips is shown in Fig. 5.29. This includes the flux density distribution on open-circuit, with DC excitation and with both DC and armature excitation currents. On open-circuit, there exists no demagnetizing flux so the magnets operate safely. The corner of the PM adjacent to the airgap is demagnetized with the DC excitation and with both DC and armature excitation, there exists a risk of irreversibly demagnetization since the flux density components are below 0.33T. Although this only affects a small portion of the PMs, it should be appreciated that this is worsened with increasing currents. In order to further investigate the demagnetization characteristics, selected points ‘a-e’ are further investigated. The corresponding variation in flux density waveforms with rotor position are shown in Fig. 5.30. It can be observed that with no excitation, i.e. open-circuit and by increasing the excitation, more variation and demagnetization of the PMs can be observed. The minimum circumferential flux density component evaluated at selected PM locations a-e determined with rotor positions are shown in Fig. 5.31 for the rated currents IDC = Iq, rms  = 5.59A and at approximately twice the rated currents IDC = Iq, rms  = 10.1A. It can be seen that the PM regions ‘a’ and ‘c’ adjacent to the airgap are demagnetized, irrespective of the excitation currents at 120oC and IDC = 10.1A. The worst demagnetization occurs at magnet position ‘a’ and with a purely demagnetizing current. In addition, the demagnetizing effect due to the DC excitation is more pronounced at lower values of phase currents.
The cause of demagnetization is the same, i.e. by the fringing flux, irrespective of the rotor pole number and winding layer number. The demagnetization analysis of the 12/10 stator/rotor pole machine has shown the influence of the DC-, d-axis and q-axis currents by considering specific locations within the PMs. In Fig. 5.32, the demagnetization ratio analysis is performed in order to determine the percentage volume of PMs demagnetized and also to enable a comparison between the different stator/rotor pole combinations and windings. It is shown that although some local demagnetization is observed, the percentage volume is relatively small.
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[bookmark: _Ref419593141]Fig. 5.29 Circumferential flux density component distribution and evaluation points ‘a-e’ in a single PM at 120oC with 12/10 stator/rotor poles and DL windings.  (a) IDC = Iq, rms = 0A. (b) IDC = Iq, rms = 5.59A. 
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[bookmark: _Ref419302701][bookmark: OLE_LINK1101][bookmark: OLE_LINK1102][bookmark: OLE_LINK1103][bookmark: OLE_LINK1104][bookmark: OLE_LINK1105][bookmark: OLE_LINK1106][bookmark: OLE_LINK1107][bookmark: OLE_LINK1108][bookmark: OLE_LINK1109][bookmark: OLE_LINK1096][bookmark: OLE_LINK1097][bookmark: OLE_LINK1098][bookmark: OLE_LINK1099][bookmark: OLE_LINK1100][bookmark: OLE_LINK1110][bookmark: OLE_LINK1111][bookmark: OLE_LINK1112]Fig. 5.30 Circumferential component of flux density waveforms at evaluation points (a - e) in PM at 300oelec with 12/10 stator/rotor poles and DL windings.  (a) IDC = Iq, rms = 0A. (b) IDC = 5.59A, Iq, rms  = 0A. (c) IDC = Iq, rms  = 5.59A. (c) IDC = Iq, rms  = 10.1A.
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[bookmark: _Ref419199338][bookmark: OLE_LINK297][bookmark: OLE_LINK1113][bookmark: OLE_LINK1114][bookmark: OLE_LINK1115][bookmark: OLE_LINK1116][bookmark: OLE_LINK1117][bookmark: OLE_LINK1118]Fig. 5.31  Minimum circumferential flux density components in a single PM (points a - e) with different DC and Q-axis currents with 12/10 stator/rotor poles and DL windings. (a) IDC = 5.59A, Iq, rms = 5.59A (11A/mm2). (b) IDC = Iq, rms = 10.1A (20A/mm2).
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[bookmark: _Ref431516280][bookmark: OLE_LINK54][bookmark: OLE_LINK57]Fig. 5.32 PM demagnetization ratio analysis of HSSPM machines with rated current Iq,rms = IDC = 5.5932A. (a) 10 SL. (b) 10 DL. (c) 11 SL. (d) 11 DL. (e) 13 SL. (f) 13 DL. (g) 14 SL. (h) 14 DL.

[bookmark: _Toc431543860][bookmark: _Toc438410285]PM demagnetization ratio in SSPM machines
The cause of demagnetization in SSPM machines is the same as in HSSPM machines, i.e. it is due to the fringing flux between the stator and rotor poles. However, in SSPM machines, the absence of the DC excitation means that there is no flux source fixed to oppose the PM magnetization direction. Local irreversible demagnetization is investigated for similar conditions to the HSSPM machine, i.e. at a reference maximum temperature of 120°C, and a corresponding reference knee point flux density of 0.33T. The circumferential component of flux density in the PMs along the magnetization direction of the PMs is investigated, in order to determine the influence and extent of demagnetization on open circuit and on load.
The circumferential component of flux density distribution in the PMs of the SSPM machine on open-circuit and at rated current (Iq, rms = 5.59A) are shown in Fig. 5.33. On open-circuit, there exists no demagnetizing flux so the magnets operate safely. However, on load the corners of the PM adjacent to the airgap may be at a high risk of local irreversible demagnetization if the flux density vector component is below 0.33T. The corresponding variation of flux density with rotor position is shown in Fig. 5.34 for selected points ‘a-e’ in a single magnet. With increasing excitation current, more variation and demagnetization of the PMs can be observed. The minimum circumferential flux density components with rotor position evaluated at selected PM locations a-e are shown in Fig. 5.35.  Similar to HSSPM machines, points ‘a’ and ‘c’, immediately adjacent to the airgap are at the highest risk of local irreversible demagnetization. The other points can operate safely for all currents. The worst demagnetization occurs at magnet position ‘a’ and with a purely demagnetizing current of 20A. The demagnetization ratio analysis calculated for all stator/rotor pole combinations and windings shows that only a relatively small portion is demagnetized.
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[bookmark: _Ref431516682]Fig. 5.33 Circumferential flux density component distribution and evaluation points in PM (points a - e) at 120oC. (a) Iq, rms = 0A. (b) Iq, rms = 5.59A.
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[bookmark: _Ref431516812][bookmark: OLE_LINK1007][bookmark: OLE_LINK1008][bookmark: OLE_LINK1016]Fig. 5.34 Circumferential component of flux density waveforms at evaluation points (a - e) in a single magnet with 12/10 stator/rotor poles and DL windings. (a) Open-circuit. (b) Iq, rms = 5.5932A.
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[bookmark: _Ref419380058]Fig. 5.35  Minimum circumferential flux density components in a single PM (points a - e) with different Q-axis currents with 12/10 stator/rotor poles.
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[bookmark: OLE_LINK928][bookmark: OLE_LINK929]Fig. 5.36 PM demagnetization ratio analysis of SSPM machines with rated current 
Iq =  7.91A. (a) 10 SL. (b) 10 DL. (c) 11 SL. (d) 11 DL. (e) 13 SL. (f) 13 DL. (g) 14 SL. (h) 14 DL.

[bookmark: _Toc431543861][bookmark: _Toc438410286]Conclusions
This chapter investigated the losses, the PM demagnetization ratio and the influence of leading machine design parameters on the losses and efficiency in 12-10/11/13/14 stator/rotor pole HSSPM and SSPM machines with single and double layer windings. The risk of local irreversible demagnetization in the PMs at the immediate vicinity of the airgap and stator pole -magnet interface regions due to the fringing flux between the stator and rotor poles has also been investigated. 








[bookmark: _Toc438410287]Electromagnetic Performance Comparison of Stator Slot Permanent Magnet Machines with/without Stator Tooth-tips and having Single/Double Layer Windings
[bookmark: _Toc438410288]Introduction
The benefits of fractional-slot concentrated windings (FSCWs) on the electromagnetic characteristics of permanent magnet (PM) machines have been extensively investigated in [MAG07], [ELR06b], [ELR10], [ISH06], [CRO02], [MAG03], [ELR05], [CHE06], [BIA05], [EVA15]. These benefits depend on the winding configurations, i.e. with single layer (SL/alternate teeth wound) or double layer (DL/all teeth wound) windings which can influence the average torque [EVA15], torque ripple [MAG07], inductance [CHE10], flux-weakening characteristics [ELR05], vibration and acoustics [CHE06], fault-tolerant capability [BIA05] etc. 
The different characteristics of the machines with SL and DL windings are mainly due to their different magnetomotive force (MMF) harmonics [ELR05]. The SL windings have a richer sub- and super-harmonic content. Typically, coil short-pitch, coil distribution and rotor/stator skewing are utilised to reduce the influence of MMF harmonics [PYR08]. However, coil short-pitch and coil distribution in FSCW machines may inherently be unviable options for MMF harmonic reduction. This is because FSCWs are already a special kind of short-pitched winding and the distribution has a different influence on harmonics as is the case with overlapping distributed windings with slots per pole per phase higher than one (q > 1) [GER09]. Other novel methods studied for sub-harmonic and super-space harmonic reduction are given in [DAJ11], [DAJ12], [CIS10], [FOR10], for example, the use of stator flux-barriers, coils with unequal turns/coil side, interspersed windings, combination of single and double layer winding systems, stator slot opening etc. In [GER09], the appropriate choice of the stator slot opening in the machines with DL windings is utilized to dampen higher order MMF harmonics in PM machines. This is attractive since it offers the benefits of constructional and manufacturing simplicity. However, the harmonic effects, e.g., torque ripple, may not be satisfactorily reduced or eliminated. 
[bookmark: OLE_LINK271][bookmark: OLE_LINK273][bookmark: OLE_LINK275][bookmark: OLE_LINK276][bookmark: OLE_LINK277]Stator tooth-tips can be utilised to influence the stator slot opening and the air gap permeance variation by using e.g. semi-closed slots. The influence of stator tooth-tips on the machine performance has been extensively investigated in [ELR06], [QU04], [RED09]. Besides for the obvious constructional benefit in holding the machine armature windings, lower overload capability in DL winding machines [ELR06], increased slot leakage inductance [QU04] and additional iron losses [RED09] have been reported.
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[bookmark: _Ref437382000]Fig. 6.1. SSPM machines with 12/10 stator/rotor poles having single (SL) and double layer (DL) windings. (a) SL. (b) DL.
The stator slot permanent magnet (SSPM) machines investigated in this paper, Fig. 6.1, have doubly salient stator and rotor structures with teeth wound coils and permanent magnets (PMs) in-between the stator poles. The PMs in-between the stator poles are magnetized in alternate directions as indicated by the arrow heads to create alternate north and south magnet poles. The SSPM machine is similar in physical structure to the hybrid stator slot PM and DC-excited permanent magnet machine (HSSPM). The HSSPM machine is developed by inserting PMs in the stator slots of the variable flux machine in [LIU13b] for the 12/10 stator/rotor pole combination. While both SSPM and HSSPM machine have the PM flux shunted in the stator on open-circuit, the SSPM machine has no requirement for the DC excitation and its controller/inverter requirements. In addition, the elimination of the DC winding may also simplify the machine winding assembly since in the HSSPM machine with closed slots (by the PMs), the DC and armature windings are subjected to different supply constraints. The torque production in the SSPM machine is primarily dependent on the magnetic cross saturation effect of the armature reaction and also the variation of the PM flux-linkage with rotor position in the armature windings. The torque production mechanism in the HSSPM machine is mainly due to the variation of the mutual flux-linkage coupling of the DC and armature windings with rotor position. It is also worth mentioning that in the HSSPM machine, the PMs are primarily intended to reduce magnetic saturation especially at high electric loadings.
[bookmark: OLE_LINK949][bookmark: OLE_LINK950]The SSPM machine with SL and DL windings with/without stator tooth-tips are comparatively studied, Fig. 6.1. In the case of DL windings, each stator pole is wound while with SL windings only alternate poles are wound. A peculiar feature of the SSPM machine is the interdependence of the PM size, the available winding area, and the size of the stator tooth-tips since they are all in the stator slot. Firstly, the torque production mechanism and the influences of the PM volume and stator tooth-tip parameters on the electromagnetic torque are investigated. The SSPM machines with SL and DL windings with/without stator tooth-tips are globally optimized using genetic algorithms (GA) and compared for their electromagnetic performance, i.e. open-circuit characteristics, electromagnetic torque, winding inductances, and losses. 

