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With the increasing concerns about the price of rare-earth material, machines with less or no permanent magnet material have been extensively analyzed for application in electrical vehicles (EVs). As one typical magnetless machine, the variable flux reluctance machine (VFRM) is comprehensively investigated in this thesis.
Initially, the operation principle of VFRMs is analyzed based on an analytical torque model. The magnetic gearing effect is revealed to explain both average torque and torque ripple productions due to synchronous, reluctance and cogging torque components. Based on this, the principles of feasible stator/rotor pole combinations and corresponding winding configurations of VFRMs are identified.
Then, the low power factor issue of VFRMs is investigated. By using an analytical model, the relationship between the power factor and the design parameters is identified with three predictable ratios, i.e., rotor permeance, stator/rotor pole ratio and AC/DC winding ampere turns ratio. The weak coupling between AC and DC windings caused by the modulation effect of salient rotor is found to be responsible for the low power factor issue in VFRMs.
Further, a current profiling technique and a rotor shaping technique are proposed for torque density enhancement and torque ripple mitigation, respectively. The current profiling technique utilizes the 2nd harmonic current injection method and is able to boost the the torque density of VFRMs by 20% under all load conditions. The rotor shaping technique eliminates the subharmonics in rotor permeance and is able to mitigate the torque ripple of VFRMs to a negligible level with minor reduction in average torque.
Finally, a design method for VFRMs is illustrated. A fast initial design parameter determination method is proposed by combining the synergies of analytical and FE methods. Then, by using the Toyota Prius IPM machine as benchmark, a 6-stator-slot/4-rotor-pole VFRM and a 12-stator-slot/10-rotor-pole VFRM are designed and evaluated for EV application. The VFRMs are proved to have excellent field regulation capability and wide constant power region, albeit with relatively low peak torque and power density. They are a potential low-cost and high fault tolerance alternative of PM machine in EV propulsion system.
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	Variables
	
	

	Symbol
	Meaning
	Unit

	An
	Amplitude of the n-th armature modulated MMF
	A

	As, Ar
	Amplitudes of stator/rotor MMFs
	A

	Bg
	Airgap flux density
	T

	Bga
	Radial airgap flux density due to armature current
	T

	D0
	Offest distance of the shaping circle
	m

	F
	Magnetomotive force (MMF)
	A

	Fa, Ff
	MMFs of armature and field windings
	A

	Fan
	Amplitude of the n-th armature MMF harmonic
	A

	Ffm
	Amplitude of the m-th field MMF harmonic
	A

	Fm
	Amplitude of the m-th field modulated MMF
	A

	Fs, Fr
	Stator/rotor MMFs
	A

	Fsa, Fsf
	Modulated MMFs of armature and field windings
	A

	g0
	Airgap length
	m

	I0, I1, I2
	DC/1st/2nd current components
	A

	IA, IB, IC
	Currents of phases A, B, C
	A

	Ia, If
	Armature/field currents
	A

	Id, Iq
	d-axis/q-axis currents
	A

	Idc
	DC current
	A

	Ik
	Amplitude of the k-th current component
	A

	Irms
	RMS current
	A

	Ks
	Electrical loading of the current sheet on the stator inner surface
	Am

	kT
	Torque constant coefficient
	-

	kwn
	Winding factor of the n-th harmonic
	-

	L0, Lk
	DC and the k-th components of phase self-inductance
	H

	La
	Self-inductance of armature winding
	H

	Ld, Lq
	d-axis/q-axis inductances
	H

	Lend
	End length of winding
	m

	Lstk
	Machine stack length
	m

	Maf
	Mutual inductance between armature and field windings
	H

	Na, Nf
	Number of turns in series per armature and field coil
	-

	Nc
	Number of turns per coil
	-

	NIratio
	DC/AC winding ampere turns ratio
	-

	Nm
	Iron modulator counts in a magnetic gear
	-

	Nph
	Phase number
	-

	Nr, Ns
	Rotor/stator pole numbers
	-

	Nripple
	Fluctuation counts of torque ripple over one electrical period
	-

	p
	Pole pair number
	-

	Pa, Pf
	Pole pair numbers of armature and field windings
	-

	Pcu
	Total copper loss
	W

	Pcua, Pcuf
	Copper losses of armature/field windings
	W

	pf
	Power factor
	-

	Po, Pi
	Magnet counts of outer/inner rotors in a magnetic gear
	-

	Pratio
	Stator/rotor pole ratio
	-

	Ps, Pr
	Pole pair numbers of stator/rotor MMFs
	-

	R
	Phase resistance
	Ω

	Ra
	Radius of rotor shaping circle
	m

	Rro
	Radius of outer rotor
	m

	Rsi
	Radius of stator inner surface
	m

	t
	time
	s

	Tavg_01
	Average torque generated by DC+1st currents
	Nm

	Tavg_012
	Average torque generated by DC+1st+2nd currents
	Nm

	Tavg_all
	Average torque of VFRM with arbitrary harmonic currents
	Nm

	Tavg_rec
	Average torque generated by rectangular current
	Nm

	Tc_avg
	Average value of cogging torque
	Nm

	Tc_ripple
	Ripple of cogging torque
	Nm

	Te
	Electricmagnetic torque
	Nm

	Te_avg, Te_ripple
	Average value and ripple of electromagnetic torque
	Nm

	Tep
	Electricmagnetic torque component
	Nm

	Tr_avg
	Average value of reluctance torque
	Nm

	Tr_ripple
	Ripple of reluctance torque
	Nm

	Ts, Tr, Tc
	Synchronous/reluctance/cogging torques
	Nm

	Ts_avg
	Average value of synchronous torque
	Nm

	Ts_ripple
	Ripple of synchronous torque
	Nm

	Ud, Uq
	d-axis and q-axis voltages
	V

	Wa,Wb,Wc
	Winding functions of phases A, B, C
	-

	Wf
	Winding function of field winding
	-

	Wt
	Width of stator tooth
	m

	α1, α2
	Initial angles of the 1st/2nd current components
	deg.

	αo, αi
	Initial angles of outer/inner rotors in a magnetic gear
	deg.

	αs, αr
	Initial angles of stator/rotor MMFs
	deg.

	βk
	Intial phase of k-th component of phase self-inductance
	deg.

	βr
	Rotor slot opening ratio
	-

	βs
	Stator slot opening ratio
	-

	δ
	Equvilent airgap length
	m

	δk
	Initial angle of the k-th airgap permeance component
	deg.

	θ
	Mechanical angle
	deg.

	θa0
	Advanced current angle
	deg.

	θr
	Rotor pole pitch
	deg.

	θr0
	Rotor initial position
	deg.

	θs
	Stator slot pitch
	deg.

	Λ
	Airgap permeance
	H/m2

	λ
	Split ratio
	-

	Λ0
	Average airgap permeance
	H/m2

	Λ1
	Fundamental airgap permeance component
	H/m2

	Λk
	Amplitude of the k-th airgap permeance component
	H/m2

	Λr
	Radial airgap permeance with slotted rotor and slotless stator
	H/m2

	Λr0, Λrk
	Amplitudes of DC/k-th rotor permeance components
	H/m2

	Λratio
	Rotor permeance ratio
	-

	Λs
	Radial airgap permeance with slotted stator and slotless rotor
	H/m2

	Λs0, Λsk
	Amplitudes of DC/k-th stator permeance components
	H/m2

	μ0
	Vacuum permeability
	H/m

	ρcu
	Resistivity of copper
	Ωm

	φ
	Angle between voltage and current vectors
	deg.

	ΦAa, ΦAf
	Flux linkages of phase A due to armature and field currents excitation alone
	Wb

	ΦAa-1, ΦAf-1
	Fundamental components of flux linkages of phase A due to armature and field currents excitation alone
	Wb

	Φd, Φq
	Flux linkages of d-axis and q-axis
	Wb

	Φf
	Flux linkage generated by field winding
	Wb

	ΦPM
	Flux linkage generated by permanent magnet
	Wb

	ωe
	Electrical rotating speed of rotor
	rad/s

	ωh
	Amplitude of the h-th component in winding function
	-

	Ωk
	Mechanical rotating speed of the k-th airgap permeance component
	rad/s

	Ωm
	Mechanical rotating speed of iron modulator in a magnetic gear
	rad/s

	Ωo, Ωi
	Mechanical rotating speeds of outer/inner rotors in a magnetic gear
	rad/s

	Ωr
	Rotor mechanical rotating speed
	rad/s

	Ωs
	Mechanical rotating speed of stator MMFs
	rad/s



	Abbreviation
	

	BLDC
	Brushless DC

	EV
	Electrical vehicle

	FEA
	Finite element analysis

	FSPM
	Flux switching permanent magnet

	IM
	Induction machine

	IPM
	Interior permanent magnet

	MMF
	Magnetomotive force

	PM
	Permanent magnet

	RWFSM
	Rotor-wound-field synchronous machine

	SPM
	Surface mounted permanent magnet

	SRM
	Switched reluctance machine

	SWFSM
	Stator-wound-field synchronous machine

	SynRM
	Synchronous reluctance machine

	VFRM
	Variable flux reluctance machine

	VRM
	Vernier reluctance machine
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Since James Watt invented the first steam engine in 1781, the entire world has been dramatrically changed by the industrial revolution. The application of fuel engine in traction system has greatly accelerated the progress of human civilization in past centuries. People are able to transport goods and travel around the world in an extremely fast speed. However, with the increasing concerns about the environmental and energy issues, a growing number of electric traction systems have been applied, including the fast developing electrical vehicle (EV) industry.
As the key device to convert electric energy to mechanical energy in EVs, the electrical machines are of significant importance. The history of electrical machines can be back to 1834, when Jacobi invented the first direct current machine. Then, in late 1880s, Ferraris and Tesla invented the first induction machine (IM). Later on, a vast variety of electrical machines have been developed, e.g., permanent magnet synchronous machine (PMSM), rotor-wound-field synchronous machine (RWFSM), switched reluctance machine (SRM), synchronous reluctance machine (SynRM), brushless DC (BLDC) machine. Different electrical machines have their unique features and can be used in different applications.
For EV application, high power/torque density, wide speed range and high efficiency are three essentials of its propulsion system [CHA02][JAH02]. To meet these requirements, IMs are good options since they are the most mature electrical machines with high reliability and low cost [RAJ94][DOR12a]. They have already been used by Renault, Chevrolet, Daimler Chrysler, BMW, Tesla and GM in their products. However, considering the thermal issue of rotor and relatively low EV propulsion system efficiency of IMs, the interior permanent magnet (IPM) machines are also good candidates for EV propulsion system [ZER06][WAN12a]. Good performance is achieved with IPM machine in some existing products, e.g., Toyota Prius, Nissan Leaf and Honda Insight. Nevertheless, due to the dependence of high energy rare-earth magnets, IPM machines also suffer from some inevitable drawbacks, e.g., limited resource of rare-earth material, high manufacture cost, risk of irreversible demagnetization and prone to high temperature. To address these drawbacks, researches are focused on reducing the magnet usage in electrical machines for EVs recently. In general, four methods can be potentially applied: The first one is to increase the operation speed of IPM machines. With this method, smaller output torque is required to generate the same output power and the magnet usage can be reduced. However, the larger mechanical stress in rotor and the higher excitation frequency are two issues to be addressed. The second one is to optimize rotor structure or use multiple magnetic barriers in rotor. The purpose of this method is to enhance the reluctance torque proportion in IPM machines and therefore reduce the magnet usage. However, the mechanical stress and manufacture technique of rotor will be more challenging. The third method is the application of novel winding technique, e.g. hairpin winding [POP18]. This method can help the heat dissipation in stator and boost power density. As a result, the magnet usage can be reduced. The last method is to use other kinds of electrical machines with less or no magnet [BOL14][DOR14]. Recently, many magnetless machines, including rotor-wound-field synchronous machines (RWFSMs) [CHU14][CHU15][ROS06][DOR12b], switched reluctance machines (SRMs) [KIY12a][KIY12b][CHI11][SZA14][TAK12] [WID13], synchronous reluctance machine (SynRMs) [AZA14][OOI13][GUA14b] [FER15][TRA18], vernier reluctance machines (VRM) [TAB06], stator-wound-field flux switching machines (SWFFSMs) [ZUL10][CHE10a], and variable flux reluctance machines (VFRMs) [FUK10][LIU12a] have been extensively investigated.
This chapter will firstly introduce the topologies and features of different electrical machines for EV applications. Then, the development of VFRMs, which will be comprehensively invesitigated and evaluated for EV application in following chapters, will be illustrated. Further, a general theory is established to help the understanding of the torque production mechanism in different electrical machines. Finally, the outline and main contributions of this thesis will be illustrated.


[bookmark: _Toc507262683][bookmark: _Toc507264751][bookmark: _Toc513712460]1.1 Electrical Machines for Electrical Vehicle Application
The electrical machines can be generally categorized into three types: PM machine, Hybrid-PM machine and Non-PM machine. Each type of electrical machine contains several machine topologies, as shown in Fig. 1.1. This section will briefly review the advantages and disadvantages of all these machines for EV application.
[image: ]
Fig. 1.1. Electrical machines for EV application.
[bookmark: _Toc507262684][bookmark: _Toc507264752][bookmark: _Toc513712461]1.1.1 PM machine
PM machines are strong candidates for EV propulsion system due to their excellent performance. According to the arrangement of magnets, four PM machines, i.e., surface mounted PM (SPM) machine, IPM machine, flux switching PM machine, memory PM machine are reviewed for EV application.
A. SPM machine
Fig. 1.2 presents the topology of SPM machine. The structure is simple and compact. All the PMs are mounted on the surface of rotor. The torque equation of SPM is given by (1.1). It can be seen that there is only synchronous torque in SPM machine, which simplifies its control scheme.
	

	(1.1)


where p is pole pair number; Φd is the d-axis flux-linkage; Iq is the q-axis current.
[image: ]
Fig. 1.2. Structure of SPM machine.
The features of SPM machine can be concluded as:
(a) SPM has compact structure. However, for high speed operation, the retaining of PMs may be a problem. Additional sleeve is required in this case, which will reduce the electromagnetic performance due to the increase of equivant  airgap length.
(b) Large magnet volume consumption, which will increase manufacture cost.
(c) The field generated by armature reaction is synchronous with rotating rotor, which leads to low iron loss in rotor. However, the PMs are exposed to the airgap, which will lead to large PM eddy current loss due to the existence of flux leakage and subharmonic airgap field. To reduce the PM eddy current loss, segmented magnet structure can be applied, albeit with increased manufacture cost.
(d) As a propulsion machine for EVs, wide operation speed range is an essential condition. Since the PMs are mounted on the rotor outer surface, the equvilent airgap length of SPM machine is relatively large, which will lead to small d-axis inductance. Finally, the flux weakening capability of SPM machine is relatively weak, as proved in [PEL12a] and [RON16].
(e) Risk of partial demagnetization in magnet at fault condition.
By making use of these features, SPM is a potential candidate for EV application. In [WAN13], a SPM motor with concentrated windings is designed for EV propulsion system. The designed machine satisfies the performance requirement of New European Drive Cycle (NEDC). However, as reported in [PEL12a], [RON16] and [WAN12b], the relatively weak flux weakening capability and large PM losses at high speed of SPM machine, as well as the retaining of rotor PMs, are the main constraints for its application.
B. IPM machine
The IPM machine is reported as the primary choice for EVs due to its excellent performance [ZER06][WAN12a]. Due to the salient rotor design, the output torque is a combination of synchronous torque and reluctance torque in IPM machine. Its torque equation is given by (1.2). Since Ld is smaller than Lq, the peak average torque of IPM machine is achieved when Id<0.
	

	(1.2)