[bookmark: _Toc438410289]Influence of permanent magnet volume and stator tooth-tips
The influence of the PM volume and stator tooth-tips on the electromagnetic torque is investigated for fixed copper loss (60W). Semi-closed slots are used with the stator tooth-tip heights (h1, h2), stator slot opening (wo), and PM height (HPM) defined in Fig. 6.2.
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[bookmark: _Ref437382144]Fig. 6.2. Illustration of the geometric parameters in SSPM machines.
The initial SSPM geometry dimensions are in Table 6.1. The machines with SL and DL windings have the same dimensions and no stator tooth-tips, i.e. h1 = h2 = 0mm. In the absence of stator tooth-tips, i.e. h1 = h2 = 0mm, the machine slot opening is fixed by the difference of the stator pole pitch (360o/NS) and the stator pole arc, i.e. wo = 18o mechanical. The initial PM height, i.e. HPM = 3.4mm.
[bookmark: _Ref437383864]Table 6.1 Initial machine parameters.
	Parameter
	Symbol
	Unit
	12/10 (SL/DL)

	 Stator outer radius 
	rso
	mm
	45

	 Stator inner radius
	rsi
	mm
	25.25

	 Stack length 
	lst
	mm
	25

	 Air-gap length
	δ
	mm
	0.5

	 Rated current 
	Irated
	A(rms)
	5.6

	 Rated voltage 
	Vrated
	V(rms)
	26

	 Turns/phase 
	Nph
	
	368

	 Copper fill factor 
	kp
	
	0.59

	 Stator  back-iron thickness
	Sbk
	mm
	2.5

	 Rotor pole arc 
	θr
	omech.
	14.4

	 Stator pole arc 
	θs
	omech.
	12

	 Stator pole pitch
	θsp
	omech.
	30

	 PM height
	HPM
	mm
	3.4

	Number of stator poles
	NS
	
	12

	Number of rotor poles
	NR
	
	10



In order to investigate the influence of the PM volume, the PM height, i.e. HPM  in Fig. 6.2, is varied in SL- and DL-SSPM machines without tooth-tips. The electromagnetic torque is sensitive to the PM height, Fig. 6.3 and it is higher in SL-SSPM machines. The maximum electromagnetic torque is achieved with 4mm PM height in both SL- and DL-SSPM machines. The average electromagnetic initially increases with PM height but reduces after the optimal HPM due to the influence of magnetic saturation of the core.
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[bookmark: _Ref437383270]Fig. 6.3. Average electromagnetic torque variation with PM volume.

The optimal PM height (HPM) is used to investigate the influence of the slot opening (wo) and the tooth-tip heights are fixed to h1 ≈ h2 ≈ HPM. This assumption allows for the influence of the slot opening and tooth-tip design to be investigated separately. The electromagnetic torque is very sensitive to the stator slot opening since the PM volume depends on slot opening, Fig. 6.4. The design without stator tooth-tips corresponds to wo = 18omech. (fixed by the stator pole arc) and with completely closed slots to wo = 0omech. The optimal slot opening is similar for SL- and DL-SSPM machines, i.e. 14omech, and it is higher in SL-SSPM machines.
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[bookmark: _Ref437383291]Fig. 6.4. Average electromagnetic torque variation with stator slot opening and PM height (HPM = 4mm).

The influence of the stator tooth-tip heights (h1,h2), i.e. the tooth-tip shape, are investigated with the optimal HPM = 4mm and wo = 14omech. In order to maintain the symmetry of the tooth-tip shape, h1 ≤ kh2 and  h2 ≤ HPM, where k is a tooth-tip height ratio between 0-1. In Fig. A. 5, it can be seen that the torque is not sensitive to the tooth-tip shape with SL/DL windings. The optimal design is for h1 = 0.64mm in SL and h1 = 0.48mm in DL SSPM machines. The tip height h2 = 0.8mm for both machines. The torque is higher in SL SSPM machines.
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Fig. 6.5. Average electromagnetic torque variation with stator slot opening (wo = 14omech.) and PM height (HPM = 4mm).

It has been shown that the torque is very sensitive to the PM height and stator slot opening but not to the tooth-tip shape, when optimized in this order. The average electromagnetic torque with SL windings higher by approximately: 9% with PM height, 7% with the slot opening and by 1% with tooth-tip shape compared to the DL windings. 
In the foregoing analysis, the interdependence of the design parameters is not taken into account. In order to achieve a fair comparison of their electromagnetic performance, the SSPM with SL and DL windings are globally optimized with/without tooth-tips using genetic algorithms. The globally optimized machine parameters with/without stator tooth-tips and having SL/DL layer windings are given in Table 6.2. Their winding connections are shown in Fig. 6.1. The parameters in Table 6.2 have been determined by optimizing all machines with the objective to maximize the average electromagnetic torque for the conditions of: (a) fixed rated inverter current, (b) fixed rated current density, (c) fixed copper loss (60W at 80oC), (d) fixed stator outer diameter, (e) fixed stack length, (f) fixed air-gap length and (g) fixed turns/phase. 
[bookmark: _Ref437383893]Table 6.2 Globally optimized geometric parameters. 
	Parameter
	Unit
	No tooth-
tips (DL)
	[bookmark: OLE_LINK714][bookmark: OLE_LINK715][bookmark: OLE_LINK716]No tooth-
tips (SL)
	Tooth-
tips (DL)
	Tooth-
tips (SL)

	Stator inner radius
	mm
	26.69
	26.28
	26.7125
	26.48

	Back-iron thickness (Sbk)
	mm
	1.55
	1.77
	1.881
	2.03

	Rotor pole arc
	
	15.048
	15.12
	14.58
	13.788

	Stator pole arc
	
	11.22
	11.55
	9.45
	9.99

	PM height (HPM)
	mm
	3.56
	3.50
	3.961
	3.71

	PM volume
	mm3
	10339
	9871
	11681
	10192

	Slot opening (w0)
	
	-
	-
	15.429
	15.334

	Tip height 1 (h1)
	mm
	-
	-
	2.33
	2.71

	Tip height 2 (h2)
	mm
	-
	-
	0.25
	0.73

	Total slot area
	mm2
	2227.2



[bookmark: _Toc438410290]Flux-linkage and back-EMF characteristics
The radial component of air-gap flux density is independent of the winding layer number, thus the waveform (also the harmonics) and symmetry for the SL-SSPM machine and DL-SSPM machine are the same, Fig. A.6. The open-circuit flux plots are shown in Fig. 6.7. The amplitude is different due to the different geometry parameters and it is higher in the DL- SSPM machine. 
On open-circuit, Fig. 6.7, the PM flux-linkage will shunt only in the stator, if neglecting magnetic saturation. However, due to the non-linear BH characteristics of the core laminations, some “leakage” flux links the stator and rotor. In Fig. A.1, the winding connection for the 12/10 stator/rotor poles machine with SL and DL windings is shown. In SL-SSPM machines, the two coils in a phase, i.e. coils A1 and A2 on teeth 1 and 7 in Fig. A.1, have the same coil and magnet polarity. Hence, the super-imposed flux-linkage is unipolar. This results in asymmetric back-EMF waveforms with even order harmonics. 
In DL-SSPM machines, the flux-linkage is bipolar and the back-EMF is symmetrical since even order harmonics can be cancelled when the two coil pairs with the same coil direction but opposite magnet polarity, i.e. (A1, A3) on teeth (1,7) and (A2, A4) on teeth (4,10) are super-imposed. The amplitude of the fundamental is reduced with tooth-tips in the DL- and SL-SSPM machine by 16-18%. The DC component in the SL-SSPM machine flux-linkage is a result of the unipolar flux-linkage. 
In Fig. 6.9, DL-SSPM machine has a 16-18% higher fundamental back-EMF compared to the SL-SSPM machine with/without tooth-tips. The fundamental component of back-EMF is reduced in SL- by 6.7% and DL-SSPM machine by 8.5% with tooth-tips. The 5th order harmonic is the dominant harmonic in DL-SSPM machine without tooth-tips while the 7th order harmonic is dominant with tooth-tips but with 80% lower amplitude. The 2nd order harmonic is the dominant harmonic in SL-SSPM machine with/without tooth-tips. However, with tooth-tips its amplitude is increased by 7%.
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[bookmark: _Ref437383362]Fig. 6.6. Open-circuit radial component of air-gap flux density.
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[bookmark: _Ref437383383]Fig. 6.7. Open-circuit flux line plots with the rotor in the d-axis. (a) SL winding without tooth-tips. (b) SL winding with tooth-tips. (c) DL winding without tooth-tips. (d) DL winding with tooth-tips.
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[bookmark: _Ref437383426]Fig. 6.8. Open-circuit PM flux-linkage. (a) Waveforms. (b) Harmonics.
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[bookmark: _Ref437383463]Fig. 6.9. Open-circuit back-EMF at 400rpm. (a) Waveforms. (b) Harmonics.

[bookmark: _Toc438410291]Machine inductances
SL and DL windings have different MMF harmonics which in turn leads to different saturation characteristics of the magnetic circuit and loss behavior. Local magnetic saturation effects have been shown to cause variation of the dq-axis inductances in PM machines [PON14]. The different local saturation characteristics for the SL-/DL-SSPM machines with/without tooth-tips are shown in Fig. 6.10.
	[image: ]

	(a)

	[image: ]

	(b)

	[image: ]

	(c)

	[image: ]

	(d)


[bookmark: _Ref437383483]Fig. 6.10. Flux line and distribution plots at rated current (Iq = 7.91A) with the rotor in θ = 0omech. position. (a) SL winding without tooth-tips. (b) SL winding with tooth-tips. (c) DL winding without tooth-tips. (e) DL winding with tooth-tips.
These winding characteristics, coupled with the tooth-tips, will influence the SSPM machine inductances. Their influence is investigated using the frozen permeability technique. The parameters LaaFP, LabFP, 𝜓a/b/cFP, 𝜓d/qFP, Ia/b/c and Id/q are the FP calculated phase self-inductance, phase mutual-inductance, phase flux-linkage, dq-axis flux-linkage, and phase- and dq-axis currents, respectively. The calculated average inductance and the waveforms are in Fig. A. 3 and Table A.11, respectively. 
In the SL-SSPM machine and DL-SSPM machine, the tooth-tips result in higher amplitude of phase and d-axis/q-axis inductances at rated current, Fig. A. 11. A much larger variation with rotor position can be noticed in the phase self- and the q-axis inductance for the SL-SSPM machine. The self-inductance is positive and the mutual inductance negative for both SL-SSPM machine and DL-SSPM machine machines.
The average phase, d-axis, and q-axis inductances are much larger in SL-SSPM machine at rated (Irms = 5.6) and overload currents (Irms = 16.78), Table 6.3. It increases with tooth-tips in both the SL-SSPM machine and DL-SSPM machine. At the overload current, the phase and d-axis/q-axis inductances decrease due to magnetic saturation. The dq-axis inductances are similar at rated and overload currents for the SL-SSPM machine and DL-SSPM machine. It is also worth noticing that the higher self- and lower mutual inductances of the SL-SSPM machine are desired characteristics for fault tolerance due to the reduced coupling between the phases.
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[bookmark: _Ref437383504]Fig. 6.11. Machine inductances for Id/Iq/Irms = 5.6A. (a) Self-inductance. (b) Mutual-inductance. (c) D-axis inductance. (d) Q-axis inductance.

[bookmark: _Ref437383970]Table 6.3 Average self-, mutual, d-axis, and q-axis inductances
	Irms(A)
	L(mH)

	SL
	DL

	
	
	No
tooth-tips
	With
tooth-tips
	No
tooth-tips
	With
tooth-tips

	5.60
	Laa
	15.3
	16.6
	5.3
	6.1

	
	Lab
	-1.4
	-1.6
	-2.5
	-2.9

	
	Ld
	9.5
	10.2
	5.7
	6.4

	
	Lq
	10.9
	11.8
	7.2
	8.2

	16.78
	Laa
	7.1
	7.7
	4.1
	4.6

	
	Lab
	-0.6
	-0.6
	-1.9
	-2.1

	
	Ld
	5.3
	5.6
	4.1
	4.4

	
	Lq
	5.2
	5.4
	3.9
	4.3



[bookmark: _Toc438410292]Cogging torque, electromagnetic torque and torque ripple
Cogging torque contributes to the torque ripple in PM machines. In SSPM machines, cogging torque is due to PM leakage as can be seen in the open-circuit flux plots shown in Fig.A. 7. The 2D FE predicted cogging torque waveforms and harmonics are compared in Fig. A. 12. The frequency of cogging torque waveforms has its dominant 6th harmonic for DL- and SL-SSPM machines and its amplitude increases with tooth-tips. It is higher in the DL-SSPM machine compared to the SL-SSPM machine with/without tooth-tips, respectively. Nevertheless, the cogging torque in SL-/DL-SSPM machines is very small. It is worth noting that cogging torque is not dependent on the winding layer number. However, due to the optimization in this study their geometry is different. Hence, the amplitudes of cogging torque are different.
The 2D FE predicted average electromagnetic torque with/without tooth-tips, Fig. 6.13, is approximately 6-7% higher in the SL-SSPM machine compared to DL-SSPM machine at rated current (Iq = 7.91A). It increases with tooth-tips for the DL-SSPM machine and the SL-SSPM machine by approximately 9-10%, as shown in Fig. A.10 that more flux links the rotor and stator with tooth-tips. The dominant higher order harmonic is the 6th order in DL-SSPM machine and the 3rd order in SL-SSPM machine. Clearly, this is linked to the inductance variation with dominant 6th/3rd order harmonic in DL-/SL-SSPM machine, respectively, Fig. 6.11. It is worth noting that the increase in average electromagnetic torque is dependent on the current angle and the current loading, Fig.13(c) and Fig.13(d). The highest average torque is between 0-6oelec. current angle. It is approximately 1% higher than that at 0oelec. current angle. Although the SL-SSPM machine has higher torque at lower electric loading, the overload capability is lower than the DL-SSPM machine due to magnetic saturation. Likewise, due to the asymmetry of the torque with current angle characteristics, more or less torque may be achieved depending on the current angle. In general, higher torque is achieved for positive current angle (negative d-axis currents). 
The torque ripple is current loading dependent and in general decreases with current for both with and without tooth-tips. It is higher in the SL-SSPM machine, Fig.13(e). At rated current, it is in the order of 100% in SL-SSPM machine and below 28% in DL-SSPM.
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Fig. 6.12. Cogging torque. (a) Waveforms. (b) Harmonics.
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[bookmark: _Ref437383555]Fig. 6.13. Electromagnetic torque characteristics at rated current Iq = 7.91A.
(a) Waveforms. (b) Harmonics. (c) Current angle. (d)  Average torque.
(e) Torque ripple.




[bookmark: _Toc438410293]Comparison of machine losses and efficiency
Fig.16 compares the 2D FE calculated PM eddy current loss and the iron loss at 4000rpm rotor speed for the SL and DL winding machines with/without stator tooth-tips. The losses are further evaluated under id=0 control for different q-axis currents. The PM eddy current losses are estimated in 2D FE analysis assuming 20oC in the solid magnet pieces with the PM material resistivity set to 6.67x105(Ωm)-1. Zero DC current is superimposed on the PMs in the axial direction. The stator and rotor core loss components are evaluated using manufacturer’s multi-frequency dependent loss density curves for 0.35mm steel sheets (35JN300). It can be seen that the SL winding machines have higher iron loss than the DL winding machines and it is higher with stator tooth-tips. The higher iron loss in SL-SSPM is due to the higher sub- and super-space harmonics. Locally saturated tooth-tips also result in higher iron loss and iron volume. The PM loss is lower with tooth-tips but it is also higher with SL windings. The reduction of PM loss with tooth-tips is due to the reduced volume of PMs. However, the higher harmonics of SL windings result in higher PM loss. The machine losses and efficiency are compared in Table 6.4for the rated current and at 4000rpm rotor speed. It is shown that the SL machine with tooth-tips has the highest efficiency (74.2%). while the SL- and DL machine without tooth-tips have the lowest efficiency (73.4%).
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Fig. 6.14. Comparison of machine losses with/without tooth-tips and with SL/DL windings under id=0A control. (a) Iron loss. (b) PM eddy current loss. 
[bookmark: _Ref437383992]Table 6.4 Comparison of machine characteristics at 4000rpm rotor speed and rated current (Iq = 7.91A).
	
	SL
	DL

	
	No
tooth-tips
	With
tooth-tips
	No
tooth-tips
	With
tooth-tips

	Average torque (Nm)
	1.077
	1.1811
	1.0172
	1.1146

	Torque ripple (%)
	116.9
	109
	26
	10.8

	Stator iron loss (W)
	28.51
	34.12
	27.2
	33.7

	Rotor iron loss (W)
	6.14
	7.47
	4.39
	5.73

	PM loss (W)
	2.4
	1.973
	1.51
	1.258

	Copper loss (W)
	112.94
	113.13
	108.89
	109.74

	Efficiency (%)
	73.4
	74.2
	73.4
	73.9



[bookmark: _Toc438410294]Conclusions
In this paper, the stator slot permanent magnet machines with/without stator tooth-tips for single and double layer windings are compared. The single layer machines in general have higher torque ripple, iron losses, PM losses and inductance compared to double layer winding machines. In both SL and DL winding machines, the average torque is increased with stator tooth-tips by 9-10% at the rated current and the SL machine with tooth-tips has the highest efficiency.
[bookmark: _Toc424206386][bookmark: _Toc438410295]Conclusions and Future Work 
[bookmark: _Toc424206387][bookmark: _Toc420147153][bookmark: _Toc419754727][bookmark: _Toc419749359][bookmark: _Toc438410296][bookmark: OLE_LINK261]General conclusions
The variable flux machines with doubly salient stator and rotor structures have been investigated in this thesis, and the limiting factors on their output performance due to magnetic saturation of the cores have been identified. In order to enhance their performance, PMs have been inserted into the stator slots of VFMs leading to the development of two novel machine topologies, i.e. the HSSPM and the SSPM machines, which are analyzed using 2D and 3D FE analyses with experimental validation. 
The developments of the novel machine topologies, i.e. the doubly salient PM-excited SSPM and doubly salient hybrid-excited SSPM, together with the doubly salient DC-excited VFM in Fig. 7.1 form a complete class of stator-excited doubly salient machines. The influence of stator/rotor pole combinations with single and double layer windings on the electromagnetic performance of the HSSPM and SSPM machines, their losses, efficiency, design and demagnetization has been further investigated and compared in this thesis. 
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[bookmark: _Ref431369381][bookmark: OLE_LINK740][bookmark: OLE_LINK741][bookmark: OLE_LINK744][bookmark: OLE_LINK745]Fig. 7.1 Stator-excited doubly salient machines with 12/10 stator/rotor poles. (a) DC-excited variable flux machine. (b) Novel hybrid-excited stator slot permanent magnet machine (HSSPM) and (c) Novel PM-excited stator slot permanent magnet machine (SSPM) and double layer windings.