where ΦPM is the flux linkage generated by PMs; Ld and Lq are the inductances of d-axis and q-axis, respectively; Id and Iq are the d-axis and q-axis currents.
[image: ]
Fig. 1.3. Structure of IPM machine.
The features of IPM machine can be concluded as:
(a) High torque/power density with relatively small magnet volume.
(b) The PMs are buried in the rotor, which, in addition to the potential rotor retaining, reduces the risk of demagnitization and PM eddy current loss.
(c) Compared with SPM machine, IPM machine has significantly smaller airgap length and larger d-axis inductance, which boost the flux weakening capability of IPM machine.
(d) Due to the salient rotor structure, the airgap magnetic field will be modulated and flux linkage in rotor will switch with the rotor position. This will result in large iron loss in rotor. Since the heat is relatively hard to be dissipated from the rotor and PMs are prone to high temperature operation, cooling system should be carefully designed for IPM rotor.
(e) Although the V-shape arrangement of PMs can help the flux focus in IPM machine, the good performance of IPM machine is achieved when the magnetic bridges are saturated. To ensure this, the magnetic bridges should be designed as thin as possible, which will leads severe mechanical stress problem in rotor at high speed operation. Although sleeve can be added to the outer rotor to address this problem, the airgap length is also expanded, which will significantly reduce the torque density.
(f) The rotor structure of IPM machine is complicated and high energy PMs are required, which will increase manufacture cost.
Overall, the IPM machine is a good option for the propulsion system of EVs with high torque/power torque and wide operation speed range. However, careful attention should be paid on the design of cooling system and mechanical stress of rotor.
C. Flux switching PM machine
As mentioned above, PMs are prone to high operation temperature. Since the heat is more easily to be dissipated from stator than from rotor, the PMs can also be located in stator, yielding flux switching PM (FSPM) machine [RAU55][HOA97]. The topology of FSPM machine is shown in Fig. 1.4. Although FSPM machine has salient rotor structure, the output torque of FSPM machine is mainly from the PM excitation torque rather than reluctance torque, as reported in [ZHU10]. Hence, FSPM machine is also a PM synchronous machine.
The features of FSPM machine can be concluded as:
(a) All the PMs are located in the stator, leaving a simple and robust rotor, which is good for high speed operation.
(b) The stator is segmented and good for modular manufacture.
(c) The flux linkages generated PMs and armature reaction are in parallel, which protects the PMs from demagnetization.
[image: ] 
Fig. 1.4. Structure of FSPM machine [CHE10b].
(d) The stator slot area is limited due to area occupation of PMs in the stator. This will lead to larger phase resistance and constrainted electrical loading.
(e) Due to the salient rotor structure, the airgap magnetic field will be modulated and the flux linkages are switching in rotor. This will lead to large iron loss in rotor.
(f) From the excitation frequency point of view, one rotor tooth in FSPMM is equivalent to one pole pair in IPM machine. Hence, at the same operation speed, the requirement of excitation frequency in FSPM machine is higher than that of IPM machine. This will increase the inverter cost of EVs.
Overall, FSPM machine has unique stator-located PMs and robust rotor. However, the large rotor pole pair number increases the requirement of switching frequency of inverter. Also, the large iron loss at high speed operation will suppress the efficiency. Therefore, FSPM machine is of relatively low priority to be the main propulsion machine of EVs. Nevertheless, it can also be used in some specific applications in EVs with proper stator and winding configurations [ZHA15][CHE10b].
D. Memory machine
For SPM, IPM and SFPM machines, a common problem is that their magnetic fields generated by PMs can only be regulated by d-axis current. As a result, the output power and efficiency at flux weakening region is suppressed. One solution to this issue is the application of memory machine [OST03][YU11]. Memory machines employ low coercivity magnet (AlNiCo) to generate a controllable magnetic field, which can be used to boost flux regulation capabity of PM machines at flux weakening region. Fig. 1.5 presents one topology of SFPM memory machine. As can be seen, AlNiCo PMs are placed at outside of original stator of SFPM machine. Also, additional magnetizing winding are placed to control the magnetization direction of AlNiCo magnet with a current pulse, providing better efficiency flux regulation capability to the original SFPM machine.
[image: ]
Fig. 1.5. Structure of SFPM memory machine [LIU14].
The features of memory machine can be concluded as:
(a) The additional low coercivity magnet signifiacantly improves the flux regulation capability of PM machines, which will offer higher output power and efficiency over the operation speed range.
[bookmark: _GoBack](b) The arrangement of AlNiCo and magnetizing coils will make the machine structure more complicated and increase manufacture cost.
(c) A large amplitude current pulse is required for the magnetization and demagnetization of AlNiCo magnets, which needs additional current control module in the control system and increase cost.
Overall, the memory machine is able to provide high efficiency and output power over a wide speed range. However, the increased cost in manufacture and control system should be considered for its application in EVs [YU10][YAN14][ZHU11].
[bookmark: _Toc507262685][bookmark: _Toc507264753][bookmark: _Toc513712462]1.1.2 Hybrid-PM machine
As mentioned above, the PM machines have excellent electromagnetic performance due to the dense magnetic field generated by high-energy magnets. However, these are achieved at a cost of high manufacture cost and relatively weak field regulation capability. To improve this, the field winding or low-cost magnet (ferrite) are used for assisting field regulation, yielding hybrid-PM machines. In this section, three types of hybrid-PM machine, i.e., PM-assisted synchronous reluctance machine (PMa-SynRM), PM-assisted rotor-wound-field synchronous machine (PMa-RWFSM), PM-assisted stator-wound-field synchronous machine (PMa-SWFSM), will be reviewed for EV application.
A. PM-assisted synchronous reluctance machine
The structure of PMa-SynRM is quite similar to that of IPM machine, as shown in Fig. 1.6. However, it has multi-layer magnetic barriers to enhance the rotor salience and reluctance torque. Also, ferrite is placed in the magnetic barriers to generate an extra exciting magnetic field and boost torque density.
[image: ]
Fig. 1.6. Structure of PMa-SynRM.
The features of PMa-SynRM can be concluded as:
(a) The multi-layer magnetic barrier structure significantly improves the salience of rotor. As a result, the reluctance torque has the dominant proportion in torque production of PMa-SynRM.
(b) The assisting PMs are made by low-cost ferrite material rather than rare-earth material, which reduces the manufacture cost. Meanwhile, the existence of PMs also boosts the torque density of PMa-SynRM. It is reported in [GUA14b] and [VAG12] that the PMa-SynRM is able to compete with IPM machine in terms of peak torque density. It is also possible to use a small amount of rare-earth magnet to replace the ferrite magnet.
(c) Since the magnetic field generated by ferrite magnet is not as large as that generated by high energy magnet (NiFeB), smaller d-axis current is required for flux weakening. Hence, the PMa-SynRM is able to produce even higher output power than IPM machine at high speed region.
(d) The multi-layer magnetic barrier design will result in mechanical stress challenge in rotor. Although sleeve can be added to strengthen the rotor for high speed operation, the airgap length will be enlarged and reluctance torque will be dramatically mitigated with this method. Therefore, special attention should be paid on the mechanical stress evaluation during the design of PMa-SynRM.
(e) Due to the salient rotor and airgap field modulation effect, there is large iron loss in rotor, which will reduce its efficiency.
(f) The rotor structure is complicated, which leads to large number of variables during design. On one hand, this feature makes it more flexible to boost torque density and reduce torque ripple by optimizing structural parameters. On the other hand, this feature also increases the design complexity. Advanced design methods are required to boost the design speed.
Overall, PMa-SynRM is a promising candidate to replace PM machine in EV propulsion system. Several successful designs of PMa-SynRM are reported for EVs in [OOI13] and [CHE12]. However, the performance of PMa-SynRM can still be improved in terms of mechanical stress and large iron loss with advanced technique and novel rotor structure design.
B. PM-assisted rotor-wound-field synchronous machine
The rotor-wound-field synchronous machine (RWFSM) is a conventional machine with strong magnetic field regulation capability. However, its output torque is suppressed by the thermal constraint and severe saturation in rotor [HUA16]. To enhance the electromagnetic performance of RWFSM, the PMa-RWFSM is developed in [YAM10], as shown in Fig. 1.7. The assist PMs are located between adjacent rotor pole shoes.
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Fig. 1.7. Structure of PMa-RWFSM [HUA16].
The features of PMa-RWFSM can be concluded as:
(a) The PMa-RWFSM inherits the good flux regulation capability of RWFSM due to the existence of field winding. The back-EMF, power factor and output power can be easily adjusted by changing DC current. 
(b) The rotor-located PMs can help the saturation alleviation in rotor, which will eventually lead to an improvement in output torque. Moreover, the flux path of assist-PMs are short circuited in rotor and in parallel with the flux path of field winding, which prevent the PMs from irresversible demagnitization.
(c) The excitation of field winding needs slip-ring and brush, which will cause maintenance issue.
(d) The copper loss generated by field winding will lead to thermal issue in rotor and suppress efficiency. Since PMs are prone to high temperature operation, the rotor temperature should be carefully treated in the application of PMa-RWFSM.
Overall, PMa-RWFSM can reach comparable output torque and power as PM machine. Moreover, the excellent flux regulation capability assigns PMa-RWFSM wide operation speed range. However, the need to provide field current into the rotor, e.g. via a brushless exciter or via slip-rings and brushes could be a major drawback, particularly the latter. Nevertheless, by applying advanced techniques, e.g., self-exciter of field winding, the PMa-RWFSM is a promising candidate for EV application.
C. PM-assisted stator-wound-field synchronous machine
In PMa-RWFSM, the rotor-located field winding results in the requirement of slip-ring and brush. To address this issue, the field winding and assist-PMs can also be placed in the stator, yielding PM-assisted stator-wound-field synchronous machine (PMa-SWFSM) [AFI15][AFI16], as shown in Fig. 1.8.
[image: ]
Fig. 1.8. Structure of PMa-SWFSM [AFI15].
The features of PMa-SWFSM can be concluded as:
(a) The PMa-SWFSM has compact and robust rotor structure, which is good for high speed operation. Also, the stator-located field winding avoids the requirement of slip-ring and brush.
(b) At open-circuit condition, the flux path of assist-PMs are short-circuited in the stator. Hence, there is no radial force on the rotor, which is good for the machine assembly.
(c) The flux path of PMs are in parallel with that of armature reaction, which prevents the PMs from demagnetization. Also, the assist-PMs can help saturation alleviation in stator and provide exciting magnetic field under large electric loading condition, which will boost the overload capability of PMa-SWFSM.
(d) The existence of field winding makes it flexible to adjust back-EMF and output power, which will help extend the operation speed range of PMa-SWFSM. However, the peak torque density and power factor of PMa-SWFSM are relatively lower than those of PM machines.
(e) The PMs can act as the slot wedges, which will save the space of stator. However, the stator slot area of armature and field windings are also suppressed due to the space occupation of PMs.
(f) The operation principle of PMa-SWFSM are based on the airgap field modulation effect. The exciting fields generated by field winding and PMs are modulated by the salient rotor and generate the back-EMF in armature winding. In this case, the rotor flux linkage will be switching with the rotor position. Therefore, large core loss exists in both stator and rotor.
(g) The PMs are placed close to armature winding, which will lead to thermal issue since PMs are prone to high temperature.
Overall, the PMa-SWFPM provide good flux regulation capability and does not involve slip-ring and brush. However, the relatively low torque density makes it less attractive for EV application.
[bookmark: _Toc507262686][bookmark: _Toc507264754][bookmark: _Toc513712463]1.1.3 Non-PM machine
Although PM machines and hybrid-PM machines are good candidates for propulsion system of EVs, most of them require high-energy magnets to achieve the excellent performance. Due to the inceasing concerns about the limited resource of rare-earth material and relatively high price of PMs, more and more EV producer tends to use electrical machines without magnets. A vast varity of non-PM machines have been extensively investigated for potential application in EVs recently. This part will briefly review five types of non-PM electrical machines, i.e., induction machine (IM), switched reluctance machine (SRM), synchronous reluctance machine (SynRM), Rotor-wound-field synchronous machine (RWFSM) and stator-wound-field synchronous machine (SWFSM).
A. Induction machine
IMs have mature machine design techniques and control methods. They have been chosen as the propulsion machine in EVs, as reported in [DOR12a] and [KIM04]. Fig. 1.9 shows the topology of a copper cage IM. It has compact structure and does not involve PMs.
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Fig. 1.9. Structure of IM [DOR12].
The features of IMs can be concluded as:
(a) IM has good overload capability and high peak power/torque density. At low speed, its peak torque is just comparable to PM machines [PEL12b][YAN15] [ZHU17c]. 
(b) Due to the good flux regulation capability, IM is able to generate even higher output power than PM machines at high speed region [GUA14a].
(c) The power factor of IM is relatively low, which results in higher inverter capacity requirement for IM drive system [DOR12a].
(d) The large copper loss in IM rotor leads to low efficiency issue at low speed region and thermal problem.
(e) Although IM does not have PMs, it requires larger mass of copper than regular electrical machines, which will incease the machine weight and cost.
Overall, IM is a promising candidate, which does not involve rare-earth material, for EV propulsion system. Nevertheless, the thermal issue and low efficiency of IMs need to be improved with advanced design and manufacture techniques for EV applications.


B. Switched reluctance machine
SRM is known to be a low-cost electrical machine, as shown in Fig. 1.10. Although the PM machines and IMs are two dominant choices for EVs, the Land Rover employs the SRM to their product in 2014 [DOR14]. Recently, with the development of advanced lamination material, the SRMs also attract much research attention. In [KIY12a], [KIY12b], [CHI11], [SZA14], [TAK12] and [WID13], the possibility of applying SRMs to EVs is investigated. The SRM machine is found to be a competitive candidate in comparison with PM machine.
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Fig. 1.10. Structure of SRM [KIY12a].
The features of SRMs can be concluded as:
(a) SRMs have simple core structure and compact concentrated winding, which is easy for manufacture and assembly. Moreover, the fault tolerance can be improved, which allows them to work under harsh environment and high temperature.
(b) The simple SRM rotor is suitable for high speed operation. Moreover, SRM can be driven by voltage control, which is also good for high speed case. However, large inverter capacitors are required for drive system due to its low power factor.
(c) Due to the doubly-salient structure, there is large iron loss in both stator and rotor, which eventually leads to low efficiency in SRM. Good lamination material is required to improve the efficiency of SRM. 
(d) The vibration and acoustic noise are known to be critical issues in SRM. Threrefore, stator/rotor shaping design and current profiling technique are required to improve the acoustic noise performance.
Overall, the SRM is a promising low-cost electrical machine for EV application, especially for high fault tolerance requirement situation. However, attention should be paid on the vibration and noise reduction and iron loss mitigation in SRM design.
C. Synchronous reluctance machine
SynRM has similar structure as IPM machine, except for the absence of PMs and employment of multi-layer magnetic barriers in rotor, as shown in Fig. 1.11. Compared with IPM machine, there is only reluctance torque in SynRM, which leads to the requirement of the multi-layer magnetic barrier structure to enhance the salience of rotor. 
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Fig. 1.11. Structure of SynRM [GUA14b].
The features of SynRM can be concluded as:
(a) As a non-PM machine, SynRM has no braking torque in case of short-circuit fault and no cogging torque.
(b) Compared with PM machine, SynRM suffers from relatively low peak torque/power density and power factor, which are even slightly lower than IMs [ZHU17c].
(c) Due to the salient rotor structure, there is large iron loss in rotor, which suppress its efficiency at high speed region. However, the rotor is constructed by laminations only, which enables it to operate at relatively high temperature.
(d) The multi-layer magnetic barriers increase the manufacture cost and design complexity. Moreover, the thin magnetic bridges of barriers will result in a challenge in mechanical stress constraint for high speed operation [BAB18].
Several attempts of applying SynRM to EVs are reported in [GUA14b] and [FER15]. It is concluded that the relatively low torque density and power factor are two constraints of its application. Therefore, the PMa-SynRM is more recommonded to improve the electromagnetic performance for EVs.
D. Rotor-wound-field synchronous machine
The RWFSM is a conventional electrical machine, which has inherent flux regulation capability. Fig. 1.12 presents the structure of RWFSM. It has field windings wound on the rotor poles, which need external slip-ring and brush for excitation. Since RWFSM does not involve PMs, it has been used in the products of Renault and Continental as an alternative to PM machines [ELR13][ROS06] [DOR12b].
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Fig. 1.12. Structure of RWFSM.
The features of RWFSM can be concluded as:
(a) The most obvious advantage of RWFSM is its controllable field excitation, which makes it flexible to adjust output power, back-EMF and power factor using control method. Also, this feature significantly boosts its performance at high-speed operation region. In [CHU14], it is confirmed that a wider constant power speed range is achieved in RWFSM than IPM machine..
(b) Due to the existence of field winding, there is copper loss in RWFSM rotor, which can be as large as that of IM [DOR12a]. To avoid the overheat of rotor, attention should be paid to the thermal issue during design.
(c) The requirement of brush leads to space and maintenance issue. To address this problem, the utilization of brushless exciter is a possible solution [NON92][FUK99]. However, the control scheme of field current becomes complicated and less efficient.
(d) The efficiency and peak torque density of RWFSM is relatively low.
Overall, the RWFSM is a Non-PM machine with excellent flux regulation capability. It is a promising alternative of PM machine in EV application. However, advanced technique should be developed to address the slip-ring/brush issue and further improve the efficiency of RWFSM.
E. Stator-wound-field synchronous machine
In RWFSM, the rotor-located field winding leads to additional requirements of slip-ring and brush in drive system. To avoid this, the field winding can be moved from rotor to stator, yielding stator-wound-field synchronous machine (SWFSM). Fig. 1.13 presents one typical SWFSM, i.e., stator-wound-field flux switching machine [CHE10a][ZHU15]. It can be seen that the field winding is located at the stator. The magnetic field generated by field winding is modulated by the salient rotor and generating back-EMF in aramature winding.
[image: ]
Fig. 1.13. Structure of SWFSM [CHE10].

The features of SWFSM can be concluded as:
(a) The stator-located field winding avoids the requirement of slip-ring and brush. Also, the heat generated by the windings can be easily dissipated from the stator.
(b) The controllable field current provides good flux regulation capability in SWFSM. As a result, good flux weakening performance can be achieved.
(c) The rotor has simple and robust structure, which allows it to work at high speed and high temperature situations.
(d) The magnetic field is switching in the rotor, which leads to large iron loss and low efficiency at high speed operation.
(e) The modulation effect of salient rotor leads to weak coupling between armature and field windings, which eventually results in low power factor issue in SWFSM.
(f) The field winding occupies large stator slot area, which constraits the area for armature winding. Finally, the torque density of SWFSM is also suppressed.
(g) The stator is easy to be saturated due to the co-existence of magnetic fields generated by field and armature winding, which will affect the overload capability of SWFSM.
Overall, the SWFSM provides a solution to avoid the requirement of slip-ring and brush for field winding excitation. Meanwhile, it also has excellent flux regulation capability as RWFSM. These features are good for its application in EVs. However, further research should be carried out on improving its torque density and power factor.


[bookmark: _Toc507262687][bookmark: _Toc507264755][bookmark: _Toc513712464]1.2 Development of Variable Flux Reluctance Machines
[bookmark: _Toc507262688][bookmark: _Toc507264756][bookmark: _Toc513712465]1.2.1 Machine topology
In Section 1.1, different electrical machines have been reviewed for EVs. It is found that many non-PM machines are potential alternatives of PM machine with excellent flux regulation capability, low cost and good fault tolerance. This thesis will focus on a newly developed non-PM machine, i.e., variable flux reluctance machine (VFRM).
The development of VFRM originates from [OJO97], where a dual-winding reluctance machine (DWRM) is introduced. DWRM has one set of power winding and one set of control winding, which are fed by a balanced three-phase voltage source and a dc voltage source, respectively. Both windings are located on the stator. The rotor is in salient type for airgap field modulation. Then, based on the operation principle of DWRM, a 24-stator-slot/16-rotor-tooth (24s/16r) low-speed multi-pole synchronous machine is developed in [FUK10] and [FUK12], as shown in Fig. 1.14. The armature and field windings are both located in stator and in concentrated type. The machine has simple and compact structure. In addition, good field regulation capability is achieved in a brushless type.
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Fig. 1.14. Structure of multi-pole synchronous machine [FUK10].
Then, in [LIU12a], the VFRM is developed from the current harmonic analysis of SRM. The derivation procedure is as follows. Fig. 1.15 shows the topology and winding configuration of a 6s/4r SRM. It is excited by a unipolar rectangular current profile with an ideal conduction angle of 120 electrical degree, as shown in Fig. 1.16.
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Fig. 1.15. Structure and winding configuration of 6s/4r SRM.
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(a) Phase current
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(b) Spectrum


Fig. 1.16. Current profile and corresponding spectrum of 6s/4r SRM. 
It can be seen that the current profile of SRM contains all the harmonics except those with order number of 3, 6, 9…. Further, by eliminating the higher order current harmonics from the original rectangular current profile, two current profiles, which only contain DC+1st and DC+1st+2nd harmonics, are obtained, as shown in Fig. 1.17(a). Then, by using finite element analysis, Fig. 1.17(b) shows the average torque productions of these three current profiles. It can be seen that the average torque of DC+1st+2nd harmonic currents is equivalent to that of original square current profile, indicating the fact that the torque production of SRM is mainly contributed by DC, 1st and 2nd current components. Moreover, the interaction between DC and 1st currents contributes to the majority of the average torque [ZHU17a]. Inspired by this phenomenon, the VFRM is developed, as shown in Fig. 1.18.
	[image: ]
(a) Phase current
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(b) Torque production


Fig. 1.17. Current profiles and corresponding average torque production of 6s/4r SRM.
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Fig. 1.18. Structure and winding configuration of 6s/4r VFRM.
The core structure of VFRM is exactly the same as SRM. However, it is excited by DC and 1st current harmonics only. The original concentrated winding of SRM is therefore split into two sets of windings, i.e., DC-excited field winding and AC-excited armature winding. The VFRM has simple core structure and compact winding configuration, which ensure the robustness and high fault tolerance. Moreover, the splitted DC and AC windings provide the flexibility in current control. The AC current can be supplied by a commercial three-phase inverter with vector control scheme, whilst the DC current can be controlled directly by DC power supply or by external PWM module. These feature helps the flux regulation for machine operation at various load and speed conditions. Moreover, as proved in [LIU12b], the vibration and acoustic noise of VFRM is significantly lower than those of SRM due to the elimination of high order current harmonics.
Another impressive feature of VFRM is the flexibility in rotor tooth number selection. In SRM, the stator/rotor pole number selection is governed by (1.3) [MIL01][LAW80].
	