[bookmark: _Toc424206388][bookmark: _Toc438410297]Hybrid stator slot permanent magnet machines
The development of the hybrid-excited stator slot PM machine has provided a potential solution to the limited output performance of VFM due to magnetic saturation. The HSSPM machine is shown to maintain the good flux regulation capability of the VFM with the additional capability of being able to develop higher torque at high electric loading due to the reduced saturation of the stator core. The torque production mechanism is unchanged by inserting PMs into the magnetic circuit, i.e. it is still primarily a mutual torque producing machine. The ability to regulate the air-gap flux in HSSPM machines suggests that it may have a promising potential in applications requiring flux regulation, for example, in automotive applications. The influence of the stator/rotor pole combinations with single and double layer windings has been further investigated for their losses, efficiency, demagnetization, and influence of design parameters on efficiency etc. The ability to independently control the electromagnetic performance using the DC excitation was also shown. The findings in this thesis can be further summarized;
· Average electromagnetic torque – The average torque can be enhanced using the DC excitation. The DL machines typically have higher or equal torque at low electric loading. It is higher in 11 and 13 SL-HSSPM machines and higher in the 10 and 14 DL-HSSPM machines compared for the same winding layer number, respectively, at high electric loading.
· Cogging torque – The open-circuit cogging torque is relatively negligible for all machines due to the short circuit of PM flux path in the stator and negligible leakage flux (flux passing the air-gap on open circuit).
· Torque ripple – The highest torque ripple is in the 10 and 14 SL machines. It can be as high as approximately 80% while in the 11 and 13 rotor pole machines it is as low as 3%.
· Unbalanced magnetic forces – The UMF due to the magnetic asymmetry in the 11 and 13 rotor pole machines is more severe with 11 rotor poles and at higher DC and armature loading. It is relatively insensitive to the loading when the machines are magnetically saturated.
· Iron losses - The iron losses are dependent on the stator/rotor pole combinations due to the frequency and design of the magnetic circuit, i.e. PM volume, single/double layer windings, stator and rotor geometry etc. It has been shown that it is in general higher in SL-HSSPM machines compared to DL-HSSPM machines and with increasing number of rotor poles. The 14SL machine typically has the highest iron losses with current while the 10DL machine has the lowest PM losses with current.
· PM losses – The PM losses are also dependent on the stator/rotor pole combination due to the frequency and design of the magnetic circuit, i.e. single/double layer windings, stator and rotor geometry, etc. It is in general higher in SL-HSSPM machines compared to DL-HSSPM machines with increasing number of rotor poles. The 14SL machine typically has the highest PM losses with current while the 10DL machine has the lowest PM losses with current.
· Efficiency – The influence of design parameters on the machine efficiency investigated in this thesis include: (a) the stator pole arc/pitch ratio, (b) the rotor pole arc/pitch ratio, (c) the PM height (and volume)(d) the rotor teeth height, (e) the stator back-iron thickness (or stator yoke), and (f) the split ratio (ratio of rotor outer radius to stator outer radius). The optimal ranges to maximize the efficiency for the different stator/rotor pole combinations and winding layers are generally: rotor pole arc/pitch ratio (0.3 – 0.4), stator pole arc/pitch ratio (0.27 – 0.32), split ratio (0.55 – 0.65), higher PM heights with increasing rotor pole number (2mm – 4mm), stator back-iron/yoke thickness should not be too small or too large, and rotor teeth height (5mm – 7mm).
· Demagnetization – The DC, d-axis and q-axis currents are potential demagnetizing flux sources for the PM regions adjacent to the stator pole regions and machine air-gap. However, only a small portion of magnet is demagnetized irrespective of the stator/rotor pole combinations and winding layer number.

[bookmark: _Toc424206389][bookmark: _Toc438410298][bookmark: OLE_LINK268]Stator slot permanent magnet machines
The SSPM machine has been introduced as a further derived novel topology from the HSSPM machine. The SSPM machine primarily has the advantages of being able to overcome the drawbacks of the requirements for the DC winding and its controller. In contrast to the HSSPM machine, the torque production is dependent on the armarture reaction. Hence, it is favorable in applications requiring high armature loading. The potential for fail-safe capability makes the SSPM attractive in safety critical applications. The influence of the stator/rotor pole combinations and single/double layer windings has been further investigated for their losses, efficiency, demagnetization, influence of design parameters on efficiency. The findings in this thesis can be further summarized;
· Average electromagnetic torque – It is highest in the 13SL machine and lowest in the 10DL machine. At low electric loading, the SL machines have higher torque while at high electric loading, the DL machines have higher torque. It can be enhanced with stator tooth-tips.
· Cogging torque – The reduced leakage flux on open-circuit in the 11 and 13 rotor pole machines results in lower amplitudes of cogging torque. However, the cogging torque is relatively small for all machines. It has a dominant 6th harmonic in the 10 and 14 rotor pole machines and a dominant 12th harmonic in the 11 and 13 rotor pole machines, irrespective of the winding layer number.
· Torque ripple – The on-load torque ripple is more severe (over 100%) in the 10SL and 14SL machines with a 3rd harmonic. All other machines have a dominant 6th harmonic with approximately <25%. The lowest torque ripple is in the 13SL and the highest in the 10SL machine.
· Unbalanced magnetic forces – The unbalanced magnetic forces due to asymmetry in the air-gap field distribution caused by the odd rotor pole numbers, i.e. in the 11 and 13 rotor pole machines with SL and DL windings have been investigated. The UMF is shown to be higher in the 11 rotor pole machines and also typically with SL- compared to DL windings at low electric loadings. At high electric loadings, DL machines had higher UMF.
· Iron losses - The iron losses in SSPM machines are also dependent on the stator/rotor pole combination due to the frequency and design of the magnetic circuit. In general, SL-HSSPM machines have higher iron losses compared to DL-HSSPM machines and the losses increase for higher number of rotor poles. The 14SL machine typically has the highest iron losses with current while the 10DL machine has the lowest PM losses with current.
· PM losses – The PM losses in SSPM machines are also dependent on the stator/rotor pole combinations due to the frequency and design of the magnetic circuit. In general, SL-HSSPM machines have higher PM losses compared to DL-HSSPM machines with the losses increasing for higher number of rotor poles. The 14SL machine typically has the highest PM losses with current while the 10DL machine has the lowest PM losses with current.
· Efficiency – The influence of design parameters on machine efficiency investigated in this thesis include: (a) the stator pole arc/pitch ratio, (b) the rotor pole arc/pitch ratio, (c) the PM height (and volume), (d) the rotor teeth height, (e) the stator back-iron thickness (or stator yoke), and (f) the split ratio (ratio of rotor outer radius to stator outer radius). The optimal ranges to maximize the efficiency for the different stator/rotor pole combinations and winding layers are generally: rotor pole arc/pitch ratio (0.3 – 0.4), stator pole arc/pitch ratio (0.25 – 0.35), split ratio (0.6 – 0.7), PM height (3mm – 5mm), stator back-iron/yoke thickness (very low, i.e. less than 1mm), and rotor teeth height (5mm – 7mm).
· Demagnetization – A small risk of demagnetization at the PM regions adjacent to the air-gap and stator pole regions may exist due to the armature fringing flux. However, only a relatively small portion of magnet is demagnetized, irrespective of the winding and stator/rotor pole combinations.

[bookmark: _Toc438410299]Comparison HSSPM and SSPM machines 
The respective benefits of the HSSPM machines, i.e. enhanced torque density and good flux regulation capability have been discussed. The SSPM machine was also investigated as a potential machine without the requirements of the DC windings and control/inverter and as a suitable machine in fault tolerant applications. Both machines were investigated with single/double layer windings having different stator/rotor pole combinations. The different torque production mechanism, i.e. mainly mutual torque in HSSPM machines and armature reaction torque in SSPM machines was also discussed. A summary of the torque and torque ripple in TABLE 7.1 for the HSSPM and SSPM machines with alternate stator/rotor poles and having single/double layer windings is shown at the same rated currents and copper loss. It is shown that the SSPM machines in general have higher average output torque and torque ripple for the same stator/rotor pole combination with single/double layer windings.
[bookmark: _Ref432293766]TABLE 7.1Comparison of HSSPM and SSPM machines with different stator/rotor poles and having single/double layer windings
	[bookmark: _Hlk432440923][bookmark: OLE_LINK1063][bookmark: OLE_LINK1064]
	HSSPM
	SSPM

	[bookmark: _Hlk432292873]Parameters
	10 SL
	10 DL
	14 SL
	14 DL
	10 SL
	10 DL
	14 SL
	14 DL

	Average torque (Nm)
	0.87
	0.94
	0.91
	0.95
	1.080
	1.019
	1.121
	1.069

	Maximum torque (Nm)
	1.16
	0.99
	1.23
	0.99
	1.572
	1.145
	1.633
	1.151

	Minimum torque (Nm)
	0.45
	0.88
	0.51
	0.92
	0.325
	0.885
	0.383
	0.983

	Ripple torque (%)
	80.92
	12.28
	78.53
	7.68
	115
	25.5
	111.4
	15.6

	
	HSSPM
	SSPM

	[bookmark: _Hlk432292934]Parameters
	11 SL
	11 DL
	13 SL
	13 DL
	11 SL
	11 DL
	13 SL
	13 DL

	Average torque (Nm)
	0.89
	0.89
	0.91
	0.90
	1.101
	0.997
	1.131
	1.015

	Maximum torque (Nm)
	0.91
	0.90
	0.93
	0.91
	1.134
	1.064
	1.161
	1.074

	Minimum torque (Nm)
	0.88
	0.87
	0.90
	0.89
	1.059
	0.941
	1.092
	0.964

	Ripple torque (%)
	3.27
	3.03
	3.22
	2.97
	6.8
	12.3
	6.1
	10.9



[bookmark: _Toc424206390][bookmark: _Toc420147154][bookmark: _Toc419754728][bookmark: _Toc419749360][bookmark: _Toc438410300]Future work
The following are potentially interesting areas for further research:
1. Application specific comparisons of VFM, HSSPM and SSPM machines
The research in this thesis has primarily focused on developing and understanding the performance of the HSSPM and SSPM machines with different stator/rotor pole combinations with single and double layer windings. Despite the structural similarities of the VFM, HSSPM and SSPM machines, they have quite different characteristics, and hence, either may be more suitable for a specific application, e.g. automotive, aerospace, hand tools etc., compared to the others. Future work should investigate the relative merits of the machines for use in diverse applications.