	(1.3)


where Nr is the rotor tooth number, Ns is the stator tooth number, Nph is the phase number.
However, the rotor pole number can be selected from all the integers except the multiple of phase number [LIU12c], i.e.,
	

	(1.4)


Fig. 1.19 presents the structure and winding configurations of 6s/4r, 6s/5r, 6s/7r and 6s/8r VFRMs. It can be seen that the configurations of field winding are identical in these four machines, whereas the polarity of armature windings are different. The relationship between stator/rotor pole combination and winding configuration will be investigated in detail in Chapter 3.
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(a) 6s/4r
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(b) 6s/5r
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(c) 6s/7r
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(b) 6s/8r
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Fig. 1.19. Structure and winding configuration of 6s/4r, 6s/5r, 6s/7r and 6s/8r VFRMs.

[bookmark: _Toc507262689][bookmark: _Toc507264757][bookmark: _Toc513712466]1.2.2 Operation principle
The operation principle of VFRMs is based on the airgap flux modulation. Taking the 6s/4r VFRM for example, its field winding is configured into 3 pole pairs whilst the armature winding is configured into 1 pole pair. The MMF spatial harmonics of field and armature windings are listed in Table 1.1.
[bookmark: OLE_LINK30]TABLE 1.1
Spatial Harmonic Contents of Armature and Field Windings for 6s/4r VFRM
	Windings
	Spatial harmonic order
	Rotating speed

	Armature winding
	1, 7, 13…
	Ωr

	
	5, 11, 17…
	-Ωr

	Field winding
	3, 9, 15…
	0
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Fig. 1.20. Operation principle of 6s/4r VFRM.
Since the rotor is in salient type, all the spatial harmonics of MMFs will be modulated. The modulation effect of salient rotor on the 3rd spatial harmonic of field winding is presented in Fig. 1.20. Two magnetic fields with 1 and 7 pole pairs are generated. The rotating speeds of both fields are synchronous with rotor. Since the winding factors of 1st and 7th MMF harmonics in armature winding are not zero, these two magnetic field will generate fundamental back-EMF component in armature winding and eventually lead to average torque production. This is the operation principle of VFRMs.
[bookmark: _Toc507262690][bookmark: _Toc507264758][bookmark: _Toc513712467]1.2.3 Control scheme
Fig. 1.21 shows the control circuits of VFRM [LIU12c]. The control of armature winding is exactly the same as conventional synchronous machine. The vector control module and standard three-phase commercial inverter are employed. The field winding can be controlled either by a DC power supply or by an external DC current control module with H-bridge converter.
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(a) Control circuit with DC power supply
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(b) Control circuit with external DC current control module


Fig. 1.21. Control circuits of VFRM.
Although the stator-located field winding avoids the requirement of slip-ring and brush for excitation, it also leads to large phase resistance due to the limited slot area for both armature and field windings in stator, which finally constraints the electric load and torque density of VFRMs. To address this problem, an open-winding control method is proposed in [ZHU16] and [ZHU17b], as shown in Fig. 1.22. Two inverters are used to generate a sinusoidal current with DC offset. All the terminals of the phase winidngs are open and connected to two separate bridge legs. In this case, the original AC and DC windings can be combined into one integrated AC+DC winding, as shown in Fig. 1.23. With this method, the phase resistance is reduced and the electric load can be enhanced. Moreover, it is proved in [ZHU16] that the operation speed range of VFRM can be significantly extended with the same DC bus voltage.
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Fig. 1.22. Open-winding control circuit of VFRM.
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(a) Conventional VFRM
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(b) VFRM with open-winding control


Fig. 1.23. Comparison of VFRM with and without open-winding control.
[bookmark: _Toc507262691][bookmark: _Toc507264759][bookmark: _Toc513712468]1.3 General Torque Production Mechanism for Electrical Machines
The torque production mechanism has always been a hot research point over the history of electrical machines. Many theories have been proposed to explain the underlying operation principle of electrical machine, e.g., rotating magnetic field theory [HAN25], two-reaction theory [DOH26][PAR29], magnetic equivalent circuit theory [FIE73], flux-MMF diagram based unified theory of torque production [STA94], winding function theory [LIP12]. All these theories can help the understanding of the energy conversion in conventional electrical machines. However, with the fast developing electrification of the world, a vast varity of novel electrical machines topologies and control strategies have been proposed to meet the requirements of various applications. It is essential to have a general torque production mechanism to assist the invention, design and control of these newly-emerged electrical machines. By synthesizing the conventional theories, a simplified torque production mechanism theory is introduced in this section based on the magnetic gearing effect [WU15] and airgap field modulation theory [CHE17] to analyse both average torque and torque ripple in electrical machines.
[bookmark: _Toc507262692][bookmark: _Toc507264760][bookmark: _Toc513712469]1.3.1 Torque production theory
To analyse the torque production of electrical machines, some assumptions are initially made, i.e,
(a) The magnetic permeability of cores is infinite.
(b) PM is treated as a concentrated coil wound on a material with the same permeability as that of magnet (close to vacuum permeability).
(c) The magnetomotive forces (MMFs) generated by PMs and excited conductors are distributed on the inner stator or outer rotor surface.
(d) All the airgap flux linkages produced by MMFs are in radial direction. The flux leakages are neglected since the analysis is based on current-force solution. 
Based on these assumptions, the torque expression of electrical machine is given by [HEL77]:
	

	(1.5)


where Rsi is the radius of the inner stator, Lstk is the machine stack length, Fs and Fr are the stator and rotor MMFs, respectively.
The airgap permeance can be expressed by:
	

	(1.6)


where Λ0 and Λk are the DC and k-th airgap permeance components; θ is the mechanical angle, Ωk and δk are the rotating speed and initial angle of k-th airgap permeance component.
By substituting (1.6) into (1.5), the torque expression can be divided into two parts, i.e., synchronous torque and modulation torque, as shown in equation (1.7).
	
	(1.7)


The synchronous torque is associated with the average airgap permeance. It widely exists in many conventional synchronous machines and is usually generated when stator and rotor MMFs have identical pole pair number and rotate in synchronous speeds, as will be proved in following investigation.
The modulation torque is associated with the modulation effect of harmonic airgap permeance components. It could be generated by either two stator MMFs or one stator MMF and one rotor MMF. The two interactive MMFs are not necessarily to be identical in pole pair numbers and rotating speeds. The commonly used concepts of “reluctance torque” and “magnetic gearing torque” can be both catagrized into modulation torque.
A. Synchronous torque
The expression of synchronous torque is:
	

	(1.8)


It can be seen that the synchronous torque is from the interaction between stator and rotor MMFs. Depending on the pole pair numbers and rotating speeds of two MMFs, four scenarios are presented in Fig. 1.24. The outer and inner rotors are mounted by PMs to simulate the interactive stator and rotor MMFs. All the PMs are sinusoidally magnetized in radial direction to ensure the pole number identical to the magnet counts. The general expression of Fs and Fr are given by:
	

	(1.9)


where (As, Ar), (Ps, Pr), (Ωs, Ωr) and (αs, αr) are the amplitudes, pole pair numbers, rotating speeds and initial angle of MMF (Fs, Fr), respectively.
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(a) Case A: 
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(b) Case B: 
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(c) Case C: 
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(d) Case D: 


Fig. 1.24. Different scenarios for synchronous torque production.
By substituting (1.9) into (1.8), the torque production of four cases can be predicted:
Case A: The two MMFs have identical pole pair numbers and synchronous rotating speeds, average torque will be generated between them. The amplitude of average torque is determined by the magnitudes of these two MMFs and the phase difference between them, i.e.,
	

	(1.10)


Case B: The two MMFs have identical pole pair number but different rotating speeds. Only torque ripple will be generated between them. The torque expression is:
	

	(1.11)


Cases C, D: The MMFs have different pole pair numbers. In this case, there will be no torque generated, i.e.,
	

	(1.12)


Fig. 1.25 concludes the principle of synchronous torque production. Generally, identical pole pair number is an essential condition for stator and rotor MMFs to generated nonzero transient torque. Moreover, the stator and rotor MMFs should be revolving in the same speeds to generate average torque. Otherwise, they will only result in torque ripple.
[image: ]
Fig. 1.25. Principle of synchronous torque.
B. Modulation torque
The expression of modulation torque is:
	

	(1.13)


It can be seen the modulation torque involves the modulation effect of harmonic rotor permeance, and could originate from the interaction between two stator MMFs or one stator MMF and one rotor MMF. The interaction between two stator MMFs is similar to the commonly used “reluctance torque” in SynRM or IPM machine. The interaction between stator and rotor MMF is similar to the torque production in “magnetic gear” [ATA01]. To clearly illustrate the principle of modulation torque, the interaction between stator and rotor MMFs is illustrated firstly by a simplified magnetic gear model. The revealed principle will be applied to two interactive stator MMFs later in this part.
The magnetic gear is constructed by an outer rotor, an inner rotor and iron modulators, as shown in Fig. 1.26(a). To simplify the model, all the PMs are sinusoidally magnetized in radial direction to ensure the pole number identical to the magnet counts.
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(a) Case A
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(b) Case B: 
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(c) Case C:
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(d) Case D:


Fig. 1.26. Different scenarios for modulation torque production
The MMFs of inner and outer rotor are given by:
	

	(1.14)


where (Ao, Ai), (Po, Pi), (Ωo, Ωi) and (αo, αi) are the amplitudes, pole pair numbers, rotating speeds and initial angle of MMF (Fo, Fi), respectively.
Due to the existence of iron modulators, the airgap permeance contains harmonic components and dominanted by the fundamental one, i.e.,
	

	(1.15)


where Nm is the iron modulator counts, Ωm and δm are the rotating speed and initial position of fundamental airgap permeance component.
In a magnetic gear, the magnet counts of outer and inner rotors are different. Therefore, the synchronous torque would be 0 according to the previous investigation. Depending on the combination of pole pairs and rotating speeds, the torque production of magnetic gear can be divided into four cases, as shown in Fig. 1.26.
Case A: The pole pairs and rotating speeds of outer rotor, inner rotor and modulators satisfy (1.16) and (1.17) simultaneously:
	

	(1.16)

	

	(1.17)


where sgn is sign function.
The modulation torque has average value, i.e.,
	

	(1.18)


The torque production is proportional to the production of magnitude of fundamental airgap permeance and amplitudes of outer and inner MMFs.
Case B: The outer rotor, inner rotor and modulators only satisfy (1.16) but does not satisfy (1.17). The expression of modulation torque
	

	(1.19)


Since the average value over one electrical period for (1.19) is 0, there is only torque ripple generated.
Cases C, D: The outer rotor, inner rotor and modulators does not satisfy condition (1.16). In this case, the torque production is always 0, i.e.,
	

	(1.20)


Overall, the principle of modulation torque can be concluded as Fig. 1.27. The condition (1.16) is an essential for nonzero transient torque production, whilst condition (1.17) is an essential for average torque production.
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Fig. 1.27. Principle of modulation torque.
The same principle is also applicable to two interactive stator MMFs. The pole pair number and rotating speed conditions are modified into:
	

	(1.21)

	

	(1.22)


where (Ps1, Ps2) and (Ωs1, Ωs2) are the pole pair numbers and rotating speeds of stator MMFs (Fs1, Fs2), respectively.
In conclusion, the torque production mechanism illustrated in this section divides the torque production of electrical machines into synchronous and modulation torque. The revealed principles can be used to understand and predict the average torque and torque ripple productions of various electrical machines.
[bookmark: _Toc507262693][bookmark: _Toc507264761][bookmark: _Toc513712470]1.3.2 Example I: Torque production of IPM machine
The structure of IPM machine is shown in Fig. 1.3. The armature winding is configured into 48-stator-slots/8-poles (48s/8p) type. According to the conventional winding theory [HAN17], there are 4th, 20th, 28th, 44th…spatial harmonics in stator MMF and the 4th component is the dominant one. Hence, the stator MMF can be expressed as:
	

	(1.23)


where Ωr0 is the rotor mechanical rotating speed.
Also, the rotor MMF generated by PMs is dominanted by the 4th component, i.e.,
	

	(1.24)


Since the rotor of IPM machine is a salient type, the airgap permeance consists of DC and 8kth spatial harmonic components, i.e,
	

	(1.25)


By synthesizing the spatial harmonic content of stator MMF, rotor MMF and airgap permeance, the torque production of IPM machine contains both synchronous and modulation torque, i.e.,
(a) Synchronous torque:
The domiant synchronous torque is generated by 4th stator/rotor MMF components and average airgap permeance, i.e.,
	

	(1.26)

	

	(1.27)


(b) Modulation torque:
The average value of modulation torque is generated by 4th stator MMF component itself and fundamental airgap permeance component, i.e.,
	

	(1.28)

	

	(1.29)


Also, there is torque ripple generated from modulation torque between the interaction of 4th and 12th stator MMF components and 16th airgap permeance component, i.e.,
	

	(1.30)

	

	(1.31)


The fluctuation count of torque ripple over one electrical period Nripple is:
	

	(1.32)


where pa is the pole pair number.
This means the torque ripple will fluctuate 6 times per electrical period. However, since the amplitude of torque ripple is proportional to the 16th airgap permeance component, which is significantly smaller than the fundamental one (8th), the torque ripple in modulation torque is also smaller than the average torque.
Overall, the torque production of IPM machine is combination of synchronous and modulation torques. The synchronous torque is contributed by the interaction between the fundamental stator and rotor MMF components, as well as the average airgap permeance. The modulation torque, which is also known as reluctance torque in IPM machines, is contributed by fundamental stator MMF component itself and related to the fundamental airgap permeance component. The larger the rotor salience is, the larger proportions of the fundamental airgap permeance and modulation torque will be.
[bookmark: _Toc507262694][bookmark: _Toc507264762][bookmark: _Toc513712471]1.3.3 Example II: Torque production of SRM
The topology of a 6s/4r SRM is shown in Fig. 1.15. It is excited by unipolar rectangular current, as shown in Fig. 1.16. According to the spectrum of phase current, the dominant components are DC, I1 (1st component) and I2 (2nd component). The stator MMF generated by these three current components are listed in Table 1.2.


TABLE 1.2
Stator MMFs Generated by DC, 1st and 2nd Current Harmonics in 6s/4r SRM
	Current components
	Spatial harmonic order
	Rotating speed

	DC
	3, 9, 15…
	0

	I1
	1, 7, 13…
	Ωr0

	
	5, 11, 17…
	-Ωr0

	I2
	1, 7, 13…
	-2Ωr0

	
	5, 11, 17…
	2Ωr0




TABLE 1.3
Modulation torque Components in Average Torque Production for 6s/4r SRM
	Torque components
	Permeance harmonic
	Source-MMF harmonic

	
	Λk
	Nm
	Ps1
	Ps2

	DC / DC
	-
	-
	-
	-

	I1 / I1
	Λr2
	8
	I1 - 1
	I1 - 7

	I2 / I2
	Λr4
	16
	I2 - 5
	I2 - 11

	DC / I1
	Λr1
	4
	I0 - 3
	I1 - 1

	
	
	
	I0 - 3
	I1 - 7

	DC / I2
	Λr2
	8
	I0 - 3
	I2 - 5

	I1 / I2
	Λr1
	4
	I1 - 1
	I2 - 5

	
	
	
	I1 - 5
	I2 - 1

	[image: ] -Dominant components




TABLE 1.4
Modulation torque Components in Torque Ripple Production for 6s/4r SRM
	Torque ripple
	Permeance harmonic
	Source-MMF harmonics
	Nripple

	
	Λk
	Nm
	Pm
	Pn
	

	DC / DC
	Λr3
	12
	I0 -3
	I0 -9
	3

	I1 / I1
	Λr1
	4
	I1 -1
	I1 -5
	3

	I2 / I2
	Λr1
	4
	I2 -1
	I2 -5
	3

	DC / I1
	Λr2
	8
	I0 -3
	I1 -5
	3

	DC / I2
	Λr1
	4
	I0 -3
	I2 -1
	3

	
	
	
	I0 -3
	I2 -7
	

	I1 / I2
	Λr2
	8
	I1 -1
	I2 -7
	3

	
	
	
	I1 -7
	I2 -1
	

	[image: ] -Dominant components





Since the rotor has 4 teeth, the airgap permeance can be expressed as:
	

	(1.25)


Since there is no rotor MMFs, only modulation torque exists in SRM. The torque production could originate from the interaction between DC & DC, I1 & I1, I2 & I2, DC & I1, DC & I2 and I1 & I2. By synthesizing the conditions (1.21) and (1.22), the stator MMFs of Table 1.2, and the rotor permeance of (1.25), the dominant modulation torque components in average torque and torque ripple productions are listed in Tables 1.3 and 1.4, respectively.
It can be found that the average torque of 6s/4r SRM is mainly from the interaction between DC & I1 and I1 & I2, whilst the torque ripple is mainly from the interaction between I1 & I1, I2 & I2 and DC & I2. The torque ripple fluctuates 3 times per electrical period. Moreover, both average torque and torque ripple are proportional to the fundamental airgap permeance, which means the torque ripple can reach equvilent value as average torque in 6s/4r SRM.
[bookmark: _Toc507262695][bookmark: _Toc507264763][bookmark: _Toc513712472]1.4 Outline and Contributions of Thesis
[bookmark: _Toc507262696][bookmark: _Toc507264764][bookmark: _Toc513712473]1.4.1 Outline of thesis
The objective of this thesis is to investigate the operation principle of VFRMs and evaluate their performance for EV applications. The structure of the thesis is shown in Fig. 1.28 and the content can be generally summarised as follows:
Chapter 1: The performance of different electrical machine topologies are reviewed for EV applications. To help the understanding of the operation principle of various electrical machines, a general torque production mechanism theory is described. Further, the development of VFRMs is briefly introduced.
Chapter 2: An analytical torque model is developed based on the Lorentz’s force law. By using airgap field harmonic analysis, the magnetic gearing effect is revealed in the torque production of VFRM, which explains both average torque and torque ripple due to synchronous, reluctance and cogging torque components in VFRMs.
Chapter 3: Based on the developed torque production theory of VFRM, the principle of feasible stator/rotor pole combination and corresponding winding configuration selection is illustrated. Also, the performance of VFRMs with different stator/rotor pole combinations and winding configurations are comparatively analysed.
Chapter 4: The underlying reason of low power factor issue in VFRM is analysed based on an analytical model. The relationship between all the design parameters and power factor is concluded into three predictable ratios, i.e., rotor permeance ratio, stator/rotor pole ratio and DC/AC winding ampere turns ratio.
Chapter 5: A novel current profiling technique is proposed by using 2nd harmonic current injection method to enhance the torque density of 6j/(6i±2)j (i, j=0,1,2…) VFRMs. Moreover, the proposed current profiling technique is further improved to be applicable to asymmetric bridge inverter to reduce drive system cost.
Chapter 6: Four rotor shaping techniques, i.e., eccentric circular, inverse cosine, inverse cosine with 3rd harmonic and multi-step shaping methods, are developed and comparatively analysed for torque ripple mitigation VFRMs. The proposed methods manage to reduce the torque ripple of VFRMs to a negligible level with minor reduction in average torque.
Chapter 7: A fast initial design parameter idenfication technique is firstly developed by combining the synergies of analytical and finite element methods. Then, a 6s/4r VFRM and a 12s/10r VFRM are designed by using Toyota Prius 2010 IPM machine as benchmark. The feasibility of applying VFRMs to EVs are analysed by comparing their performance with an IPM machine and a RWFSM.
Chapter 8: The general conclusions based on the previous investigations are presented. Also, some future works are highlighted.
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Fig. 1.28. Structure of thesis.

[bookmark: _Toc507262697][bookmark: _Toc507264765][bookmark: _Toc513712474]1.4.2 Main contributions
(a) The VFRMs are comprehensively investigated in terms of torque production mechanism, stator/rotor pole combination, winding configurations, power factor and design method. This can assist a fast performance estimation of VFRM at initial design stage. Also, the analysis methods and developed theories presented in this thesis are also potentially applicable to other kinds of electrical machines, especially for those with stator-excited and salient rotor structure.
(b) A novel current profiling technique and a novel rotor shaping technique are proposed for torque density enhancement and torque ripple mitigation in VFRMs, respectively. The improved performance makes VFRMs suitable for more applications.


[bookmark: _Toc507262698][bookmark: _Toc507264766][bookmark: _Toc513712475]Chapter 2
[bookmark: _Toc507262699][bookmark: _Toc507264767][bookmark: _Toc507264897][bookmark: _Toc513712476]Torque Production Mechanism
Variable flux reluctance machine (VFRM) is a recently developed magnetless machine. As the basis of all the design, optimization and control works, the understanding of its torque production mechanism is of significant importance. In this chapter, the torque production mechanism of VFRMs is investigated based on an analytical dynamic torque calculation model, airgap spatial harmonic analysis and magnetic gearing effect. By using the developed method, the average torque and torque ripple due to synchronous, reluctance and cogging torque components are comprehensively analysed. The proposed theory is also applicable to other kinds of salient pole machines to help the understanding of their torque production mechanism.
[bookmark: _Toc507262700][bookmark: _Toc507264768][bookmark: _Toc513712477]2.1 Introduction
[bookmark: OLE_LINK127]Magnetless electrical machines have been attracting much research attention in recent years [BOL14][DOR14], due to the permanent magnet (PM) material resource issue, high cost of rare earth PM, potential PM irreversible demagnetization, and PM thermal constraints of PM synchronous machines (PMSMs) [ELR10].
As one of magnetless machines technologies, a VFRM is proposed in [FUK10]. It can also be derived from a switched reluctance machine (SRM) by only utilizing the DC and fundamental current harmonics, while splitting the original windings into DC field and AC armature windings [LIU12a]. Apart from the advantages inherited from SRMs, such as robust rotor and compact windings, VFRMs also have some other merits: feasible utilization of a commercial 3-phase inverter instead of a half H-bridge inverter, significant reduction in torque ripple [LIU12b], more flexible rotor pole number choices, and higher torque densities [LIU12c][LIU14b]. All of these advantages make VFRMs a promising candidate for numerous applications.
With the purpose of analysing the torque production mechanism of VFRMs, an analytical torque calculation model is required to identify the relationship between electromagnetic parameters and output torque. Until now, the torque calculation of VFRMs is based on the variation of self-inductance [LIU12a], which is similar to the method used in SRMs [MIL01]. However, this method cannot predict the torque ripple.
Due to various common features, VFRMs may share similar torque principles with other doubly-salient stator-wound-field (SWF) or PM-excited synchronous machines. In [MCF14] and [WU15], magnetic gearing effect is introduced to qualitatively explain the average torque production of stator PM-excited machines. However, their torque calculations rely on FEA but are not analytical. To analytically evaluate the output torque, three methods can be used [ZAR09]. The first one is the Maxwell stress tensor based on both radial and tangential airgap flux densities. An example can be found in [GAU13] on the SWF switched flux machine (SFM). However, due to the doubly-salient structure, the calculation procedure becomes very complicated. Also, the relationship between structural design parameters and output torque cannot be directly identified. The second one is the energy method based on the back-EMF calculation, which is used for the torque estimation of the SWF vernier reluctance machine in [JIA16a]. Although only the radial airgap flux density is required in this method, there exists significant error in torque ripple prediction since the reluctance torque and cogging torque are neglected. The third method is based on the Lorentz force law, which is used in [BIA08] for instantaneous torque prediction of the synchronous reluctance machine (SynRM). This method also does not involve the tangential airgap flux density. However, it is only used to predict the instantaneous torque for SynRM when the stator is slotless.
In this paper, a novel analytical dynamic torque calculation method is developed based on the Lorentz force law. The torque model developed in this paper has two unique features compared with that in [BIA08]. Firstly, the model in this paper is able to account for the slotting effect in both the stator and rotor. Hence, the developed model can be applied to all kinds of doubly-salient SWF machines. Secondly, through harmonic analysis, the torque contribution due to each spatial harmonic can be identified. Based on this, the magnetic gearing effects in VFRMs can be clearly revealed and evaluated quantitatively. In addition, the average torque and torque ripple components due to synchronous, reluctance and cogging torques can also be separated.
This chapter is organized as follows: initially, the derivation procedure of the torque model is illustrated and verified with unsaturated cores. By introducing the magnetic gearing effect, the torque production mechanism, including both average torque and torque ripple characteristics, of a (6-stator-slot/4-rotor-tooth) 6s/4r VFRM is fully investigated. Further, based on the frozen permeability method and a quasi-analytical model, the influence of magnetic saturation on torque production is investigated. Finally, a 6s/4r VFRM is prototyped and tested to verify the analysis.
[bookmark: _Toc507262701][bookmark: _Toc507264769][bookmark: _Toc513712478]2.2 Analytical Torque Production Model
In this section, the instantaneous torque calculation model of VFRMs is derived from the Lorentz force law under linear condition, i.e. the permeability of the lamination is assumed to be infinite. The influence of magnetic saturation will be taken into account later in section 2.4.
[image: ]
Fig. 2.1. Cross section and winding configuration of 6s/4r VFRM.
TABLE 2.1
Main Specifications of Prototype 6s/4r VFRM
	Parameter
	Value
	Parameter
	Value

	Number of phases
	3
	Stator outer diameter
	90 mm

	DC-bus voltage
	48 V
	Rotor outer diameter
	46.4 mm

	Rated speed
	400 rpm
	Airgap length
	0.5 mm

	Rated power
	70 W
	Stator pole arc
	30 deg.

	Rated torque
	1.7 Nm
	Rotor pole arc
	41 deg.

	Stack length
	25 mm
	Turns per coil (AC/DC)
	183 / 183



For the torque model under linear condition, it is derived in two steps. First, the torque model for VFRMs with slotless stators is derived. Then, the analytical model is improved by taking the stator slotting effect into account, yielding a torque expression for the doubly-salient VFRM. Moreover, in order to better illustrate the derivation procedure, a 6s/4r VFRM is analyzed as an example. The cross-section, winding configurations and main specifications of the 6s/4r VFRM are given in Fig. 2.1 and Table 2.1, respectively.
[bookmark: _Toc507262702][bookmark: _Toc507264770][bookmark: _Toc513712479]2.2.1 Torque equation of VFRM with slotless stator
As for VFRMs with slotless stators, a thickness negligible current sheet is mounted on the stator inner surface to simulate the armature and field winding MMFs. The relationship between the electric loading Ks(θ, t) of the current sheet and the stator MMF F(θ, t) is given by:
	

	(2.1)


where Rsi is the radius of stator inner surface and θ is the mechanical angle in the stator reference frame.
Based on the Lorentz force law, the instantaneous torque can be obtained by integrating the force density, –Bg(θ, t)Ks(θ, t), over the current sheet surface [BIA08]:
	

	(2.2)


where Lstk is the stack length of the machine; Bg(θ, t) is the radial airgap flux density and can be calculated as the product of stator MMF F(θ, t) and radial airgap permeance Λ(θ, t) [HEL77][ZHU93][JEN90], i.e.
	

	(2.3)


Then, the torque equation (2.2) can be rewritten as:
	

	(2.4)


In (2.4), F(θ, t) and Λ(θ, t) are two coefficients to be determined and can be deduced as follows.
The stator MMF generated by the current sheet is a combination of armature MMF Fa and field winding MMF Ff:
	

	(2.5)


Both Fa and Ff can be calculated by the product of their corresponding winding functions and excitations. According to the winding configurations of 6s/4r VFRM shown in Fig. 2.1, the winding functions for armature and field windings are given by:
	

	(2.6)

	

	(2.7)


where Wa, Wb, Wc and Wf are the winding functions of phase A, phase B, phase C and field winding respectively; Na and Nf are numbers of turns in series per armature and field coil respectively; and kwn is the winding factor of the n-th harmonic.
In a three-phase 6s/4r VFRM, the armature winding is excited by a set of sinusoidal phase currents (IA, IB, IC) while the field winding is excited by DC current If, i.e.
	

	(2.8)

	

	(2.9)


where Irms and Idc are the rms phase armature and DC currents, respectively; and θa0 is the current advanced angle. Then, the MMFs of armature and field windings can be obtained by:
	

	(2.10)

	

	(2.11)


where Fan is magnitude of n-th armature MMF harmonic and Ffm is the magnitude of m-th field MMF harmonic.
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(a) Rotor permeance distributions

	[image: ]
(b) Spectra of rotor permeance


Fig. 2.2. Analytically and FEA calculated rotor airgap permeance distributions and corresponding spectra for 6s/4r VFRM (t=0s).
Since the stator is slotless, the distribution of airgap permeance is determined by a single-sided salient-rotor model. The rotor radial permeance under one pole pitch can be predicted analytically by [GAU12]:
	

	(2.12)


where Λr is the radial airgap permeance with slotted rotor and slotless stator; Rro is the outer radius of rotor; βr is the rotor slot opening ratio; θr is the pole pitch and g0 is the airgap length.
To verify the accuracy of analytical permeance model, the rotor permeance distribution is also calculated by FEA using the method presented in Appendix A. Good agreement is found between analytical and FEA results, as shown in Fig. 2.2.
The airgap permeance can be further expressed into Fourier series by considering rotor mechanical rotating speed, i.e.
	

	(2.13)


where Λr0 and Λrk are the magnitudes of the dc and the k-th rotor permeance harmonics, respectively; Nr is the number of rotor teeth; Ωr is the rotor mechanical rotating speed; and θr0 is the rotor initial position.
After obtaining the distributions of both stator MMFs and rotor airgap permeance, the torque production of stator slotless VFRMs can be estimated analytically using equation (2.14):
	

	(2.14)


[bookmark: _Toc507262703][bookmark: _Toc507264771][bookmark: _Toc513712480]2.2.2 Torque equation of VFRM with slotted stator
Since a VFRM is a machine with a doubly-salient structure, its airgap permeance distribution is determined by both stator and rotor slotting effects. In order to extend the torque calculation method to a real VFRM, the stator slotting effect is then taken into account and the airgap permeance function is rewritten as [HEL77][JIA16a]:
	

	(2.15)


where Λs is the radial permeance function with slotted stator and slotless rotor; μ0 is the vacuum permeability. The detailed derivation of (2.15) can be found in Appendix B.
Similarly to the rotor, the stator permeance distribution under one slot pitch can be calculated by:
	

	(2.16)


where βs is the stator slot opening ratio; θs is the slot pitch.
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(a) Stator permeance distributions

	[image: ]
(b) Spectra of stator permeance


Fig. 2.3. Analytically and FEA calculated stator airgap permeance distributions and corresponding spectra for 6s/4r VFRM (t=0s).
Fig. 2.3 compares the analytical and FEA stator permeance distributions. Λs can also be expressed by Fourier series, i.e.
	

	(2.17)


where Λs0 and Λsk are the magnitudes of the dc and k-th stator permeance components; Ns is the stator teeth number.
By substituting the permeance function (2.15) into (2.3), the flux density can be rewritten as:
	

	(2.18)


Fig. 2.4 compares the analytically and FEA calculated flux densities. Better accuracy is achieved with doubly-salient model.
[image: ]
Fig. 2.4. Comparison of radial airgap flux density at stator bore radius calculated by FEA and analytical expression for 6s/4r VFRM when Irms=Idc=2A (t=0s).
Letting
	

	(2.19)


where Fs is defined as “Modulated MMF” in this paper, which can be recognized as the equivalent MMF obtained with slotted stator and slotless rotor. Compared with the original MMF predicted from (2.10) and (2.11), the modulation effect of stator slots can be clearly observed in both armature and field modulated MMF distributions, as shown in Figs. 2.5(a) and 2.6(a). Further, to evaluate the influence of stator slotting effect on the spectrum of modulated MMF, the analytical expressions of armature and field modulated MMFs can be deduced as:
	

	(2.20)

	

	(2.21)


where Fsa and Fsf are the modulated MMFs of armature and field windings, respectively. Ns is 6 in 6s/4r VFRM.
TABLE 2.2
Magnitudes, Rotating Speeds and Initial Phases of Harmonic Components in Original and Modulated MMFs
	Winding
	MMF
	order
	Magnitude
	Speed
	Phase

	Armature winding
	Original MMF
	6r+1
	Fan
	NrΩr
	θa0

	
	
	6r+5
	
	-NrΩr
	π-θa0

	
	Modulated MMF
	6r+1
	
	NrΩr
	θa0

	
	
	6r+5
	
	-NrΩr
	π-θa0

	Field winding
	Original MMF
	6r+3
	Ffm
	0
	π/2

	
	Modulated MMF
	6r+3
	
	0
	π/2



[bookmark: OLE_LINK41][bookmark: OLE_LINK42][bookmark: OLE_LINK43]According to (2.10), (2.11), (2.20) and (2.21), the magnitude, rotating speed and initial phase of each harmonic in the original and modulated MMFs can be identified and compared in Table 2.2. It can be found that each harmonic of the modulated MMF has identical phase and rotating speed as its counterpart of the original MMF, albeit with modified magnitude due to the introduction of stator permeance function Λs. This conclusion is also verified by the spectra of the original and modulated MMFs, as shown in Figs. 2.5 and 2.6.
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(a) Distributions of original and modulated MMFs
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(b) Spectrum of original and modulated MMFs
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(c) Variations of phases with rotor position for different MMF harmonics


Fig. 2.5.  Comparison of original and modulated MMFs for armature winding (Irms=2A, Idc=0A).
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(a) Distributions of original and modulated MMFs
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(b) Spectrum of original and modulated MMFs
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(c) Variations of phases with rotor position for different MMF harmonics


Fig. 2.6. Comparison of original and modulated MMFs for field winding (Irms=0A, Idc=2A).
Then, the torque equation of the stator slotted VFRM can be derived by simply replacing the original MMF function F(θ, t) with modulated MMF function Fs(θ, t) in (2.14), yielding:
	

	(2.22)


Since the modulated MMF is generated by the armature and field windings, it can be expressed as:
	

	(2.23)


where Fsa and Fsf are the modulated MMFs of armature and field windings, respectively.
By substituting (2.23) into (2.22), the torque equation can be further divided into three parts, i.e.
	[image: C:\Users\el1lhu\Desktop\PhD file\Paper\VFRM-torque production\Second revision\Fig\torque component equation\18.jpg]
	(2.24)


It can be found that component-1 and component-2 are generated by either armature or field modulated MMF only, while component-3 is generated by the interaction of armature and field modulated MMFs. According to the regular torque definition of electrical machines, torque component-1, 2 and 3 represent the reluctance torque Tr, cogging torque Tc and synchronous torque Ts, respectively.
[bookmark: _Toc507262704][bookmark: _Toc507264772][bookmark: _Toc513712481]2.2.3 Comparison with FEA
For verification, the analytically predicted torque waveforms of both slotless and slotted stator models are compared with FEA results in Fig. 2.7. Obviously, due to the introduction of stator slotting effect, the results of stator slotted model match the FEA better than those of the stator slotless model, indicating the accuracy of the proposed method in instantaneous torque estimations.
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(a) Torque components

	[image: ]
(b) Resultant torque


Fig. 2.7. Comparison of torque production calculated by FEA and analytical torque equations for 6s/4r VFRM (Irms=Idc=2A).
[bookmark: _Toc507262705][bookmark: _Toc507264773][bookmark: _Toc513712482]2.3 Torque Production Mechanism
[bookmark: _Toc507262706][bookmark: _Toc507264774][bookmark: _Toc513712483]2.3.1 Magnetic gearing effect in VFRM torque production
To further analyse the torque production mechanism of VFRMs, harmonic analysis is utilized by substituting the Fourier series expressions of modulated MMFs and permeance functions into torque equations. For the sake of general derivation, the three torque components in (2.24) are concisely summarized into
	

	(2.25)


[bookmark: OLE_LINK65][bookmark: OLE_LINK66][bookmark: OLE_LINK28][bookmark: OLE_LINK29][bookmark: OLE_LINK31][bookmark: OLE_LINK32][bookmark: OLE_LINK33]where Fs1 and Fs2 could be either Fsa or Fsf; Tep could be either Ts, Tr or Tc depending on its interactive modulated MMFs Fs1 and Fs2. For instance, if Fs1 and Fs2 are both armature modulated MMF Fsa, Tep is then reluctance torque Tr according to (2.24). Fs1 and Fs2 are generally expressed into Fourier series:
	

	(2.26)


where (f1m, f2n) (Ωm, Ωn) and (θ1m, θ2n) are the magnitudes, rotating speeds and advanced angles of the (Pm, Pn)-th harmonics for stator modulated MMFs, respectively.
By substituting (2.13) and (2.26) into (2.25), the torque expression can then be rewritten as:
	

	(2.27)


where “sgn” is the sign function.
It is obvious that non-zero components of the circulation integration in (2.27) will contribute to the instantaneous torque. Hence, the non-zero torque components are governed by:
	

	(2.28)


Then, the instantaneous torque expression is deduced as:
	

	(2.29)


Further, the average torque can be calculated by:
	

	(2.30)


In this case, non-zero average torque can be obtained when:
	

	(2.31)


Using the conditions given by (2.31), the instantaneous torque expression (2.29) can then be divided into two parts, i.e., average torque Tep_avg and torque ripple Tep_ripple.
	

	(2.32)

	

	(2.33)


It is worth noticing that the conditions of non-zero instantaneous torque production shown in (2.28) are similar to those of the magnetic gears [ATA01][ATA04]:
	

	(2.34)


where Po and Pi are the PM pole-pair numbers of outer and inner rotor; and Nm is the number of iron modulators in a magnetic gear. For simplicity, a feasible combination of modulated MMFs and permeance harmonics (kNr, Pm, Pn) that satisfies condition (2.28) is defined as a “magnetic gear pair” in this thesis.
Further, the rotating speeds of two interactive modulated MMFs governed by (2.31) to generate average torque also match those of the magnetic gears, i.e.
	