1. Flux-weakening characteristics and influence of stator tooth-tips
The flux-weakening characteristic is important in certain applications, e.g. automotive, that can be investigated. The variable DC excitation in HSSPM machine is a desirable characteristic to optimize the machine efficiency. In SSPM machines, since the PM flux-linkage is in fact a current controlled flux source due to the influence of magnetic cross saturation effects, it will be interesting to investigate the influence on machine characteristics. Finally, tooth-tips can influence the machine parameters, for example d-axis and q-axis inductances and PM flux-linkage (an investigation for the SSPM machines with 12/10 stator/rotor poles is included in Appendix A). The characteristic current (or alternatively the flux weakening factor) is influenced by these and as such the flux-weakening characteristics will be influenced especially since the HSSPM and SSPM machines belong to the class of non-salient machines. This can be further investigated for single and double layer windings.  

1. Magnetic noise and vibration
The influence of noise and vibration can be investigated for the HSSPM and SSPM machines and compared to the variable flux machines. This can be investigated for single layer and double layer windings and it can be extended to investigate the influence of the stator/rotor pole combinations (without the restriction of 12 stator poles e.g. for 6, 12, 24 stator poles and different rotor poles).

1. Short circuit fault analysis
The potential fail safe capability of SSPM machines has been introduced in this thesis. The SSPM is potentially a good candidate in fault tolerant and safety critical applications since its back-EMF is comparatively low and also since these machines depend on the armature reaction, a high winding number will result in large d-axis inductance, which may further be useful to limit short circuit currents. A detailed study of symmetrical and asymmetric winding faults can be conducted. This can be investigated for single layer and double layer windings. 

1. Thermal analysis
It is fairly evident that inserting the PMs into the stator slot and adjacent to the main source of heat in the HSSPM and SSPM machines exposes the PMs to high temperatures and a possible risk of thermal demagnetization if not sufficiently cooled. Hence, a detailed thermal analysis study can be conducted. This can be investigated for single layer and double layer windings. The investigations can be extended to the VFM machines.


1. Winding eddy current and efficiency analysis
VFMs with large slot openings potentially suffer from large winding eddy current losses due to the placement of the excellent conducting copper windings adjacent to the machine airgap. Although multiple wires connected in parallel with small cross sections may be used to reduce these losses, this is not always a viable option since, for example, in a low voltage design the phase windings could end up very bulky. In the case of the HSSPM and SSPM machines, the slots are closed using PMs and may be segmented to reduce the losses. It is useful to study the eddy current losses in the windings and PMs and the influence on machine efficiency. This can be investigated for single layer and double layer windings. The investigations can be extended to the VFM machines.

1. Novel topologies and winding configurations
In literature, many novel topologies such as the multi-tooth, E-core and C-core machines have been developed. The same topologies can also be investigated in SSPM and HSSPM machines for their electromagnetic performance and potential benefits for diverse applications, for example, fault tolerance etc. Different winding configurations, i.e. with higher number of slot pitches for the armature and DC windings, are potentially also new development areas that have been investigated for other doubly salient machine topologies. It is worth mentioning that the above issues are being investigated by the new PhD students in the Electrical Machines and Drives Research Group at the University of Sheffield.
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[bookmark: _Toc438410303]A.1 Introduction
High torque density and robust rotor structure have made switched-flux permanent magnet (SFPM) machines attractive for many applications. As a result, novel machine topologies based on the flux-switching principle ([ANI14], [FEI14]; [GAU14]), as well as analysis methods ([ILH10, ILH15], [TAN12, TAN15]), are being investigated. Despite the recent advancements, the large volume of rare earth permanent magnets (PMs) required remains an issue for its application due to their associated high costs and their limited availability.
[bookmark: OLE_LINK361][bookmark: OLE_LINK367]The operating principle of the SFPM machines has been discussed in [HOA07] and their optimization in [ZHU12]. Some studies have investigated the dependence of the torque density on the PM volume, its position in the magnet slot, and the type of magnet material ([ZHU08], [FAS14], [CAO12], [WEI12], [DUP14]). In [ZHU08], torque/PM volume ratio was shown to increase with decreasing PM volume. In (FAS12), it has been shown that replacing NdFeB magnets with low cost ferrites can reduce the SFPM machine cost. However, it will significantly reduce the machine torque density. In (CAO, 2012), torque was shown to be more sensitive to the PM volume at the stator inner diameter. Also the PM type has been shown to influence the flux regulation capability in the case of hybrid PM and field-excitation machines due to their difference in PM remanence and the consequent saturation of their magnetic circuits ([FEI06], DUP14). Multi-sandwiched SFPM machines with parallel and v-shaped PM layouts in the stator have been investigated using Ferrites as low cost alternatives in ([WEI06], [KAI11]). It can be concluded based on the above that it is desirable to achieve a design which offers a more flexible performance and cost trade-off. In order to achieve this purpose, the novel hybrid-magnet switched-flux permanent magnet (HMSFPM) machines are investigated in this paper. 
[bookmark: OLE_LINK722][bookmark: OLE_LINK723][bookmark: OLE_LINK724][bookmark: OLE_LINK725]The NdFeB SFPM, ferrite SFPM, parallel excited HMSFPM, and series excited HMSFPM machines are shown in Fig. B.1. The stator/rotor pole combination is the same for the SFPM machines, i.e. 12/10, with the main difference being the use of two types of magnets in the case of the HMSFPM machines. Two magnet-excited circuit configurations are investigated in the HMSFPM machines, i.e. the parallel excited and the series excited magnet configurations, Fig. A.1(b) and Fig. A.1(c), respectively. All the SFPM machines in Fig. A.1are comparatively studied for their electromagnetic performance, flux-weakening, efficiency, and demagnetization characteristics using 2-dimensional (2D) finite element analysis (FEA). Finally, a material cost comparison is conducted. 
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[bookmark: _Ref412799995]Fig. A.1. Switched-flux permanent magnet machines. (a) NdFeB SFPM. (b) Parallel-excited HMSFPM. (c) Series-excited HMSFPM. (d) Ferrite SFPM.
[bookmark: _Toc438410304]B.2 Machine structure and configurations
The NdFeB SFPM, ferrite SFPM and HMSFPM machines have been introduced in the previous section. In order to appreciate the flexibility that the HMSFPM machines can provide during the design process, a magnet ratio (κ) is introduced to account for the volume of NdFeB magnets compared to the total magnet volume by (A.1),
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[bookmark: OLE_LINK717][bookmark: OLE_LINK718][bookmark: OLE_LINK719][bookmark: OLE_LINK720][bookmark: OLE_LINK721][bookmark: OLE_LINK726][bookmark: OLE_LINK727]Using the same machine geometric dimensions in Table A.1, the variation of electromagnetic torque with κ and the rated current in the q-axis is shown in Fig. A.2 for the SFPM machines, where κ = 1 and κ = 0 are the SFPM machines with NdFeB and ferrite magnets, respectively. In Fig. A.2, the total torque is obtained by linearly superimposing the torque results for each magnet type assuming the other to be air.

[image: ]
[bookmark: OLE_LINK347][bookmark: OLE_LINK348][bookmark: OLE_LINK349][bookmark: OLE_LINK350][bookmark: _Ref412800157]Fig. A.2. Electromagnetic torque with magnet ratio (κ) for a fixed volume of magnet and the maximum q-axis current (Iq =15A).
Clearly, the electromagnetic torque of the expensive rare earth NdFeB SFPM machine (κ = 1) is the highest and that of the low cost ferrite SFPM machine (κ = 0) is the lowest, due to the high and low energy products of the respective magnets. The gap in-between is filled by the HMSFPM machines depending on κ, i.e. the torque capability, material costs, and the relative contribution of the different magnet types. Thus, the main idea of the HMSFPM machines is to utilize the low cost of the ferrite magnets to regain some of the torque lost when the expensive NdFeB magnet volume is reduced. It will be comparatively shown in section, as an example, that the HMSFPM machines can achieve the same output torque for less material costs, if the machine volume is not constrained. However, their electromagnetic performance is firstly analyzed using the machines in Table A.1. The machines are designed to achieve fixed copper loss and fixed resistance at the rated inverter current. A multi-objective approach was adopted to evaluate different machine designs using genetic algorithms (GA) in Maxwell FE software in order to determine the torque and cost design trade-offs for each design. The design criterion has been to achieve 86% of the average torque in the case of the hybrid-magnet machines with the same machine volume and at the lowest cost. In the case of the NdFeB and Ferrite SFPM machine, the machine with the highest average torque at the lowest cost was chosen. The machine parameters are shown in Table A.1 for all machines. The optimization was performed for fixed copper loss of 14W assuming 20oC copper winding temperature and 20oC PM temperature.
[bookmark: _Ref411842094]Table A.1. Main parameters of SFPM machines
	Parameters
	NdFeB
	Series
	Parallel
	Ferrite

	Stator outer radius (mm)
	45

	Stack length (mm)
	25

	Air-gap length (mm)
	0.5

	Turns/phase 
	72

	Rated current (A)
	15

	Maximum DC inverter voltage (V)
	40

	Split ratio 
	0.619
	0.62
	0.631
	0.591

	Rotor pole arc/pitch (mech. deg.)
	0.374
	0.422
	0.379
	0.341

	Stator pole arc (mech. deg.)
	7.812o
	7.882o
	7.895o
	6.831o

	PM (mech. deg.) 
	6.656o
	6.539o
	6.82o
	10.89o

	Stator back-iron (mm)
	2.716
	2.642
	2.058
	2.283

	Magnet ratio, κ
	1
	0.6
	0.586
	0

	Total slot area (mm2)
	1251
	1251
	1252
	1254

	Phase resistance (Ω)
	0.076

	Typical PM characteristics at 20oC
	NdFeB
	Ferrite

	Temp. coefficient of αBr (%/°C)
	-0.12
	-0.18

	Temp. coefficient of βHc (%/°C)
	-0.6
	0.4

	Magnet remanent flux density (T)
	1.2
	0.4

	Magnet relative recoil permeability
	1.05
	1.05



[bookmark: _Toc438410305]A.3 Electromagnetic characteristics
[bookmark: _Toc438410306]A.3.1 Back-EMF
[bookmark: OLE_LINK728][bookmark: OLE_LINK729][bookmark: OLE_LINK730][bookmark: OLE_LINK731][bookmark: OLE_LINK732][bookmark: OLE_LINK737][bookmark: OLE_LINK738][bookmark: OLE_LINK739]The open-circuit flux-line distribution with the rotor position in the d-axis is shown in Fig. A.3. The magnetic circuit has the same symmetry for the HMSFPM machines, i.e. 180omech. The NdFeB-, ferrite SFPM and HMSFPM machines all have nearly sinusoidal back-EMF waveforms at 400rpm rotor speed, Fig. A.4. The fundamental is the highest in the NdFeB SFPM and the lowest in the ferrite SFPM machines. The parallel-excited HMSFPM machines with κ = 0.6 have 87% of back-EMF of the NdFeB SFPM machines, series-excited HMSFPM machines with κ = 0.586 have 87% of back-EMF of the NdFeB SFPM machines, while it is 47% for the ferrite SFPM machine.
The amplitude of cogging torque is the highest in the NdFeB SFPM machine and lowest in the series-excited and HMSFPM machine while the ferrite SFPM and parallel-excited HMSFPM machines have similar amplitude of cogging torque.  The least harmonic order of cogging torque, i.e. its period over one electrical cycle, can be calculated by (A.2), 
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where NC, NS, NR, LCM are the number of periods of cogging torque in one electrical cycle, stator pole number, rotor pole number and the least common divisor, respectively. All machines have six periods of cogging torque in one electrical cycle since the stator/rotor pole combination is the same. Their different amplitudes are due to the different magnet strength and the different permeance variation of their magnetic circuit.
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[bookmark: _Ref412800640]Fig. A.3. Open-circuit flux line distribution with the rotor at the d-axis position. (a) NdFeB SFPM. (b) Ferrite SFPM. (c) Parallel HMSFPM. (d) Series HMSFPM.
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[bookmark: _Ref412800647]Fig. A.4. Back-EMF at 400rpm rotor speed. (a) Waveform. (b) Harmonics.
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Fig. A.5. Cogging torque waveforms.
[bookmark: _Toc438410307]A.3.2 Electromagnetic torque
The average electromagnetic torque and the torque ripple are computed by 2D FE analysis from (A.3)-(A.4),
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where, NR is the rotor pole number, ψd, ψq are the dq-axis flux-linkage, Id, Iq are the dq-axis currents, Tmax, Tmin and Tavg are the maximum torque, minimum torque and the average torque, respectively. 
The torque comparison for the different machines is shown in Fig. 6.6. At rated current (Iq = 15A), approximately 87% and 52% of the NdFeB SFPM torque is achieved with the HMSFPM and the ferrite SFPM machines, respectively. A dominant 6th order harmonic is observed with a ripple of 13% in the series-excited, 8% in the parallel-excited, 16% in the NdFeB, and 8% in the SFPM machines, respectively. The optimum current angle for the machines lies between 0 – 10(°elec.), with nearly symmetrical average torque between -90 – 90°elec. current angle. At twice the rated current, the electromagnetic torque in the HMSFPM and ferrite SFPM machines is approximately 81-83% and 49%, respectively, of the NdFeB machines torque.

[image: ]
(a)
[image: ]
(b)
[image: ]
(c)

[image: ]
	(d)	
[bookmark: _Ref411249258]Fig. A.6. Electromagnetic torque of SFPM machines at rated current (Iq = 15A). (a) Waveforms. (b) Harmonics. (c) Torque with q-axis current. (d) Torque current-angle characteristics
In order to accurately investigate the contribution of the PM-, and the reluctance torque components to the average electromagnetic torque, the frozen permeability (FP) method is utilized in 2D FEA. The dq-axis flux-linkage terms in (A.3) are computed by (A.5)-(A.6),
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where, ψd (i) and ψq (i), similar to conventional PM machines, are armature flux-linkage terms, ψd (PMj) and ψq (PMj) are on load PM field terms due to different magnet types. The FP computed armature torque component T(i) is below -3% for all machines for 15A current and 6°elec. current angle, Fig. A.6. This shows that the electromagnetic torque in switched-flux machines is mainly a mutual (PM) torque component. In the case of the HMSFPM machines, NdFeB and ferrite magnets contribute approximately 83% and 20% to the total average torque, respectively.
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[bookmark: _Ref411247958]Fig. A.6. Average electromagnetic torque separation for 15A and 6oelec. current angle using the frozen permeability method.

[bookmark: _Toc438410308]A.4 Flux-weakening characteristics and efficiency map comparison
The flux-weakening characteristics and efficiency maps for the four machines are compared in this section for the rated current (15A). The characteristic current (ich) defines the optimal inverter current for constant output power over the entire operating speed range in non-salient machines while the commonly used flux-weakening factor (βFW) is an indicator for the flux-weakening capability of the design along the machine d-axis, i.e. the relative ratio of the armature d-axis flux-linkage to the PM flux-linkage. They can be calculated by (A.7) and (A.8), respectively, 
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	(A.8)


where 𝜓PM, Ld, and id are the PM flux-linkage, d-axis inductance and d-axis current, respectively. The variation of the characteristic current, flux-weakening factor, PM flux-linkage and d-axis inductance with magnet ratio is shown in Fig. A.7 for the series-excited and parallel-excited HMSFPM machines. In general, it can be concluded that for the HMSFPM machines, the PM flux-linkage and consequently, the characteristics current increase with an increase in the magnet ratio while the flux-weakening factor and inductance decrease with an increase in magnet ratio.
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[bookmark: _Ref423962453]Fig. A.7 Variation of the flux-weakening factor with magnet ratio in the SFPM machines. (a) Parallel-excited HMSFPM – PM flux-linkage and d-axis inductance. (b) Parallel-excited HMSFPM – characteristic current and flux-weakening factor. (c) Series-excited HMSFPM – PM flux-linkage and d-axis inductance. (d) Series-excited HMSFPM – characteristic current and flux-weakening factor.

Table A.2 Predicted machine parameters for optimal flux-weakening performance
	Parameter (Unit) (Magnet ratio)
	NdFeB SFPM 
(κ = 1)
	Parallel HMSFPM 
(κ = 0.6)
	Series HMSFPM 
(κ = 0.586)
	Ferrite SFPM 
(κ = 0)

	𝜓PM (mWb)
	12.04
	10.86
	10.64
	6.26

	Ld (mH)
	0.32
	0.45
	0.472
	0.505

	ich (A)
	37.40
	24.15
	22.55
	12.39

	[bookmark: _Hlk423809123]βFW 
	0.4
	0.62
	0.66
	1.2

	Irated (A)
	15
	15
	15
	15


In Fig. 6.8, the torque-speed and power-speed characteristics are compared for the SFPM machines. The highest torque density below the base speed in machines with NdFeB magnets (κ = 1), is due to their high energy product. This torque reduces with κ. However, the comparison of the flux-weakening performance shows that a merit of the HMSFPM machines is their ability to improve the flux-weakening region and consequently the machine output power over a wider speed range. The ferrite magnet machine is the only machine with constant output power over the entire flux-weakening region. However, the output power is reduced compared to the other machines.
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[bookmark: _Ref411527530]Fig. A.8. Switched-flux PM machines torque-speed and power-speed characteristics at rated current (15A). (a) Torque-speed characteristics. (b) Power-speed characteristics.

The influence on the machine efficiency is shown in Fig. A.10. The loss components considered are the PM, core and copper loss. In the analysis, speed dependent mechanical friction losses and the eddy current losses in the windings are not considered. The copper loss is evaluated at 60oC copper temperature with the same resistance in all machines. Thus, the copper loss is only dependent on the control currents (id, iq). The PM eddy current losses are calculated in 2D FEA assuming 20oC in the solid magnet pieces for different speeds and with superimposed zero currents over the entire (id, iq) operating plane. Electrical resistivity for NdFeB used is 1.5 micro ohm·m and for ferrite it is 109 micro ohm·m. The hysteresis and eddy current core loss components are evaluated using manufacturers frequency dependent loss density curves for 0.35mm steel sheets and evaluated for different parts of the FEA model based on the flux density and frequency. The core loss components are also evaluated over the entire (id, iq) for different speeds. 
The SFPM machines with NdFeB magnet have the highest efficiency, i.e. 93%, around the base speed region in Fig. A.10. This efficiency is slightly reduced in the Ferrite SFPM machines, i.e. 87%. The extended flux-weakening performance in comparison to the NdFeB machine means that operating points at much higher speeds can be obtained at reasonably high efficiency.
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[bookmark: _Ref411770219]Fig. A.9. Efficiency maps of switched-flux permanent magnet machines. (a) NdFeB SFPM. (b) Parallel HMSFPM. (c) Series HMSFPM. (d) Ferrite SFPM.