	(2.35)


where Ωo, Ωi and ΩN are the rotating speed of outer rotor, inner rotor and iron pieces, respectively.
Hence, it can be concluded for the torque production in the VFRMs that two interactive modulated MMF harmonics play the role as the outer and inner PMs of a magnetic gear. Meanwhile, the airgap permeance harmonics, which are due to the modulation effect of the slotted rotor, are equivalent to the iron modulators in a magnetic gear. In other words, torque production of VFRMs is a combination of various magnetic gear pairs. This is the so-called “magnetic gearing effect” [WU15] or “airgap field modulation effect” [CHE17] in VFRMs.
Fig. 2.8 briefly illustrated the torque production mechanism of VFRMs from the prospective of magnetic gearing effect. Basically, two modulated MMFs, i.e., MMF I and MMF II, are generated by the excitations on stator (the two MMFs could originate from either two excitations or one excitation alone). They are then modulated by the salient rotor permeance, resulting in two magnetic fields, i.e., field I and field II. Both of these two fields consist of many harmonics. Taking the interaction between two specific components of fields I and II for example, it is proved that:
(a) If these two field components have different pole pair number, the interaction between them has no contribution to the torque production.
(b) If these two field components only have identical pole pair number but different rotating speeds, they will result in torque ripple. The times of fluctuation of torque ripple over one electrical period is determined by the rotating speed difference between two field components, i.e., 
	

	(2.36)


where Nripple is the times of fluctuation over one electrical period for one specific magnetic gear pair (kNr, Pm, Pn).
(c) If these two field components have identical pole pair number and identical rotating speed, the interaction between them will contribute to average torque. The magnitude of average torque is determined by the amplitudes of two field components and the phase difference between them, i.e.,
	

	(2.37)


[image: ]
Fig. 2.8. Torque production mechanism of VFRMs
[bookmark: _Toc507262707][bookmark: _Toc507264775][bookmark: _Toc513712484]2.3.2 FEA verification
For verification, the torque production of the 6s/4r VFRM is analysed based on the developed magnetic gearing effect theory. To identify the specific magnetic gear pairs which contribute to the torque production in 6s/4r VFRM, the harmonic order and rotating speed of the modulated MMF and rotor permeance are listed in Table 2.3. Then, by using conditions (2.28) and (2.31), the torque contribution of each magnetic gear pair can be predicted. Two cases are selected as examples to demonstrate the torque production, as shown in Table 2.4. In case I, the magnetic gear pair is sourced from the interaction of armature and field modulated MMFs and satisfies both (2.28) and (2.31). Hence, it will contribute to the average torque of the synchronous torque. In case II, the magnetic gear pair is sourced from armature modulated MMF only and does not satisfy condition (2.31). Hence, it will contribute to the torque ripple of the reluctance torque.
TABLE 2.3
Harmonic Order and Rotating Speed of the Modulated MMF and rotor permeance for 6s/4r VFRM
	Parameters
	Symbol
	Harmonic order
	Rotating speed

	Armature modulated MMF
	Fsa
	6r+1
	NrΩr

	
	
	6r+5
	-NrΩr

	Field modulated MMF
	Fsf
	6r+3
	0

	Rotor permeance
	Λr
	kNr
	kNrΩr



TABLE 2.4
Torque Contribution of Two Magnetic Gear Pairs
	
	Λrk
	kNr
	Source-harmonic
	Eq. (2.28)
	Eq. (2.31)
	T

	
	
	
	Pm
	Pn
	
	
	

	I
	Λr1
	4
	Fsa -1
	Fsf -3
	4=1+3
	NrΩr=NrΩr+0
	Ts_avg

	II
	Λr1
	4
	Fsa -1
	Fsa -5
	4=|1-5|
	NrΩr≠-|NrΩr-(-NrΩr)|
	Tr_ripple



Using this method, all the magnetic gear pairs of average torque and torque ripple in 6s/4r VFRM can be identified, which are concisely summarized into Tables 2.5 and 2.6. It should be noted that, only the dominant harmonics in modulated MMFs (1st, 5th and 7th harmonics for armature winding, and 3rd and 9th harmonics for field winding) are listed, since the higher order harmonics are relatively small and only lead to negligible torque components according to (2.37).
TABLE 2.5
Magnetic Gear Pairs of Average Torque for 6s/4r VFRM
	Average torque
	Permeance
	kNr
	Source-harmonic

	
	Λrk
	
	Pm
	Pn

	Ts_avg
	Λr1
	4
	Fsa -1
	Fsf -3

	
	
	
	Fsa -5
	Fsf -9

	
	
	
	Fsa -7
	Fsf -3

	Tr_avg
	Λr2
	8
	Fsa -1
	Fsa -7

	Tc_avg
	-
	-
	-
	-




TABLE 2.6
Magnetic Gear Pairs of Torque Ripple for 6s/4r VFRM
	Torque ripple
	Permeance
	kNr
	Source-harmonics
	Nripple

	
	Λrk
	
	Pm
	Pn
	

	Ts_ripple
	Λr2
	8
	Fsa -1
	Fsf -9
	3

	
	
	
	Fsa -5
	Fsf -3
	

	Tr_ripple
	Λr1
	4
	Fsa -1
	Fsa -5
	3

	Tc_ripple
	Λr3
	12
	Fsf -3
	Fsf -9
	3



As for average torque, the contribution of the cogging torque generated by the field winding is always zero. Hence, the average torque of the VFRM comprises of only two parts: synchronous torque and reluctance torque. Meanwhile, the synchronous torque and the reluctance torque are proportional to the 1st and 2nd rotor permeance harmonics, respectively. This phenomenon is also proved by FEA when different rotor pole arc ratios are selected, as shown in Fig. 2.9. The variation in trends of both synchronous torque and reluctance torque match well with those of their corresponding permeance harmonics. Since the 1st permeance harmonic (fundamental one) is much larger than the other permeance harmonics for a regular salient rotor, synchronous torque is much larger than reluctance torque. This is confirmed by the average torque variations against current advanced angle in Fig. 2.10. Overall, the VFRM is a stator wound field synchronous machine rather than a reluctance machine.
In contrast, all three torque components will contribute to the torque ripple in 6s/4r VFRM, as can be seen from Table 2.6. In terms of the magnitude, the reluctance torque is the largest since it is proportional to the 1st rotor permeance harmonic while the synchronous torque and cogging torque correspond to the 2nd and 3rd permeance harmonics, respectively. This phenomenon can also be clearly observed and proved from Fig. 2.7(a). As expected, the times of fluctuation of torque ripple over one electrical period is 3 for all the torque components.
[image: ]
Fig. 2.9. Variation of per unit value of synchronous torque (θr0=0deg, θa0=0deg), reluctance torque (θr0=0deg, θa0=45degs.), the 1st and 2nd rotor permeance harmonics of 6s/4r VFRM against rotor pole arc ratio.
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Fig. 2.10.  Variation of synchronous torque, reluctance torque and output torque of 6s/4r VFRM against advanced current angle when Irms=Idc=2A.
[bookmark: _Toc507262708][bookmark: _Toc507264776][bookmark: _Toc513712485]2.4 Influence of Magnetic Saturation on Torque Production
In the foregoing investigation, the torque production of 6s/4r VFRMs is analyzed using magnetic gearing effect under linear conditions. However, for on-load operation, the local and global saturation (see Fig. 2.11) will cause distortions in both stator and rotor airgap permeance distributions, and eventually influence the output torque. To investigate the influence of saturation effects on torque production mechanism, an enhanced quasi-analytical torque model is developed in this section by retrieving on-load permeance from FEA.
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Fig. 2.11. Distribution of flux density in 6s/4r VFRM when Irms=Idc=2A (t=0s).
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(a) Rotor permeance distributions
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(b) Spectra of rotor permeance


Fig. 2.12. Nonlinear and linear calculated rotor airgap permeance distributions for 6s/4r VFRM (Irms=Idc=2A).
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(a) Stator permeance distributions
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(b) Spectra of stator permeance


Fig. 2.13. Nonlinear and linear calculated rotor airgap permeance distributions for 6s/4r VFRM (Irms=Idc=2A).
The on-load stator and rotor permeance calculation method is developed with the aid of the frozen permeability method [WAL05], as illustrated in Appendix A. Figs. 2.12 and 2.13 display the obtained on-load rotor and stator airgap permeances at initial position when Irms=Idc=2A. Significant reduction in tooth regions of the airgap permeance can be observed due to the saturation effect, which leads to a minor reduction in all the harmonic components. Besides, minor even harmonics are also generated due to the asymmetric profile of the permeance distribution.
Then, by substituting the on-load stator and rotor airgap permeances to expressions (2.19) and (2.22), the torque waveform of the practical VFRM can also be predicted, as shown in Fig. 2.14. The analytical results match well with those of FEA. In this case, since the additional even harmonics of on-load permeance are negligible, the torque production of all the torque components will still follow the principle and characteristics revealed in Section 2.3, albeit with relatively lower magnitudes.
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Fig. 2.14. Comparison of torque waveforms for 6s/4r VFRM with linear and nonlinear core material when Irms=Idc=2A.
[image: ]
Fig. 2.15. Variation of average torque against total copper loss for 6s/4r VFRM with linear and nonlinear core material when Irms=Idc.
Further, to analyze the influence of saturation levels, different electrical loading conditions are investigated. It is apparent that more severe saturation in cores will result in smaller torque/copper loss ratio, as shown in Fig. 2.15. Fig. 2.16 further compares the influence of saturation in stator and rotor. Compared with the linear condition, increasing reductions in both modulated MMF and permeance harmonics are observed along with the increase of copper loss. For instance, when copper loss is 60W, the magnitude of the 1st armature modulated MMF harmonic and the 3rd field modulated MMF harmonic are reduced by 19% and 7.5%, respectively, due to the reduction in stator permeance. However, the 1st rotor permeance harmonic is only reduced by 2%. It indicates that the saturation in the stator is the dominant factor that constrains the torque density of the 6s/4r VFRM.
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(a) Variation of fundamental rotor permeance component

	[image: ]
(b) Variation of 1st, 5th and 7th armature modulated MMF harmonics
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(c) Variation of 3rd and 9th field modulated MMF harmonics


Fig. 2.16. Variation of the mean value of dominant modulated MMF and permeance harmonics for one electrical period against copper loss.
[bookmark: _Toc507262709][bookmark: _Toc507264777][bookmark: _Toc513712486]2.5 Experimental Verification
In order to verify the previous FEA and analytical analyses, a 6s/4r VFRM is prototyped and tested. Fig. 2.17 shows the stator and rotor. Its dimensions are listed in Table 2.1. It can be seen that its structure is similar to a SRM, but it has one armature coil and one field coil wound on each tooth. Three experiments are carried out and the measured results are found to match the FEA predictions well, as shown in Figs. 2.18-2.20.
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(a) Stator
	[image: C:\Users\ELP14lh\Google Drive\Paper\VFRM\test\photo\IMG_2623.JPG]
(b) Rotor


Fig. 2.17. Photos of 6s/4r VFRM prototype.
When the machine is excited by the field winding only (open-circuit), the phase back-EMF is measured. Fig. 2.18 compares the FEA predicted and measured back-EMFs at 400rpm. The waveforms are non-sinusoidal, indicating that the airgap field contains many harmonics.
Regarding the output torque of the VFRM, the static torque is measured when both the armature and field windings are excited by DC current with the relationship Idc=Ia=-2Ib=-2Ic, as shown in Fig. 2.19.
Further, the dynamic performance is tested by injecting three-phase symmetrical sinusoidal currents into the armature winding, and DC current into the field winding with Irms=Idc. The variation of average torque against advanced current angle is measured, as shown in Fig. 2.20. The optimal current angle is found to be 10°, which is close to 0°. This is because the synchronous torque is much larger than the reluctance torque, as predicted by analytical results in Fig. 2.10
[image: ]
[bookmark: OLE_LINK140][bookmark: OLE_LINK141]Fig.2.18. Comparison of measured and FEA predicted phase back-EMFs when Idc is 1A and 2A.
[image: ]
Fig. 2.19. Comparison of FEA predicted and measured static torques when Idc=Ia=-2Ib=-2Ic=1A and 2A.
[image: ]
Fig. 2.20. Variation of FEA predicted and measured average torques against current advanced angle when Irms=Idc=1A and 2A.
[bookmark: _Toc507262710][bookmark: _Toc507264778][bookmark: _Toc513712487]2.6 Conclusion
In this chapter, the torque production mechanism of VFRMs is investigated based on an analytical dynamic torque calculation method derived from the Lorentz force law. By using MMF and permeance harmonic analyses, the magnetic gearing effect is revealed and the principles of both average torque and torque ripple productions are illustrated. Basically, the stator modulated MMF harmonics play the role of the magnets in a magnetic gear and the salient rotor is equivalent to the iron pieces. By introducing the concept of “magnetic gear pair”, all the torque components of a 6s/4r VFRM are investigated separately. Specifically, the synchronous torque is found to be the dominant component for average torque, whereas the reluctance torque is dominant for torque ripple. Moreover, the saturation influence is also evaluated by utilizing the frozen permeability method. All the revealed torque principles are found to be still valid for on-load condition, and the stator saturation is found to be the main factor that restricts the torque density enhancement of VFRM. 
Overall, the analysis methods developed in this paper reveals the torque principle of VFRMs. The VFRM is found to be a stator-wound-field synchronous machine rather than a reluctance machine. More importantly, the proposed theory is also applicable to other kinds of salient pole machines to help the understanding of their torque production mechanism.


[bookmark: _Toc507262711][bookmark: _Toc507264779][bookmark: _Toc513712488]Chapter 3
[bookmark: _Toc507262712][bookmark: _Toc507264780][bookmark: _Toc513712489]Analysis of Stator/Rotor Pole Combinations and Winding Configurations
In Chapter 2, the torque production mechanism of variable flux reluctance machines (VFRMs) is fully explained by the magnetic gearing effect. Based on this theory, the stator/rotor pole combinations and winding configurations in VFRMs are extensively investigated in this chapter in terms of general configuration principle and electromagnetic performance. The findings in this chapter can assist a fast performance estimation for VFRM design.
[bookmark: _Toc507262713][bookmark: _Toc507264781][bookmark: _Toc513712490]3.1 Introduction
For machine design, proper stator/rotor pole combination and winding configuration selections are known to be two important criterions to enhance the performance. By way of examples, the influence of stator/rotor pole combinations on electromagnetic performance is investigated for various machines, e.g., switched reluctance machines (SRMs) [SAN00], [DES10], permanent magnet (PM) synchronous machines [ZHA05], [ZHU14], flux switching PM machines [CHE11], synchronous reluctance machines [WAN13b]. Also, different winding configurations are comparatively analysed for both PM machines [ISH06][RED15][OWE10] and reluctance machines [HUA16b][MA16].
For VFRMs, the electromagnetic performance of 6s/(4, 5, 7, 8)r and 12s/(8, 10, 11, 13, 14)r VFRMs are comparatively analyzed in [LIU13] and [LIU14b], respectively. In [ZHU15], the performance of VFRMs with non-overlapping winding is also evaluated. Then, [JIA16b] establishes the relationship between stator/rotor pole combination and armature winding pole pairs. However, in these works, their performance evaluations rely on finite element analysis (FEA), which is complicated in modelling and performance estimation. In addition, the relationship between stator/rotor pole combination, winding configuration and torque production has not been fully explained yet.
[bookmark: OLE_LINK5][bookmark: OLE_LINK6]As a further step, this chapter investigates the stator/rotor pole combination and winding configuration from the perspective of magnetic gearing effect [WU15][CHE17]. Basically, the difference between various stator/rotor pole combination and winding configuration will be reflected in their spatial MMF and permeance harmonics, which are eventually linked to the output torque by the magnetic gearing effect theory. With this method, the average torque and torque ripple productions due to synchronous, reluctance and cogging torque components can be separately analyzed. More importantly, the torque characteristics of VFRMs can be easily predicted with some simple figures which are directly deduced from the rotor pole number and winding configurations.
This chapter is organized as follows. Firstly, the general principle of stator/rotor pole combination and winding configuration will be deduced. Then, the influence of stator/rotor pole combination and winding configuration on electromagnetic performance will be investigated in Sections 3.3 and 3.4, respectively.
[bookmark: _Toc507262714][bookmark: _Toc507264782][bookmark: _Toc513712491]3.2 Principle of Stator/Rotor Pole Combination and Winding Configuration
The feasible stator/rotor pole combination and winding configuration mean that their corresponding VFRM has nonzero average torque. It is proved in Chapter 2 that the torque production of VFRMs is a combination of many magnetic gear pairs. In order to generate nonzero average torque for a specific magnetic gear pair, conditions (3.1) and (3.2) need to be satisfied simultaneously.
	

	(3.1)

	

	(3.2)


where k is an interger; Nr is the rotor pole number; Ωr is the rotor mechanical rotating speed; (Ωm, Ωn) are the rotating speeds of the (Pm, Pn)-th harmonics of two interactive stator modulated MMFs. The definition of stator modulated MMF can be found in (2.19). In addition, these two stator modulated MMFs could originate from either two different excitations (AC and DC) or one single excitation (AC or DC alone), which finally leads to different torque components, as illustrated in (2.24).
In this case, the principle of stator/rotor pole combination and winding configuration can be derived by identifying the specific magnetic gear pairs which satisfy (3.1) and (3.2) simultaneously. In this section, the 6-stator-slot VFRMs will be investigated in detail first. Then, the revealed principle is extended to all the VFRMs.
In (3.1) and (3.2), the spatial harmonic orders and rotating speeds of stator modulated MMFs are determined by the winding configurations. Due to the double layer and concentrated winding type, the armature winding of 6-stator-slot VFRMs can be configured into 6-stator-slot/2-pole (6s/2p) or 6s/4p, whereas the field winding has only one configuration with 6 poles, as shown in Fig. 3.1. The armature coils can then be grouped into three phases according to their back-EMF phasor diagrams, as shown in Fig. 3.2.
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	(a) Armature winding I (6s/2p)
	(b) Armature winding II (6s/4p)
	(c) Field winding


Fig. 3.1. Winding configurations for armature and field windings in 6s-VFRM.
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Armature winding I (6s/2p)
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Armature winding II (6s/4p)


Fig. 3.2. Armature coil back-EMF phasors for 6s/2p and 6s/4p configurations.
It is proved in Chapter 2 that each harmonic of the stator modulated MMF has identical phase and rotating speed as its counterpart of the original MMF, albeit with modified magnitude due to the introduction of stator permeance. Based on the conventional winding theory of AC machine [LIP12][HAN17], the spatial harmonic contents of stator modulated MMFs for armature and field windings in 6-stator-slot VFRM are listed in Table 3.1.
TABLE 3.1
Spatial Harmonic Contents of Modulated MMFs
	Winding configuration
	Harmonic order
	Rotating speed

	Armature I (6s/2p)
	6n+1
	NrΩr

	
	6n-1
	-NrΩr

	Armature II (6s/4p)
	6n+2
	NrΩr

	
	6n-2
	-NrΩr

	Field winding
	6m+3
	0

	m, n=0,1,2,…



As proved in chapter 2, the average torque of VFRMs is mainly from the interaction between AC and DC currents. By substituting the harmonic orders and rotating speeds of armature and field modulated MMFs into (3.1) and (3.2), it is found that the condition (3.2) is satisfied only when k=1. In this case, the feasible rotor pole number selection for a specific armature and field winding configuration is:
	

	(3.3)


where Pa and Pf are the spatial harmonic orders of armature and field currents.
(3.3) is the general selection principle for stator/rotor pole combination and winding configuration in VFRMs. For example, the feasible rotor pole number for VFRM with armature winding I can be selected by:
	

	(3.4)


Similarly, the feasible rotor pole number for VFRM with armature winding II is:
	

	(3.5)


It can be seen that for armature winding I, all the even numbers except multiple of 3 can be chosen for rotor pole number, i.e., 2, 4, 8, 10…. In contrast, all the odd numbers except multiple of 3 are feasible for armature winding II, i.e., 5, 7, 11, 13….
By applying this principle to VFRMs with 6-, 12-, 18-, 24-stator-slot, all the feasible stator/rotor pole combination and corresponding winding configurations are listed in Table 3.2.







TABLE 3.2
Feasible Stator/Rotor Pole Combinations and Winding Configurations for 6-, 12-, 18- and 24-stator-slot VFRMs
	Stator slots
	6
	12
	18

	Field winding poles
	6
	12
	18

	Field MMF harmonic
	6m+3
	12m+6
	18m+9

	Armature winding poles
	2
	4
	2
	4
	8
	10
	2
	4
	8
	10
	14
	16

	Armature MMF harmonic
	6n±1
	6n±2
	12n±1
	12n±2
	12n±4
	12n±5
	18n±1
	18n±2
	18n±4
	18n±5
	18n±7
	18n±8

	Feasible rotor pole no.
	|6i±2|
	|6i±1|
	|12i±5|
	|12i±4|
	|12i±2|
	|12i±1|
	|18i±8|
	|18i±7|
	|18i±5|
	|18i±4|
	|18i±2|
	|18i±1|

	Specific rotor pole no.
	2,4,8
	5,7,11
	5,7,17
	4,8,16
	2,10,14
	11,13
	8,10,26
	7,11,25
	5,13,23
	4,14,22
	2,16,20
	17,19

	Stator slots
	24

	Field winding poles
	24

	Field MMF harmonic
	24m+12

	Armature winding poles
	2
	4
	8
	10
	14
	16
	20
	22

	Armature MMF harmonic
	24n±1
	24n±2
	24n±4
	24n±5
	24n±7
	24n±8
	24n±10
	24n±11

	Feasible rotor pole no.
	|24i±11|
	|24i±10|
	|24i±8|
	|24i±7|
	|24i±5|
	|24i±4|
	|24i±2|
	|24i±1|

	Specific rotor pole no.
	11,13,35
	10,14,34
	8,16,32
	7,17,31
	5,19,29
	4,20,28
	2,22,26
	23,25,47

	
	m, n, i=0,1,2,…
	[image: ]-Large torque ripple selections




[bookmark: _Toc507262715][bookmark: _Toc507264783][bookmark: _Toc513712492]3.3 Analysis of Stator/Rotor Pole Combination
In order to analyze the torque characteristics of VFRMs with different stator/rotor pole combinations, the specific magnetic gear pairs which contribute to the average value and ripple of synchronous, reluctance and cogging torque components can be identified by using conditions (3.1) and (3.2). In this section, the 6s/(2, 4, 5, 7, 8)r VFRMs (see Fig. 3.3) are analyzed in detail as examples first. The revealed characteristics are then extended to other VFRMs. Moreover, only the dominant harmonics of stator modulated MMF (the 1st, 5th, 7th and 11th harmonics for armature winding I, the 2nd, 4th, 8th and 10th harmonics for armature winding II, the 3rd and 9th harmonics for field winding) are taken into account. The higher order harmonics are relatively small and only contribute to negligible torque components. They are therefore neglected.
	[image: ]
(a) 6s/2r
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(b) 6s/4r
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(c) 6s/5r
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(d) 6s/7r
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(e) 6s/8r
	


Fig. 3.3. Configurations of the VFRMs with different stator/rotor pole combinations.
[bookmark: _Toc507262716][bookmark: _Toc507264784][bookmark: _Toc513712493]3.3.1 Average torque
Table 3.3 shows the dominant magnetic gear pairs which contribute to the average torque in 6s/(2, 4, 5, 7, 8)r VFRMs. For clarity, the components which have significantly large magnitudes are marked by grey color.
Several characteristics can be revealed:
(1) The average value of cogging torque (torque due to DC current only) is always 0.
(2) The average values of synchronous torque and reluctance torque are proportional to the magnitudes of the 1st and 2nd rotor radial permeance components, respectively.
(3) The synchronous torque is the dominant part for average torque production since the 1st harmonic is usually the largest among all the harmonics in rotor radial permeance. In this case, the advanced current angle is close to 0 deg. and the average torque can be assumed to contain synchronous torque only. Its average torque can then be concisely summarized as:
	

	(3.6)


where kT is the torque coefficient determined by winding configurations and machine structural parameters; Λr1 is the magnitude of 1st rotor radial permeance harmonic; Ia and If are the RMS currents of armature and field windings, respectively.
Further, by employing the same method, it can be found that all the aforementioned conclusions also applicable to VFRMs with other stator/rotor pole combinations listed in Table 3.2. Therefore, the VFRM is actually a stator-wound-field synchronous machine rather than a reluctance machine.


TABLE 3.3
Magnetic Gear Pairs of Average Torque for 6s/(2, 4, 5, 7, 8)r VFRMs
	VFRM
	Average torque
	Permeance
	kNr
	Source-harmonic order

	
	
	Λrk
	
	Pm
	Pn

	6s/2r
	Ts_avg
	Λr1
	2
	*A-1
	†F-3

	[bookmark: _Hlk453091581]
	
	
	
	A-5
	F-3

	
	
	
	
	A-7
	F-9

	
	[bookmark: OLE_LINK44][bookmark: OLE_LINK47][bookmark: OLE_LINK48]Tr_avg
	Λr2
	4
	A-1
	A-5

	[bookmark: _Hlk453091886]
	Tc_avg
	-
	-
	-
	-

	6s/4r
	Ts_avg
	Λr1
	4
	A-1
	F-3

	
	
	
	
	A-5
	F-9

	
	
	
	
	A-7
	F-3

	
	Tr_avg
	Λr2
	8
	A-1
	A-7

	[bookmark: _Hlk453091901]
	Tc_avg
	-
	-
	-
	-

	6s/5r
	Ts_avg
	Λr1
	5
	A-2
	F-3

	
	
	
	
	A-4
	F-9

	
	
	
	
	A-8
	F-3

	
	Tr_avg
	Λr2
	10
	A-2
	A-8

	[bookmark: _Hlk453091929]
	Tc_avg
	-
	-
	-
	-

	6s/7r
	Ts_avg
	Λr1
	7
	A-2
	F-9

	
	
	
	
	A-4
	F-3

	
	
	
	
	A-10
	F-3

	
	Tr_avg
	Λr2
	14
	A-4
	A-10

	
	Tc_avg
	-
	-
	-
	-

	6s/8r
	Ts_avg
	Λr1
	8
	A-1
	F-9

	
	
	
	
	A-5
	F-3

	
	
	
	
	A-11
	F-3

	
	Tr_avg
	Λr2
	16
	A-5
	A-11

	
	Tc_avg
	-
	-
	-
	-

	*A-Modulated MMF of armature current, Fsa
†F-Modulated MMF of field current, Fsf
[image: ]-Dominant components





[bookmark: _Toc507262717][bookmark: _Toc507264785][bookmark: _Toc513712494]3.3.2 Torque ripple
Table 3.4 shows the dominant magnetic gear pairs which contribute to the torque ripple in 6s/(2, 4, 5, 7, 8)r VFRMs. For clarity, the components which have significantly large magnitudes are marked by grey color. It can be found that:
(a) All three torque components will contribute to the torque ripple. The fluctuation times of ripple over one electrical period is LCM(Ns, Nr)/Nr (LCM is least common multiple).
(b) For 6s/|6i±2|r (i=0,1,2,…) VFRMs, the reluctance torque component contributes to the largest torque ripple since it is proportional to the 1st rotor permeance harmonic.
(c) For 6s/|6i±1|r (i=0,1,2,…) VFRMs, their torque ripple generated by synchronous torque, reluctance torque and cogging torque are proportional to the 5th, 4th and 6th rotor radial permeance harmonics, respectively. All these permeance harmonics are relatively small compared with the fundamental one. Hence, the 6s/|6i±1|r VFRMs are expected to have smaller torque ripple than 6s/|6i±2|r VFRMs.
The same analysis can also be performed on all the VFRMs listed in Table 3.2. It is found that only the reluctance torque ripple of 6s/|6i±2|r VFRMs and their multiples is proportional to the 1st rotor permeance component. Hence, VFRMs with these stator/rotor pole combinations are expected to have larger torque ripple than other VFRMs, as marked by grey color in Table 3.2.


TABLE 3.4
Magnetic Gear Pairs of Torque Ripples for 6s/(2, 4, 5, 7, 8)r VFRMs
	VFRM
	Torque ripple
	Permeance
	kNr
	Source-harmonic order
	Nripple

	
	
	Λrk
	
	Pm
	Pn
	

	6s/2r
	Ts_rip
	Λr2
	4
	*A-1
	†F-3
	3

	
	
	
	
	A-5
	F-9
	

	
	
	
	
	A-7
	F-3
	

	
	Tr_rip
	Λr1
	2
	A-5
	A-7
	

	
	Tc_rip
	Λr3
	6
	F-3
	F-3
	

	6s/4r
	Ts_rip
	Λr2
	8
	A-1
	F-9
	3

	
	
	
	
	A-5
	F-3
	

	
	Tr_rip
	Λr1
	4
	A-1
	A-5
	

	
	Tc_rip
	Λr3
	12
	F-3
	F-9
	

	6s/5r
	Ts_rip
	Λr5
	25
	A-10
	F-15
	6

	
	
	
	
	A-16
	F-9
	

	
	Tr_rip
	Λr4
	20
	A-10
	A-10
	

	
	Tc_rip
	Λr6
	30
	F-15
	F-15
	

	6s/7r
	Ts_rip
	Λr5
	35
	A-14
	F-21
	6

	
	
	
	
	A-20
	F-15
	

	
	Tr_rip
	Λr4
	28
	A-14
	A-14
	

	
	Tc_rip
	Λr6
	42
	F-21
	F-21
	

	6s/8r
	Ts_rip
	Λr2
	16
	A-7
	F-9
	3

	
	
	
	
	A-13
	F-3
	

	
	Tr_rip
	Λr1
	8
	A-1
	A-7
	

	
	Tc_rip
	Λr3
	24
	F-9
	F-15
	

	*A-Modulated MMF of armature current, Fsa
†F-Modulated MMF of field current, Fsf
[image: ]-Dominant components




[bookmark: _Toc507262718][bookmark: _Toc507264786][bookmark: _Toc513712495]3.3.3 FEA verification
In order to verify the aforementioned conclusions, the average torque and torque ripple of (6, 12)s/(2~20)r VFRMs are compared in Fig. 3.4. All the machines are globally optimized by FEA under the same constraint listed in Table 3.5.
TABLE 3.5
Specification Constraints For Global Optimization
	Parameter
	Symbol
	Unit
	Value

	Stator outer radius
	Rso
	mm
	45

	Airgap length
	g0
	mm
	0.5

	Total copper loss
	Pcu
	W
	30

	Turns per coil (AC/DC)
	na/nf
	-
	183/183

	Packing factor
	Kf
	-
	0.5

	Stack length
	Lstk
	mm
	25

	[image: ]
(a) 6s/(2,4,5…20)r VFRMs

	[image: ]
(b) 12s/(2,4,5…20)r VFRMs


Fig. 3.4. Variation of the average torque and torque ripple for (6, 12)s/(2,4,5…20)r VFRMs.
It can be found that:
(a) 6s/(2, 4, 8, 10, 14, 16, 20)r and 12s/(4, 8, 16, 20)r VFRMs show significantly larger torque ripple than other VFRMs, which confirms the conclusion that 6s/|6i±2|r VFRMs and their multiples have large torque ripple generated by their reluctance torque components.
(b) 6s/(7, 11)r and 12s/(10, 14)r VFRMs show the highest average output torque compared with their counterparts with the same stator slot number.
(c) The output torque of 12s-VFRMs is approximately half of that of 6s-VFRMs under the same copper loss and machine frame constraints. This can be explained by comparing the 6s/4r and 12s/8r VFRMs:
In a VFRM, the armature current can be calculated by
	

	(3.7)


where Nc is the tunes per coil; As is the total stator slot area; ρcu is the resistivity of copper; Lend is the end length of windings; Pcua is the copper loss of armature winding.
Assuming the copper loss of armature winding Pcua, total slot area As and turns per coil Nc are kept the same for 6s- and 12s-VFRMs, the armature current is proportional to the reciprocal of stator slot number. This also fits field current, i.e.
	

	(3.8)


By substituting (3.8) into (3.6), yielding:
	

	(3.9)


The 6s/4r and 12s/8r VFRMs are identical in terms of operation principle and torque coefficient kT. Based on (3.9), the output torque ratio between these two machines can be obtained, i.e.
	

	(3.10)


It should be noted that the foregoing investigation is based on the assumption that the core saturation is neglected. In this ideal situation, the torque/copper loss ratio of 12s/8r VFRM is proved to be only half of that of 6s/4r VFRM.
However, in practical situation, two cases should be considered. On one hand, when the electrical load is relatively small and the magnetic saturation level is low, the airgap flux density is mainly determined by the MMF. According to (3.7), the amplitude of MMF per coil NcI is proportional to 1/Ns, which leads to significantly lower airgap flux density and eventually smaller torque/copper loss ratio in 12s/8r VFRM compared with 6s/4r VFRM. In contract, when the copper loss is relatively large, the airgap flux density will be limited by the core saturation. In this case, the 6s/4r and 12s/8r VFRMs have similar phase flux linkage and back-EMF, as well as torque/copper loss ratio. This phenomenon is similar to the conclusion in SRMs [LOV92] and can be verified by FEA results of several 12s/8r and 6s/4r VFRMs optimized under different copper loss constraints, as shown in Fig. 3.5.
Considering the fact that 12s/8r VFRM has several advantages over 6s/4r VFRM, i.e., smaller space occupation of slot wedges, smaller slot opening and larger contact area between coil and iron for heat dissipation, 12s/8r VFRM is more suitable for high current density and large scale machine design. For low current density and small size machines, a lower slot number is preferable choice to boost torque density.
[image: ]
Fig. 3.5. Variations of torque and torque ratio of 6s/4r and 12s/8r VFRMs optimized under different copper loss constraints.
[image: ]
Fig. 3.6. Variations of average torque with current advanced angle for 6s/(4, 5, 7, 8)r VFRMs (Pcu=30W).
	[image: ]
(a) Average torque and 1st rotor permeance component

	[image: ]
(b) Reluctance torque and 2nd rotor permeance component.


Fig. 3.7. Variations of per unit value of the average torque, reluctance torque, 1st and 2nd rotor permeance component with rotor pole arc ratio.
Further, it is predicted that the synchronous torque is the dominant part in average torque production since it is proportional to the 1st rotor permeance harmonic. In contrast, the reluctance torque is proportional to the 2nd rotor permeance harmonic and becomes negligible. To verify this, the variations of average torque with advanced current angle for the optimized 6s/(4, 5, 7, 8)r VFRMs are shown in Fig. 3.6. The peak values are all obtained when their advanced current angle is close to 0 deg., indicating that the reluctance torque is much smaller than synchronous torque. Then, by using the single-side saliency model illustrated in Appendix A, the distributions of rotor radial permeance under different rotor pole arc ratio can be obtained from FEA. The average torque and reluctance torque are proved to have similar variation trends as the 1st and 2nd rotor permeance components, as shown in Fig. 3.7.
[bookmark: _Toc507262719][bookmark: _Toc507264787][bookmark: _Toc513712496]3.3.4 Experimental verification
For experimental verification, a 6s/7r and a 6s/8r VFRMs are prototyped and compared. These two machines share the same stator but different rotor, as shown in Fig. 3.8. Both the armature and field windings are in concentrate types and wound on all the stator teeth. The winding configurations can be found in Fig. 3.3. The specifications of prototyped machine are listed in Table 3.6. During the experiment, the field winding is excited by a DC supply, whereas the armature winding is connected to an inverter. The test rig is shown in Fig. 3.7.

	[image: C:\Users\ELP14lh\Google Drive\Paper\VFRM\test\photo\IMG_2633.JPG]
(a) Stator
	[image: ]
(b) Rotors


Fig. 3.8. Photos of 6/7 and 6/8 VFRM prototypes.


TABLE 3.6
Main specifications of 6/7 and 6/8 VFRMs
	Parameter
	Unit
	VFRM

	
	
	6/7
	6/8

	Stator outer diameter
	mm
	90

	Airgap length
	mm
	0.5

	Turns per coil (AC/DC)
	-
	183/183

	Split ratio
	-
	0.52

	Stator pole arc
	deg.
	30

	Copper loss
	W
	30

	Voltage
	V
	72

	Rotor pole arc
	deg.
	23
	20



[image: ]
Fig. 3.9. Test rig.
Firstly, the VFRMs are operating at open-circuit and only their field windings are excited. The phase back-EMFs are measured at 400rpm, as shown in Fig. 3.10. Two different field currents are tested and good agreements can be found between FEA and experimental results. From the calculated spectra of back-EMF, it can be seen that the fundamental component of 6s/7r VFRM is significantly larger than 6s/8r VFRM, which indicates the higher torque density of 6s/7r VFRM. Moreover, the back-EMF waveform of 6s/7r VFRM is closer to sinusoidal, whereas the 6s/8r VFRM contains large subharmonics in its back-EMF. Therefore, the 6s/7r VFRM is expected to have smaller torque ripple than the 6s/8r VFRM.
Further, the on-load torque performance of the 6s/7r and 6s/8r VFRMs are measured by torque transducer. The transient torque waveforms and variations of average torque with RMS currents are shown in Figs. 3.11 and 3.12, respectively. It can be seen that the measured torque is slightly smaller than the FEA predicted one. This is mainly due to the measurement error and minor disturbance in current waveform in practical system. Nevertheless, the torque ripple of 6s/8r VFRM is significantly larger than that of 6s/7r VFRM, confirming the prediction in Section IV. Regarding the average torque, the 6s/8r VFRM is smaller than 6s/7r due to its smaller fundamental back-EMF component.
	[image: ]
(a) Back-EMF of 6/7 VFRM.