[bookmark: OLE_LINK327][bookmark: OLE_LINK328][bookmark: OLE_LINK329][bookmark: _Toc438410309][bookmark: OLE_LINK324][bookmark: OLE_LINK325][bookmark: OLE_LINK326]A.5 Demagnetization ratio analysis
[bookmark: OLE_LINK320][bookmark: OLE_LINK321]A high PM demagnetization withstand capability is crucial for the safe operation of PM machines. PM demagnetization in such machines is usually due to a demagnetizing armature field, i.e. caused by the armature current. The knee point flux density, which is dependent on the PM material type and its operating temperature, is usually taken as the reference minimum flux density component along the PM magnetization direction to ensure irreversible PM demagnetization does not occur. Typically, rare earth NdFeB magnets and ferrite magnets are more susceptible to demagnetization at high and low temperatures, respectively. In this section, a demagnetization ratio analysis of the NdFeB and Ferrite PMs are investigated for the SFPM machines using irreversible NdFeB NEOMAX 35SH and Ferrite FB12B, respectively, in Jmag FE software. The machines are excited with purely demagnetizing currents, i.e. d-axis current. The flux density distribution and demagnetization ratio for a single magnet (located at coil A1 in Fig. A.1) along its magnetization direction for 15A d-axis current and with the rotor position in the d-axis is shown in Fig. A.11. It is also worth mentioning that in all the hybrid-magnet machines, the larger volume of PM is NdFeB. The NdFeB and ferrite SFPM machines are analyzed at their more susceptible temperature, i.e. 100oC/-40oC, respectively, while the HMSFPM machines are analyzed at both temperatures since they have both magnet types. From the analysis in Fig. A.11, it is shown that all topologies all subjected to some local irreversible demagnetization at the PM sections adjacent to the air-gap (top of PM figures) except the parallel-excited SFPM machine which has its Ferrite completely demagnetized, i.e. 100%, when operating at -40oC. 
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[bookmark: _Ref412389719]Fig. A.10. Flux density distribution and demagnetization ratio with the rotor position and 15A current in the d-axis and the PMs arranged with the top adjacent to the machine air-gap. (a) Flux density distribution and demagnetization ratio NdFeB 100oC. (b) Flux density distribution and demagnetization ratio Ferrite -40oC. (c) Demagnetization ratio parallel-excited SFPM 100oC. (d) Demagnetization ratio parallel-excited SFPM -40oC. (g) Flux density distribution series-excited SFPM 100oC. (h) Flux density distribution series-excited SFPM -40oC. (i) Demagnetization ratio series-excited SFPM 100oC. (j) Demagnetization ratio series-excited SFPM -40oC.
[bookmark: _Toc438410310]A.6 Comparison of material cost and torque density
In this section, the torque/volume, torque/mass, and the material costs are compared for the SFPM machines in Table A.3. In the comparison, it is assumed that all machines have the same electromagnetic torque. The reference torque is the NdFeB SFPM machine torque since it is the highest for the same copper loss. In Table A.3 this has been achieved by scaling the machine stack length of the HMSFPM- and the ferrite SFPM machines. 
The quotation for the material costs is based on the U.K. market price (2013): 
· Ferrite - 8£/kg, (5100kg/m3),
· NdFeB -100£/kg, (7600kg/m3)
· Copper - 7£/kg, (8900kg/m3)
· Iron lamination - 2£/kg, (7800kg/m3)
The NdFeB SFPM machine has the highest torque/volume, torque/mass, and material cost while the ferrite SFPM machine has the lowest torque/volume, torque/mass, and material cost. The HMSFPM machines have torque/volume, torque/mass and material cost in-between that of the ferrite and NdFeB SFPM machines. However, the HMSFPM machines have a lower torque/mass and torque/volume compared to the NdFeB SFPM machines.
[bookmark: _Ref410740367]Table A.3. Material costs and torque density comparison
	Parameter (Unit)
	NdFeB
	Parallel-excited
	Series-excited
	Ferrite

	Torque (Nm)
	2.65

	Stator outer diameter (m)
	0.090

	Stack length (m)
	0.025
	0.0286
	0.0287
	0.0473

	Copper volume (10-6m3)
	31.30
	36.00
	35.84
	59.37227

	Stator iron volume (10-6m3)
	48.16
	52.39
	55.14
	80.16514

	Rotor iron volume (10-6m3)
	40.25
	48.04
	48.40
	65.29352

	NdFeB volume (10-6m3)
	16.45
	11.21
	11.15
	-

	Ferrite volume (10-6m3)
	-
	7.89
	7.31
	52.33758

	Total volume (10-6m3)
	136.15
	155.55
	157.86
	257.16

	Copper mass (kg)
	0.28
	0.32
	0.32
	0.53

	Stator iron mass (kg)
	0.38
	0.41
	0.43
	0.63

	Rotor iron mass (kg)
	0.31
	0.37
	0.38
	0.51

	NdFeB mass (kg)
	0.12
	0.09
	0.08
	-

	Ferrite mass (kg)
	-
	0.04
	0.04
	0.27

	Total mass (kg)
	1.09
	1.23
	1.25
	1.93

	Copper cost (£)
	1.95
	2.24
	2.23
	3.70

	Stator iron cost (£)
	0.75
	0.82
	0.86
	1.25

	Rotor iron cost (£)
	0.63
	0.75
	0.76
	1.02

	NdFeB cost (£)
	12.50
	8.52
	8.47
	-

	Ferrite cost (£)
	-
	0.32
	0.30
	2.14

	Total cost (£)
	15.83
	12.65
	12.62
	8.10

	Torque/volume (kNm/m3)
	19.46
	17.04
	16.79
	10.30

	Torque/mass (Nm/kg)
	2.42
	2.16
	2.12
	1.37

	Torque/cost (Nm/£)
	0.17
	0.21
	0.21
	0.33



[bookmark: _Toc438410311]Appendix B		Flux-Weakening Performance Comparison of E-Core and Conventional Switched-Flux PM Machines 
[bookmark: _Toc438410312]B.1 Introduction
The high torque density and efficiency of switched-flux machines (SFPM) make them attractive for a wide range of applications such as aerospace and automotive etc. Various machine topologies have been proposed in literature, e.g. conventional [CHE10a], multi-tooth [CHE10a], E-core [CHE11b] etc. and their torque density has been shown to be comparable to that of the surface permanent magnet and interior permanent magnet machines [PAN07, CAO12, FAS12]. For high speed applications the flux-weakening performance becomes particularly important. In [ZHU12b], a comparison of the calculation method of the torque-speed and power–speed characteristics using a full-cross coupling and a partial cross-coupling model showed that the partial cross-coupling model offered sufficient accuracy and reduced computation time. In [ZHU12c], the torque-speed and power-speed characteristics of the conventional, E-core, multi-tooth and the C-core machines were compared. The E-core and C-core SFPM machines showed superior performance in their flux-weakening region since high constant power could be achieved over the entire flux-weakening region. In this paper, the study of the flux-weakening performance in [ZHU12c] is extended to investigate the influence of the machine structural difference and the different winding configurations on the output power characteristics. The E-core 6/11 stator/rotor pole and the conventional 12/10 stator/rotor pole SFPM machines in Fig. B.1 are compared since they offer the most difference in the stator structure and also because the conventional machine has a double layer winding while the E-core machine has a single layer winding. Such structural differences and the winding configurations can have a significant influence on the MMF harmonics, phase to phase self and the phase to phase mutual coupling of the windings [OWE10b], etc. The machine PM flux-linkage, inductances, torque-speed and power-speed characteristics are investigated in this paper. The influence of the supply constraints on the output power characteristics is also investigated.
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Fig. B.1 Switched-flux machines and flux density/equipotential line distribution for Iq=15A, with rotor at d-axis. (a) Conventional machine with 12/10 stator/rotor poles. (b) E-core machine with 6/11 stator/rotor poles.
[bookmark: _Toc438410313]B.2 Machine structure and characteristics
The conventional 12/10 stator/rotor pole and the E-core 6/11 stator/rotor pole SFPM machines are shown in Fig. B.1(a) and Fig. B.1(b), respectively. The main machine parameters are given in Table B.1. Both machines were optimized for fixed copper loss (13.4W).
The conventional and the E-core SFPM machines have simple salient rotor structures. The stator of the conventional SFPM machine consists of permanent magnets sandwiched in-between U-shaped segments while for the E-core machine the permanent magnets are sandwiched in-between E-shaped stator segments. A noteworthy distinction is that the conventional SFPM machine has double layer windings, i.e. each stator slot is filled with coil sides from two different phases, while the E-core machine has single layer windings, i.e. each stator slot consists of coil sides from only one phase. The E-core machine thus has a better fault tolerant capability due to the phase isolation and requires about half the magnet volume of the conventional machine. 
Table B.1. Main machine parameters
	Parameter
	12/10
	6/11

	Stator outer radius(mm)
	45

	Stack length(mm)
	25

	Turns/phase 
	72

	DC voltage(V)
	30.19

	Packing factor 
	0.60

	Remanent flux density(T)
	1.2

	Recoil permeability
	1.05

	Airgap length(mm)
	0.5

	Rotor outer radius(mm)
	27
	29.25

	Rotor pole width(mm)
	5.6
	5.5

	Stator outer radius(mm)
	45
	45

	Stator tooth width(mm)
	4.2
	4.67

	Middle tooth width(mm)
	-
	4.67

	Stator back iron thickness (mm)
	2.7
	4.2

	Magnet height(mm)
	17.5
	15.2

	Magnet width(mm)
	3.3
	3.9

	Total slot area(mm2)
	1171
	1354

	PM volume(mm3)
	695
	356



The PM flux-linkage and the dq-axis inductances are shown in Fig.  B.2. On open-circuit (Iq = 0A) both machines have similar PM flux-linkage. However, the cross coupling effect is more significant in the E-core machine because of the higher magnetic saturation, Fig. B.1. This results in a faster reduction of the PM flux-linkage with q-axis current. The cross coupling saturation can also be observed for the dq-axis inductances. It is worth mentioning that the E-core machine can have up to twice higher d-axis inductance compared to the conventional machine.
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Fig. B.2 E-core/conventional machine characteristics. (a) PM flux-linkage. (b) D-axis inductance (6/11). (c) D-axis inductance (12/10). (d) Q-axis inductance (6/11). (e) Q-axis inductance (12/10).
[bookmark: _Toc438410314] B.3 Maximum output power capability for non-salient drives
In order to compare the flux weakening characteristics of the SFPM machines, the conditions for maximum output power need to be established. The flux-weakening performance and the conditions for maximum output power have been extensively analyzed for surface (SPM) and interior permanent magnet (IPM) machines [MOR90, SOO93a, SOO93b, VAG10, ADN91, JAH87, SCH90, NAM10]. Since the saliency ratio (ξ = Ld/Lq) for the SFPM machines is approximately unity, the output power capability is analyzed using the theory for non-salient synchronous machines, similar to the SPM machines. 
The ideal drive (ψPM = LdImax), has infinite speed and maximum power over the entire speed range. However, the designed machines usually fall into the category of the finite (ψPM > LdImax), or infinite (ψPM < LdImax) speed drives. The toque, power and flux equations are given by (B.3.1) – (B.3.2), 
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where NR, 𝜓PM, Iq, T, ωm, ωe, Imax, Vmax, cos(θ) are the number of rotor poles, the open-circuit PM flux-linkage, q-axis current, torque, rotor mechanical angular frequency, rotor electrical angular frequency, maximum phase voltage, maximum phase current and the power factor, respectively can be derived assuming a lossless model [MOR90, SOO93a, SOO93b, VAG10, ADN91, JAH87, SCH90, NAM10].
[bookmark: _Toc438410315][bookmark: OLE_LINK229][bookmark: OLE_LINK232][bookmark: OLE_LINK233]B.3.1 Finite speed drives (Region II)
The finite speed drives, Fig. B.3, operate in region II at the maximum phase flux (voltage) and the maximum phase current by (B.3.3)–(B.3.4). Thus, the output power will be optimized with respect to the power factor by (B.3.5)-(B.3.6). Obviously, the maximum output power that can be achieved will occur at unity power factor by (B.3.6), i.e. at equal current and voltage angles. The corresponding dq-axis currents are given by (B.3.8) and (B.3.9), respectively. The maximum output power occurs at a unique speed and it is not maintained over the entire speed range. It is worth mentioning that although the output power will be influenced by the machine parameters, i.e. inductances and PM flux-linkage, the maximum output power by (B.3.2) depends only on the maximum values of the phase voltage and current since it will occur at unity power factor.
	