	[image: ]
(b) Back-EMF of 6/8 VFRM.
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(c) Spectra of back-EMF when If=1A


Fig. 3.10. Back-EMFs of 6/7 and 6/8 VFRMs under 1A and 2A field currents.
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(a) Torque waveform of 6s/7r VFRM

	[image: ]
(b) Torque waveform of 6s/8r VFRM


Fig. 3.11. FEA predicted and measured torque waveforms of 6s/7r and 6s/8r VFRMs when (Ia=If=2A).
[image: ]
Fig. 3.12. Variations of average torque with AC RMS current of 6s/7r and 6s/8r VFRMs when (Ia=If).
[bookmark: _Toc507262720][bookmark: _Toc507264788][bookmark: _Toc513712497]3.4 Analysis of Winding Configuration
In foregoing investigation, the armature and field windings are kept as double-layer concentrated (DLC) windings. The section further compares the performance of VFRMs with different winding types. Since the concentrated winding type is essential for VFRMs to ensure their robustness and simplicity, this feature is kept during investigation. In this case, apart from the DLC winding, the single-layer concentrated (SLC) winding is another potential candidate for VFRM winding configuration.
In fact, the application of SLC winding in electrical machines is not a new concept. In [ISH06], [RED15] and [OWE10], the SLC winding is applied to permanent magnet (PM) machines. Compared with DLC winding, the SLC winding is found to contain more subharmonics, which will eventually influence the back-EMF and inductance of PM machines. In [HUA16b] and [MA16], the SLC winding is also applied to the SRMs excited by unipolar rectangular and sinusoidal excitations. It is found that the machines with SLC winding show higher torque density than those with DLC winding under low current density condition and have better fault tolerance. In [ZHU15], the performance of VFRMs with SLC winding is analyzed by finite element analysis (FEA). It is found that the 6s/7r is the best stator/rotor pole combination for VFRMs with SLC winding.
Up to now, the performances of VFRMs with DLC and SLC armature windings are investigated separately and have not been compared. Hence, this section aims to find out the preferable winding type for VFRMs and comprehensively explain the performance discrepancy between these two winding types based on the magnetic gearing effect and FEA. The 6s-VFRMs are selected as examples during investigation. The revealed conclusions are general and can be extended to VFRMs with other stator/rotor pole combinations.
[bookmark: _Toc507262721][bookmark: _Toc507264789][bookmark: _Toc513712498]3.4.1 Winding configurations
The armature winding can be configured into DLC and SLC winding types, as shown in Fig. 3.13. The DLC armature winding can be configured into 6-stator-slots/2-poles (6s/2p) and 6s/4p types, whereas the SLC winding only has one configuration. It can be found that:
(a) The peak value of MMF of SLC winding is twice of that of DLC winding.
(b) The 6s/2p and 6s/4p DLC windings contain |6n±1|-th and |6n±2|-th harmonics, respectively, whereas the SLC winding contains all the harmonics except those with 3n-th order. In addition, the magnitudes of the MMF harmonics of DLC winding are identical to their counterparts of SLC winding which have the same harmonic order. This is mainly due to the fact that the DLC and SLC windings have identical winding factors, as shown in Table 3.7.
	[image: ]
(a) DLC winding 6s/2p
	[image: ]
(b) DLC winding 6s/4p
	[image: ]
(c) SLC winding.


Fig. 3.13. Configurations of double- and single-layer armature winding.
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(a) MMF distributions
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(b) Spectra


Fig. 3.14. MMF distributions of double- and single-layer armature windings.
TABLE 3.7
WINDING FACTORS OF DOUBLE- AND SINGLE-LAYER ARMATURE WINDINGS
	Winding factor
	DLC
	SLC

	
	6s/2p
	6s/4p
	

	Pitch factor
	Kpn
	sin(nπ/6)

	Distribution factor
	Kdn
	1

	Winding factor
	Kdpn
	sin(nπ/6)

	Harmonic order
	DLC
	SLC

	
	6s/2p
	6s/4p
	

	1st
	0.5
	-
	0.5

	2nd
	-
	0.866
	0.866

	3rd
	-
	-
	-

	4th
	-
	0.866
	0.866

	5th
	0.5
	-
	0.5

	6th
	-
	-
	-

	7th
	0.5
	-
	0.5

	8th
	-
	0.866
	0.866

	9th
	-
	-
	-

	10th
	-
	0.866
	0.866



For field winding, there are two configurations, as shown in Fig. 3.15. These two configurations are identical from the electromagnetic point of view since the current polarity distributions in slots are the same. However, their physical connections are different. The all-tooth- wound field winding is more suitable for double-layer armature winding VFRM since all the teeth have even windings wound. For the same reason, the alternative-tooth-wound field winding is more suitable for single-layer armature winding.
	[image: ]
(a) All-tooth-wound winding.
	[image: ]
(b) Alternative-tooth-wound winding.


Fig. 3.15. Configurations of field winding.
The MMF distributions of these two configurations are the same and presented in Fig. 3.16. It can be seen that the MMF of field winding contains |6m+3|-th harmonics.
	[image: ]
(a) MMF distributions
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(b) Spectra


[bookmark: OLE_LINK1][bookmark: OLE_LINK3]Fig. 3.16. MMF distributions of field windings.
[bookmark: _Toc507262722][bookmark: _Toc507264790][bookmark: _Toc513712499]3.4.2 Feasible rotor pole number of different winding configurations
The feasible rotor pole numbers for DLC and SLC winding configurations can be obtained by using (3.3). Table 3.8 shows the spatial harmonic contents of armature and field winding MMF. Consequently, the feasible rotor pole numbers for VFRMs with both DLC and SLC armature windings are deduced in Table 3.9. It can be seen that all the integers except the multiples of 3 can be chosen as the rotor pole numbers for VFRMs with DLC and SLC windings. This conclusion is also confirmed by FEA in [LIU12a] and [ZHU15].


TABLE 3.8
SPATIAL MMF HARMONIC CONTENTS FOR ARMATURE AND FIELD WINDINGS
	Winding types
	Harmonic order
	Rotating speed

	Armature winding
	DLC
	6s/2p
	|6n+1|
	*NrΩr

	
	
	
	|6n-1|
	-NrΩr

	
	
	6s/4p
	|6n+2|
	NrΩr

	
	
	
	|6n-2|
	-NrΩr

	
	SLC
	6s/4p
	|6n+1| & |6n-2|
	NrΩr

	
	
	
	|6n-1| & |6n+2|
	-NrΩr

	Field winding
	-
	|6m+3|
	0

	* Nr-Rotor pole number, Ωr-Rotor rotating speed



TABLE 3.9
FEASIBLE ROTOR POLE NUMBERS FOR VFRMS WITH DLC AND SLC WINDINGS
	Armature winding
	Feasible rotor pole number
	Specific rotor pole number

	DLC
	6s/2p
	Nr=|Pa±Pf|=|(6n±1)±(6m+3)|=|6k±2|
	2, 4, 8,…

	
	6s/4p
	Nr=|Pa±Pf|=|(6n±2)±(6m+3)|=|6k±1|
	5, 7, 11,…

	SLC
	Nr=|Pa±Pf|=|(6n±1)±(6m+3)|=|6k±2|
&
Nr=|Pa±Pf|=|(6n±2)±(6m+3)|=|6k±1|
	2, 4, 5, 7, 8,…


[bookmark: _Toc507262723][bookmark: _Toc507264791][bookmark: _Toc513712500]3.4.3 Influence of winding configuration on torque performance
A. Average torque
The torque performance of VFRMs with DLC armature winding has already been investigated with magnetic gearing effect in Section 3.3. Similarly, the torque characteristic of VFRMs with SLC armature winding can be identified by the same method. To clearly show the discrepancy of torque performance in VFRMs with DLC and SLC armature windings, the 6s/4r and 6s/5r VFRMs are selected as examples in following investigations. The revealed conclusion will be extended to all the VFRMs afterwards.
By only considering the dominant components of modulated MMFs (harmonics with orders lower than 10), the magnetic gear pairs which contribute to the average torque for 6s/4r and 6s/5r VFRMs are listed in Table 3.10.
TABLE 3.10
MAGNETIC GEAR PAIRS OF AVERAGE TORQUE PRODUCTION FOR 6S/4R AND 6S/5R VFRMS WITH DLC AND SLC ARMATURE WINDINGS
	VFRM
	Average torque
	Λrk
	Pr
	Source-harmonic order

	
	
	
	
	Pm
	Pn

	6s/4r
	DLC
	Ts_avg
	Λr1
	4
	A-1
	F-3

	
	
	
	
	
	A-7
	F-3

	
	
	Tr_avg
	Λr2
	8
	A-1
	A-7

	
	
	Tc_avg
	-
	-
	-
	-

	
	SLC
	Ts_avg
	Λr1
	4
	A-1
	F-3

	
	
	
	
	
	A-7
	F-3

	
	
	Tr_avg
	Λr2
	8
	A-1
	A-7

	
	
	
	
	
	A-4
	F-4

	
	
	Tc_avg
	-
	-
	-
	-

	6s/5r
	DLC
	Ts_avg
	Λr1
	5
	A-2
	F-3

	
	
	
	
	
	A-8
	F-3

	
	
	Tr_avg
	Λr2
	10
	A-2
	A-8

	
	
	Tc_avg
	-
	-
	-
	-

	
	SLC
	Ts_avg
	Λr1
	5
	A-2
	F-3

	
	
	
	
	
	A-8
	F-3

	
	
	Tr_avg
	Λr2
	10
	A-2
	A-8

	
	
	
	
	
	A-5
	A-5

	
	
	Tc_avg
	-
	-
	-
	-

	*A-Modulated MMF of armature current, Fsa
†F-Modulated MMF of field current, Fsf
[image: ]-Additional magnetic gear pairs of VFRMs with SLC winding



Some features can be revealed:
(a) The average torque of VFRMs with both winding types is generated by synchronous torque and reluctance torque components. Moreover, the synchronous torque and reluctance torque are proportional to the 1st and 2nd rotor permeance components, respectively. For a conventional salient pole rotor, the 1st component is much larger than the 2nd component. Hence, the synchronous torque is the dominant one in average torque production, whereas the reluctance torque is negligible.
(b) The synchronous torque components of VFRMs with both winding types contain identical magnetic gear pairs. Since the magnitudes of MMF harmonics are identical for DLC and SLC windings (see Fig. 3.14), the synchronous torque productions of machines with both winding types are similar to each other when the influence of core magnetic saturation is not accounted for. In contrast, the reluctance torque productions are different for machines with DLC and SLC windings. In comparison with the VFRMs with DLC winding, there are additional magnetic gear pairs in the reluctance torque components of the machines with SLC winding, as marked by grey color in Table 3.10. This will lead to larger reluctance torque for machines with SLC winding. However, as mentioned above, the reluctance torque is negligible in average torque production. Hence, this enhancement in reluctance torque is also minor. Consequently, the torque capabilities are similar for VFRMs with both winding types under magnetically unsaturated condition.
To verify this, the FEA results of four VFRMs (6s/4r-DLC, 6s/4r-SLC, 6s/5r-DLC, 6s/5r-SLC) are presented. The main dimensions of four machines are listed in Table 3.11. Fig. 3.17 shows the variations of average and reluctance torques with the advanced current angle under linear condition (magnetically unsaturated). The optimal advanced current angle of all four machines are close to 0 deg., which means the reluctance torques are relatively small for VFRMs. In addition, the peak average torque and reluctance torque of VFRMs with SLC winding is slightly larger than that of VFRMs with DLC winding. However, the difference between them is quite minor. This verifies the aforementioned conclusions.

TABLE 3.11
MAIN SPECIFICATIONS OF 6S/4R AND 6S/5R VFRMS
	Parameters
	Unit
	VFRM

	
	
	6s/4r
	6s/5r

	
	
	DLC
	SLC
	DLC
	SLC

	Stator outer diameter
	mm
	90

	Airgap length
	mm
	0.5

	Total copper loss
	W
	30

	Turns per slot (AC/DC)
	-
	183/183

	Split ratio
	-
	0.5
	0.52

	Stator pole arc
	deg.
	27
	24

	Rotor pole arc
	deg.
	34.6
	26
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(a) 6s/4r VFRMs

	[image: ]
(b) 6s/5r VFRMs


Fig. 3.17. Variations of average and reluctance torques of VFRMs with DLC and SLC armature windings under magnetically unsaturated condition (Pcu=30W).
Further, the influence of core saturation should be taken into account. The core material is set to nonlinear and the variations of average torques against copper loss are presented in Fig. 3.18. Compared with the linear case, a significant drop in average torque is observed when the core is saturated. Moreover, the VFRMs with SLC winding are always smaller than the VFRMs with DLC winding in terms of average torque under nonlinear condition. This is mainly due to the more severe saturation status in cores of VFRMs with SLC winding. As presented in Fig. 3.14, the peak value of MMF of SLC winding is twice of that of DLC winding under the same current set. Meanwhile, the positive MMF region is intensively distributed in a 60 electrical degree region. Both aspects will lead to a flux focus phenomenon and severe local saturation in one single stator tooth of VFRMs with SLC winding, as confirmed by Figs. 3.19 and 3.20.
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(a) 6s/4r VFRMs
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(b) 6s/5r VFRMs


Fig. 3.18. Variations of average torque with copper loss of VFRMs with double- and single-layer armature windings under linear and nonlinear core conditions.
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(a) 6s/4r-DLC VFRMs
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(b) 6s/4r-SLC VFRMs
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(c) 6s/5r-DLC VFRMs
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(d) 6s/5r-SLC VFRMs.
	


Fig. 3.19. Flux linkagaes of VFRMs with double- and single-layer windings.
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(a) 6s/4r-DLC VFRMs
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(b) 6s/4r-SLC VFRMs
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(c) 6s/5r-DLC VFRMs
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(d) 6s/5r-SLC VFRMs.
	


Fig. 3.20. Field distributions of VFRMs with double- and single-layer windings.
Overall, the average torque of VFRMs with SLC winding is always lower than those with DLC winding.


B. Torque ripple
Table 3.12 shows the magnetic gear pairs of torque ripple in VFRMs. Some features can be found:
(a) The reluctance torque is the main source of torque ripple.
(b) Compared with VFRMs with DLC winding, there are additional magnetic gear pairs in the synchronous and reluctance torque components of VFRMs with SLC windings, which will lead to additional torque ripple in these two torque components. Moreover, this additional ripple of reluctance torque is proportional to the 1st rotor permeance. Hence, the reluctance torque ripple of VFRMs with SLC winding is significantly larger than that of VFRMs with DLC winding.
(c) The frequency of torque ripple over one electrical period of 6s/4r-DLC and 6s/5r-DLC VFRMs are 3 and 6, respectively. In contrast, due to the additional magnetic gear pairs in synchronous and reluctance torques, the fluctuation times of torque ripple of the VFRMs with SLC windings are always 3.
TABLE 3.12
MAGNETIC GEAR PAIRS OF TORQUE RIPPLE FOR 6S/4R AND 6S/5R VFRMS WITH DLC AND SLC ARMATURE WINDINGS
	VFRM
	Average torque
	Λrk
	Pr
	Source-harmonic order
	Nripple

	
	
	
	
	Pm
	Pn
	

	6s/4r
	DLC
	Ts_ripple
	Λr2
	8
	A-5
	F-3
	3

	
	
	Tr_ripple
	Λr1
	4
	A-1
	A-5
	3

	
	
	Tc_ripple
	Λr3
	12
	F-3
	F-9
	3

	
	SLC
	Ts_ripple
	Λr2
	8
	A-5
	F-3
	3

	
	
	Tr_ripple
	Λr1
	4
	A-1
	A-5
	3

	
	
	
	
	
	A-2
	A-2
	3

	
	
	
	
	
	A-4
	A-8
	

	
	
	Tc_ripple
	Λr3
	12
	F-3
	F-9
	3

	6s/5r
	DLC
	Ts_ripple
	Λr5
	25
	A-16
	F-9
	6

	
	
	Tr_ripple
	Λr4
	20
	A-10
	A-10
	6

	
	
	Tc_ripple
	Λr6
	30
	F-15
	F-15
	6

	
	SLC
	Ts_ripple
	Λr5
	25
	A-16
	F-9
	6

	
	
	
	Λr2
	10
	A-7
	F-3
	3

	
	
	Tr_ripple
	Λr4
	20
	A-10
	A-10
	6

	
	
	
	Λr1
	5
	A-1
	A-4
	3

	
	
	
	
	
	A-2
	A-7
	

	
	
	Tc_ripple
	Λr6
	30
	F-15
	F-15
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	[image: ]-Additional magnetic gear pairs of VFRMs with SLC winding



To verify these features, the total and reluctance torque waveforms of 6s/4r and 6s/5r VFRMs are calculated by FEA, as presented in Figs. 3.21 and 3.22. It can be seen that the ripples of total and reluctance torques of VFRMs with SLC windings are significantly larger than those of VFRMs with DLC windings. In addition, the frequencies of torque ripples match the predictions.
Overall, the torque ripple of VFRMs with SLC winding is significantly larger than that of VFRMs with DLC winding.
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(a) Torque waveforms
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(b) Spectra


Fig. 3.21. Total and reluctance torques of 6s/4r VFRM with DLC and SLC windings (Pcu=30W).
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(a) Torque waveforms
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(b) Spectra


Fig. 3.22. Total and reluctance torques of 6s/5r VFRM with DLC and SLC windings (Pcu=30W).
C. Influence of stator/rotor pole combination
In foregoing investigation, the 6s/4r and 6s/5r VFRMs with DLC and SLC windings are analyzed in detail. For VFRMs with other stator/rotor pole combinations, the same method can also be applied. The torque features are concluded as:
(a) The average torque of VFRMs with SLC winding is always smaller than VFRMs with DLC winding.
(b) The torque ripple of VFRMs with SLC winding is always larger than VFRMs with DLC winding.
To verify this, the 6s/(2~14)r and 12s/(2~14)r VFRMs with DLC and SLC armature windings are globally optimized under the same constraint listed in Table 3.13. Their average torque and torque ripple are compared in Fig. 3.23. The results agree the prediction of investigation well. Moreover, the 6s/7r stator/rotor pole combination is found to be the best for VFRMs with both DLC and SLC armature windings, as also confirmed in [SHI14] and [ZHU15].
TABLE 3.13
Constraints of Global Optimization
	Parameters
	Unit
	Value

	Stator outer diameter
	mm
	90

	Airgap length
	mm
	0.5

	Total copper loss
	W
	30

	Turns per slot (AC/DC)
	-
	72/72



	[image: ]
(a) Average torque
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(b) Torque ripple.


Fig. 3.23. Variations of average torque and torque ripple of VFRMs with rotor pole number (Pcu=30W).