	(B.3.4)

	
	(B.3.5)

	
	(B.3.6)

	[image: ]

	(a)

	[image: ]

	(b)


Fig. B.3 Optimal current profiles for non-salient machines. (a) Finite speed drives (𝜓PM > LdImax). (b) Infinite speed drives (𝜓PM < LdImax).
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[bookmark: _Toc438410316]B.3.2 Infinite speed drives (Region III)
In the case of infinite speed drives operating in region III, Fig. B.3, the machine is operated under the maximum torque per flux conditions since the maximum phase voltage is supplied but the phase current is lower than its maximum by (B.3.11). Inserting (B.3.13) into (B.3.12) and maximizing with respect to the d-axis flux (B.3.12), the optimum d-axis flux condition (B.3.13), the corresponding dq-axis currents by (B.3.14 – B.3.15) and the maximum output (B.3.16) are obtained. The maximum output power is thus dependent on the maximum phase voltage, PM flux-linkage and d-axis inductance. It is worth mentioning that the output power in infinite speed drives is independent of the current and remains constant over the entire speed range in non-salient machines. 
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[bookmark: _Toc438410317]B.4 Output power performance comparison
[bookmark: _Toc438410318]B.4.1	Influence of phase currents for fixed phase voltage
The flux weakening performance of the conventional and the E-core SFPM machines are compared when operated as finite speed drives (ψPM/Ld < Imax), Fig. B.4. In this operating region, the maximum output power is only dependent on the maximum phase current and the maximum phase voltage by (B.3.10). Both machines have comparable torque in the constant torque region. Both machines also have the same maximum output power when excited with the same phase currents at unity power factor. However, the E-core machine has a better output power performance with speed and with increasing maximum phase current. This is mainly due to its larger inductance since both machines have comparable PM flux-linkage so the characteristic current (ψPM/Ld) of the E-core machine is smaller than for the conventional machine. Consequently as the current is increased, the optimal flux weakening condition will be satisfied (ψPM/Ld = Imax) first for the E-core machine.
With increasing maximum phase current, both machines operate as infinite speed drives in Fig. B.5. In operating region III, the maximum output power is dependent only on the maximum phase voltage and the machine characteristic current (ψPM/Ld) by (B.3.16). The output power is constant over the entire flux weakening region. From the comparison it can be concluded that: (a) the maximum output power in region III is fixed and it is independent of the current for both machines and (b) the conventional machine has almost twice the output power in region III. This is mainly due to the smaller inductance by (B.3.16) since the maximum phase voltage is the same and the PM flux-linkage is comparable. As expected, in the high speed region III, the phase current will approach a limiting value equal to their characteristic current (ψPM/Ld).
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Fig. B.4 E-core and conventional switched-flux machine characteristics at low currents. (a) Torque-speed. (b) Power-speed. (c) Power factor. (d) Phase current. (e) Current angle.
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Fig. B.5 E-core and conventional switched-flux machine characteristics at low currents. (a) Torque-speed. (b) Power-speed. (c) Power factor. (d) Phase current. (e) Current angle.

[bookmark: _Toc438410319]C.4.2	Influence of phase current-voltage ratio
The influence of the current-voltage ratio (α = Imax/Vmax) is investigated assuming a fixed volt-ampere rating. It has been shown that both machines have comparable PM flux-linkage for the same size, turns/phase etc. Fig. B.2. However, due to their inductances, their flux-weakening characteristics can be very different. It is shown in Fig. B.6 by selecting different current-voltage ratios that both machines are capable of comparable power performance. It can thus be summarized that to achieve good flux weakening performance, the E-core machine is more suitable for a lower current/higher voltage (α = 1) application while the conventional machine is more suitable for a higher current/lower voltage (α = 3) application.
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(e)
Fig. B.6 E-core/conventional machine characteristics with current-voltage ratio (α). (a) Torque-speed characteristics. (b) Power-speed characteristics. (c) Power factor. (d) Current. (e) Current angle.

[bookmark: _Toc438410320]B.5 Conclusions
The flux weakening performance of the conventional and the E-core SFPM machines have been investigated and compared. The much larger d-axis inductance of the E-core results in lower power at high current i.e. when the machines operate as infinite speed drives. At low currents, the maximum output power is the same since it only depends on the maximum phase voltage and currents but the E-core machine has a better overall power output with speed. It is also shown that both machines can have similar constant output power in the high speed region with the appropriate choice of the supply constraints on the current-voltage rating. 

[bookmark: _Toc438410321]Appendix C:	Frozen Permeability Method 
The frozen permeability method has been widely adopted in electrical machine analysis to separate the average torque components into: (a) on load armature-field and (b) on load PM-field components, by decomposing the nonlinear finite element (FE) analysis into an equivalent sum of linear FE analyses [BIA98], [CHU13]. The principle is shown in Fig. C. 1. A nonlinear analysis is performed with the sum of all armature and PM field sources i.e. (HOP = HPM1 + Hi + HPM2) and the magnetic circuit will operate at point A (BOP, μOP), where for simplicity in Fig. C.1, it is assumed that the field and material properties are equal in all finite elements and H, B, 𝜇 are the magnetic field strength, magnetic flux density, and the permeability of magnetic steel. If a linear analysis is conducted separately with the individual sources (HPM1, Hi, HPM2), the magnetic circuit will operate at B (BPM1, μPM1), C (Bi, μi), and D (BPM2, μPM2), respectively. It is clear that the sum will not be equal to the nonlinear analysis at point A due to their different slopes. However, if the permeability at A is used for the same analyses i.e. when excited with the individual sources, the magnetic circuit operates at E (BPM1, μOP), F (Bi, μOP) and G (BPM2, μOP), respectively. This will give the same results as the nonlinear analysis due to the same permeability.
The average torque separation is calculated by the virtual work principle since the Maxwell stress tensor method cannot separate the average torque components correctly [CHU13]. The average electromagnetic torque is calculated using the dq model in C.1 – C.5, 
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[bookmark: OLE_LINK586][bookmark: OLE_LINK587]where T, NR, 𝜓d(i), 𝜓q(i), 𝜓d(PM1), 𝜓d(PM2), 𝜓q(PM1), 𝜓q(PM2), Ldd(i), Ldq(i), Lqq(i), Id(i), Iq(i), are the electromagnetic torque, d-axis flux-linkage, q-axis flux-linkage, d-axis flux-linkage due to PM1 and PM2, q-axis flux-linkage due to PM1 and PM2, d-axis self-inductance, dq-axis mutual-inductance and q-axis self-inductance. In (C.2 – C.3) the flux-linkage terms due to the on-load armature-field, i.e. ψd(i) and ψq(i) can be further separated into self flux-linkage and mutual flux-linkage components by (C.4 – C.5). This is similar to the conventional permanent magnet machines. However, the flux-linkage components due to the on load PM field will have multiple components, in contrast to conventional PM machines, to account for the different PM sources. These are the 𝜓d(PMn) and 𝜓q(PMn) terms in C. 3 – C. 4, where n is a positive integer. 
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Fig. C.1 Linear analysis of non-linear magnetic circuits using the frozen permeability method.
[bookmark: _Toc438410322]Appendix D:	Prototype Drawings 
The prototype for the HSSPM and SSPM machines is shown in Fig. D.1. A single stator with 12 stator poles and 10/11/13/14 rotor poles and PMs placed in-between the stator teeth. The prototype drawings are shown in Fig.D.2.
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Fig. D.1 Prototype machines with 12-10/11/13/14 stator/rotor poles. (a) 12 pole stator. (b) 10/11/13 and 14 rotor poles.
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Fig. D.2 Prototype machines with 12-10/11/13/14 stator/rotor poles and 25mm stack length. (a) 12 stator poles. (b) 10 rotor poles. (c) 11 rotor poles. (d) 13 rotor poles. (e) 14 rotor poles.
[bookmark: _Toc438410323]Appendix E:	Measurement Methods
[bookmark: OLE_LINK289]E.1 Experimental rig 
The experimental set-up for the open-circuit and static torque tests is shown in Fig. E.1 The method for testing is discussed in the following sub-sections. The equipment utilized to conduct the tests are a lathe machine, oscilloscope, digital weight scale, pre-load weights, and a balanced beam 
E.2 Back-EMF 
For the back-EMF tests the digital scale, preload weights and balanced beam are not required. The machine stator is fixed in the jaws of the lathe machine such that the rotor can be rotated easily and the three phase armature windings are connected to the oscilloscope probes. A hand drill is used to rotate the rotor and the measured back-EMF can be observed and recorded using the oscilloscope.
E.3 Cogging torque and static torque
The measurement of the cogging torque and static torque is similar, the only difference being the excitation with/without currents, respectively. The measurement method described in detail in [ZHU09] has been adopted. The machine stator, which is fixed into the jaws of the lathe machine, is fixed such that it can be rotated freely. The balanced beam is attached to the center of the prototype shaft such that one of its ends rests on the digital scale, Fig. E.1. The pre-load weight is fixed on the beam above the contact point with the digital weight scale. This allows for measurement and recording of different weights on the digital oscilloscope with changing stator position. The torque can then be evaluated from (‘oscilloscope reading’ – ‘pre-load weight’) x (‘arm length’) x 9.81m/s2. Specifically for static torque measurements, the three phase armature windings are excited with DC currents, such that chosen such that ia = IDC and ib = ic = -0.5IDC.
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Fig. E.1 Experimental rig for open-circuit and static torque tests.
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