[bookmark: _Toc507262724][bookmark: _Toc507264792][bookmark: _Toc513712501]3.4.4 Influence of winding configuration on efficiency and fault tolerance
A. Efficiency
The efficiency of VFRMs is closely related to the iron loss and copper loss. Since both DLC and SLC armature windings are of concentrated winding type, the length of their end windings are similar to each other, which means the copper losses of these two winding types are also similar to each other under the same ampere turns of excitation. Therefore, the efficiencies of VFRMs with both winding types are mainly influenced by iron loss.
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(a) Iron loss

	[image: ]
(b) Efficiency


Fig. 3.24. Iron loss and efficiency of VFRMs with double- and single-layer armature windings (Pcu=30W).
According to Fig. 3.14, it is proved that the MMF of single-layer winding contains more subharmonics than that of double-layer winding. This will lead to more harmonics in airgap field and eventually larger iron loss in cores. By using the ANSYS Maxwell package, the iron losses and efficiencies of 6s/4r VFRMs can be calculated, as shown in Fig. 3.24. It can be found that the VFRM with DLC winding shows lower iron loss and higher efficiency than that with SLC winding.
	[image: ]
(a) Variations of phase self inductance and mutual inductance between armature and field winding against rotor position

	[image: ]
(b) Spectra of inductances


Fig. 3.25. Self-inductance of phase A and mutual inductance between armature and field winding for 6s/4r VFRMs with DLC and SLC windings (Pcu=30W).
B. Fault tolerance
VFRMs have high fault tolerance due to their simply structures. However, the phase short circuit and phase-to-phase faults are still risky to the machines.
Regarding the phase short circuit, its main hazard comes from the high current under fault condition. The amplitude of the current is influenced by the resistance and inductance of the armature winding. By using FEA and frozen permeability method [WAL05], the self-inductance of phase A La and the mutual inductance between phase A and field winding Maf for 6s/4r VFRMs with both winding types are obtained and compared in Fig. 3.25. It can be seen that the mutual inductance of SLC winding is slightly smaller than that of DLC winding due to its severe local saturation. In contrast, the phase self-inductance of SLC winding is significantly larger than that of DLC winding, which will lead to smaller phase short-circuit current and boost fault tolerance. Moreover, there is physical isolation between each phase for SLC winding, which will reduce the risk of phase-to-phase fault. Overall, the SLC winding shows better fault tolerance capability than the DLC winding.
[bookmark: _Toc507262725][bookmark: _Toc507264793][bookmark: _Toc513712502]3.4.5 Experimental verification
To verify the analysis, a 6s/4r VFRM is prototyped, as shown in Fig. 3.26. The detailed dimensions are shown in Table 3.14. The prototype machine has 2 coils wound on each tooth with open coil terminals, which makes it flexible to change the winding connection from DLC to SLC winding, as shown in Fig. 3.27. The test rig is the same as that in Fig. 3.9 except the prototype. The armature and field windings are excited by inverter and DC power supply, respectively.
	[image: C:\Users\ELP14lh\Google Drive\Paper\VFRM\test\photo\IMG_2633.JPG]
(a) Stator
	[image: C:\Users\ELP14lh\Google Drive\Paper\VFRM\test\photo\IMG_2623.JPG]
(b) Rotor


Fig. 3.26. Photos of 6s/4r VFRM prototype.

TABLE 3.14
Main Specifications of Prototype 6s/4r VFRM
	Parameter
	Value
	Parameter
	Value

	Number of phases
	3
	Stator outer diameter
	90 mm

	DC-bus voltage
	48 V
	Rotor outer diameter
	46.4 mm

	Rated speed
	400 rpm
	Airgap length
	0.5 mm

	Rated power
	70 W
	Stator pole arc
	30 deg.

	Rated torque
	1.7 Nm
	Rotor pole arc
	41 deg.

	Stack length
	25 mm
	Turns per coil (AC/DC)
	183 / 183
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(a) DLC winding
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(b) SLC winding.


Fig. 3.27. Winding connections of 6s/4r VFRM prototypes with DLC and SLC armature windings.
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(a) VFRM with DLC winding
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(b) VFRM with SLC winding


Fig. 3.28. Measured back-EMFs of 6/4 VFRMs with DLC and SLC winding (DC current is 1A, 400rpm).
Firstly, the back-EMFs of VFRMs with DLC and SLC winding connections are measured, as shown in Fig. 3.28. The measured and FEA predicted results match well. Moreover, the back-EMFs of VFRMs with DLC and SLC windings are almost identical to each other. This indicates that the torque capabilities of machines with both winding configurations are similar to each other without considering the influence of core saturation.
Then, by using the torque transducer, the transient torque waveforms are measured when DC current is 1.06 and AC current is 1.5A, as shown in Fig. 3.29. Good agreement can be found between FEA and measurement results. Moreover, as predicted, the torque ripple of VFRM with SLC winding is significantly larger than that of VFRM with DLC winding.
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(a) VFRM with DLC winding
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(b) VFRM with SLC winding


Fig. 3.29. Measured torque waveforms of 6/4 VFRM with DLC and SLC winding (DC current is 1.06A, AC current is 1.5A).

Fig. 3.30 further shows the variations of average torque with total RMS current for VFRMs with both winding types. It is confirmed that the machines with DLC and SLC windings have similar average torque under light load condition but the machine with DLC winding has better overload capability.
[image: ]
Fig. 3.30. Variations of average torque against total RMS current of VFRMs with DLC and SLC windings (equal RMS values of DC and AC currents).
[bookmark: _Toc507262726][bookmark: _Toc507264794][bookmark: _Toc513712503]3.5 Conclusion
In this chapter, the stator/rotor pole combination and winding configuration of VFRMs are analysed from the perspective of magnetic gearing effect. The general principle is firstly identified. Then, the influence of stator/rotor pole combination and winding configuration on electromagnetic performance is investigated. It is found that:
(a) All the integers except 3k are feasible rotor pole numbers for VFRM with both double- and single-layer armature windings. The general principle of stator/rotor pole combination and winding configuration is Nr=|Pa±Pf| (Nr is the rotor pole number, Pa and Pf are the spatial harmonic order of armature and field windings, respectively)
(b) For all the VFRMs, the synchronous torque is much larger than the reluctance torque in terms of the average torque production, which makes the VFRMs a stator-wound-field synchronous machine rather than a reluctance machine.
(c) The 6s/(6i±2)r VFRMs and their multiples exhibit large ripple in their reluctance torque component. Thus, these VFRMs have larger torque ripple than other VFRMs.
(d) VFRMs with a smaller stator slot number are preferable choices to achieve higher torque/copper loss ratio under relatively small electrical load condition, whereas VFRMs with a higher stator slot number are more suitable for large electrical load and large frame scale design.
(e) The torque density of VFRMs with SLC winding is always lower than that of VFRMs with DLC winding, whereas the torque ripple of VFRMs with SLC winding always larger than that of VFRMs with DLC winding. Therefore, the DLC winding is superior to SLC winding for VFRMs.
(e) The VFRMs with SLC winding have larger core loss and lower efficiency than those with DLC winding due to the additional subharmonics in MMF and airgap field.
(f) Compared with DLC winding, SLC winding has significantly larger phase self-inductance and physical separation between phases, which leads to higher fault tolerance in VFRMs with SLC winding.
Overall, the analysis methods and findings illustrated in this chapter can assist a fast performance estimation during VFRM design.


[bookmark: _Toc507262727][bookmark: _Toc507264795][bookmark: _Toc513712504]Chapter 4
[bookmark: _Toc507262728][bookmark: _Toc507264796][bookmark: _Toc513712505]Analysis of Power factor
The power factor is an important design criterion of electrical machines, which determines the inverter capacity requirement of machine drive system. In literatures [HAR97] and [JIA15b], it is reported that many stator-wound-field (SWF) electrical machines suffer from low power factor issue at full load condition. According to chapters 2 and 3, variable flux reluctance machines (VFRMs) are one kind of SWF machines and may also suffer from the same problem. Therefore, this chapter investigates the mechanism and features of power factor in VFRMs based on an analytical model. The relationship between the power factor and all the design parameters, e.g. rotor permeance ratio, stator/rotor pole ratio and DC/AC winding ampere turns ratio, is comprehensively illustrated. In addition, the weak coupling between the field and armature windings caused by the modulation effect of salient rotor is found to be responsible for the low power factor issue of VFRMs.
[bookmark: _Toc507262729][bookmark: _Toc507264797][bookmark: _Toc513712506]4.1 Introduction
[bookmark: OLE_LINK23][bookmark: OLE_LINK24]The power factor is known to be an important factor which will influence the inverter capacity requirement of machine drive system. In [ZHU17a], the power factors of seven kinds of electric machines are compared for electric vehicle applications. It shows that the permanent magnet (PM) synchronous machines have relatively higher power factor than the induction machines and synchronous reluctance machines (SynRMs). Then, the analysis of [JIA15a] indicates that the DC-excited vernier reluctance machines (VRMs) have even lower power factor than the SynRMs. In fact, many SWF and stator PM-excited machines, e.g., transverse flux PM machines [HAR97], flux reversal machines [GAO16], VRMs [JIA15a][JIA15b], flux-modulated PM machines [LI15][ZHA15], are reported to suffer from low power factor issue at full load condition (usually lower than 0.55). As another SWF machine, VFRMs may also have the same problem. Hence, it is essential to investigate the mechanism and features of the power factor in VFRMs. Moreover, in these existing analyses on SWF machines, their power factor calculations are all based on the finite element analysis (FEA). With this method, the relationship between design parameters and power factor cannot be directly identified. In this chapter, the power factor of VFRMs is firstly analyzed based on a simplified analytical model and the harmonic analysis, and then verified by FEA. The influence of all the design parameters on power factor is clearly reflected on three predictable ratios, i.e., rotor permeance ratio, stator/rotor pole ratio and DC/AC winding ampere turns ratio.
This chapter is organized as follows: Firstly, the analytical expressions of power factor calculation in VFRMs are derived in Section 4.2. Based on this, the relationship between the design parameters and the power factor is revealed, which is then verified by FEA in Section 4.3. Also, the nature of the low power factor issue in VFRMs is illustrated in Section 4.4. In Section 4.5, an optimization method with adjustable DC/AC ampere turns ratio is developed to enhance the power factor and the output torque for VFRMs under a given inverter capacity. Finally, the experimental results are presented in Section 4.6.
[bookmark: _Toc507262730][bookmark: _Toc507264798][bookmark: _Toc513712507]4.2 Power factor of VFRMs
Since VFRM is a SWF synchronous machine [HUA17], the phasor diagram and general power factor expressions of VFRMs are identical to those of conventional synchronous machines, as presented in Fig. 4.1(a) and (4.1), respectively.
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(a) Id, Iq ≠ 0.
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(b) Id = 0, Iq ≠ 0.


Fig. 4.1.  Phasor diagrams of VFRMs.
	

	(4.1)


[bookmark: OLE_LINK35][bookmark: OLE_LINK36][bookmark: OLE_LINK37][bookmark: OLE_LINK34]where (Ud, Uq) and (Id, Iq) are the voltages and currents of d- and q-axes for armature winding, respectively; (Φd, Φq) are the d- and q-axis flux linkages generated by AC current; Φf is the d-axis flux linkage generated by field current; R is the phase resistance; θ is the current advanced angle.
Further, it is confirmed in chapters 2 and 3 that the synchronous torque, which is generated by the interaction between AC and DC currents, has the dominant contribution in average torque production, whereas the reluctance torque generated by AC current itself is negligible. In this case, the advanced current angle of VFRM is close to 0 and the phasor diagram can be modified to Fig. 4.1(b). If the influence of phase resistance is neglected, the simplified power factor expression is given by
	

	(4.2)


[bookmark: OLE_LINK38][bookmark: OLE_LINK39][bookmark: OLE_LINK40]It can be found that the power factor of VFRM is closely related to the flux ratio Φq/Φf. The average value of this ratio for one electrical period can be expressed as
	

	(4.3)


where ΦAa-1 and ΦAf-1 are the fundamental components of flux linkages of phase A due to armature and field currents excitation alone, respectively.
Therefore, the power factor of VFRMs can be evaluated by the flux ratio of ΦAa-1/ΦAf-1. Apparently, a smaller ΦAa-1/ΦAf-1 indicates a larger power factor over one electrical period.
In order to further investigate the power factor of VFRMs, it is necessary to look into the relationship between flux ratio ΦAa-1/ΦAf-1 and design parameters. Therefore, an analytical model of flux linkage is introduced.
By using the winding function theory [LIP08], the flux linkage of phase A due to armature current ΦAa can be expressed by:
	

	(4.4)


where Rsi is the inner radius of stator; Lstk is the machine stack length; WA is the winding function of phase A; Bga is the radial airgap flux density due to armature current and can be calculated by the magneto-motive-force (MMF) permeance model [HEL77]:
	

	(4.5)


where Fa is the MMF of armature current; Λ is the radial airgap permeance; g0 is the airgap length; μ0 is the vacuum permeability; Λs is the radial airgap permeance of stator-slotted and smooth rotor model; Λr is the radial airgap permeance of rotor-slotted and smooth stator model.
By substituting (4.5) into (4.4), the expression of ΦAa can be rewritten into
	

	(4.6)


where Fsa is defined as the “modulated MMF” of armature, which is the equivalent MMF modulated by stator slotting effect. As proved in chapter 2, each harmonic of the modulated MMF has identical initial phase and rotating speed as its counterpart of the original MMF without stator slotting effect, albeit with modified magnitude due to the introduction of stator permeance Λs. In this case, the harmonic content of modulated MMF can be directly derived from the original MMF.
Similarly, the flux linkage of phase A due to field current ΦAf can also be expressed as:
	

	(4.7)


where Fsf is the modulated MMF of field current.
In (4.6) and (4.7), WA, Fsa, Fsf and Λr are four coefficients to be determined. For VFRMs, their general expressions can be defined as:
	

	(4.8)

	

	(4.9)

	

	(4.10)

	

	(4.11)


[bookmark: OLE_LINK56][bookmark: OLE_LINK57]where ωh is the magnitude of the h-th component of winding function of phase A; An and Ωn are the magnitude and rotating speed of the n-th component of armature modulated MMF, respectively; Fm is the magnitude of the m-th component of field modulated MMF; Ns and Nr are the stator and rotor tooth numbers, respectively; Λr0 and Λrk are the dc and k-th components of rotor permeance; Ωr is the mechanical rotating speed of rotor; γ0 is the initial position of rotor.
By substituting (4.8)-(4.11) into (4.6) and (4.7), the flux linkages of phase A due to field and armature currents can be expressed as
	

	(4.12)

	

	(4.13)


Since the dc and fundamental components are the dominant components for the rotor permeance in a regular salient rotor [HUA17][HEL77], the higher order rotor permeance harmonics are neglected. In this case, the fundamental components of ΦAa and ΦAf can be further identified, as given by (4.14) and (4.15).
	

	(4.14)

	

	(4.15)


It can be seen that the fundamental components of phase flux linkages due to armature and field currents are proportional to the dc and 1st rotor permeance components, respectively. Consequently, the flux ratio of VFRMs can be expressed by
	

	(4.16)


The power factor can be evaluated by:
	

	(4.17)


It is known that the magnitudes of the harmonics of both modulated MMFs and winding functions are descending with their order number. By only considering the dominant components of modulated MMFs and winding functions, (16) can be further simplified to
	

	(4.18)


[bookmark: OLE_LINK50][bookmark: OLE_LINK51][bookmark: OLE_LINK52]where Pa and Pf are the pole pairs of armature and field windings.
According to the winding theory, the magnitudes of the harmonics of modulated MMF and winding functions are governed by
	

	(4.19)


[bookmark: OLE_LINK58][bookmark: OLE_LINK59][bookmark: OLE_LINK60][bookmark: OLE_LINK53][bookmark: OLE_LINK54][bookmark: OLE_LINK55]where Na and Nf are the total turns in series of armature and field winding; Ia and If are the rms value of AC and DC currents; kω is the winding factor.
Hence, the expression of flux ratio can be rewritten as:
	

	(4.20)


Consequently, since the power factor is inversely correlated to the flux ratio, the relationship between power factor and design parameters can be expressed as:
	

	(4.21)


[bookmark: OLE_LINK45][bookmark: OLE_LINK46][bookmark: OLE_LINK49]From (4.21), it can be seen that the power factor of VFRMs are influenced by three factors, i.e., rotor permeance ratio Λratio, stator/rotor pole ratio Pratio and DC/AC winding ampere turns ratio NIratio. This conclusion will be verified by FEA results afterwards in Section 4.3.
[bookmark: _Toc507262731][bookmark: _Toc507264799][bookmark: _Toc513712508]4.3 Influence of Design Parameters on Power Factor
[bookmark: _Toc507262732][bookmark: _Toc507264800][bookmark: _Toc513712509]4.3.1 Rotor permeance ratio
[bookmark: OLE_LINK61][bookmark: OLE_LINK62]The rotor permeance ratio Λratio is defined as:
	

	(4.22)


As can be seen in (4.21), the larger the Λratio is, the higher the power factor of VFRMs will be. According to chapter 2, the magnitudes of the dc and 1st rotor permeance components are mainly determined by the rotor pole arc ratio βr (rotor pole arc divided by rotor tooth pitch) and airgap length g0. The FEA results of two VFRMs, i.e., 6-stator-slot/4-rotor-pole (6s/4r) and 6s/5r VFRMs, are presented as examples here for verification. Their configurations and main dimensions are shown in Fig. 4.2 and Table 4.1, respectively.
	[bookmark: _Hlk492646723][bookmark: OLE_LINK16][image: ]

	(a) 6s/4r VFRM
	(b) 6s/5r VFRM
	


[bookmark: OLE_LINK17][bookmark: OLE_LINK21][bookmark: OLE_LINK22]Fig. 4.2. Structures and configurations of 6s/4r and 6s/5r VFRMs.
TABLE 4.1
Main specifications of 6s/4r and 6s/5r VFRMs
	Parameters
	Unit
	VFRM

	
	
	6s/4r
	6s/5r

	Stator outer diameter
	mm
	90

	Total copper loss
	W
	30

	Turns per slot (AC/DC)
	-
	183/183

	Split ratio
	-
	0.5
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(a) Rotor permeance distribution.
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(b) Variations Λr0, Λr1 and Λr1/Λr0.


Fig. 4.3. Distributions of rotor permeance over one rotor pole and variations of Λr0 and Λr1 under different rotor pole arc ratio (g0=0.5mm).

Firstly, the airgap length is fixed to 0.5mm. The variations of rotor permeance over one rotor pole are obtained by the method proposed in Appendix A, as shown in Fig. 4.3(a). Based on this, the variations of the dc and 1st rotor permeance components, as well as their ratio, are also calculated, as shown in Fig. 4.3(b). It can be found that Λr1/Λr0 is continuously decreasing with the rotor pole arc ratio, which means the power factor of VFRMs is decreasing with the rotor pole arc. To verify this, the variations of the flux linkages of phase A and power factor with rotor pole arc ratio are calculated by FEA for 6s/4r and 6s/5r VFRMs, as shown in Fig. 4.4. It can be seen that the phase flux linkages due to armature and field currents excitation alone are proportional to the dc and 1st rotor permeance components, respectively. Moreover, as expected, the larger the rotor pole arc ratio is, the lower the power factor of VFRMs will be.
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(a) Phase flux linkages and dc and 1st rotor permeance components
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b) Power factor and rotor permeance ratio


Fig. 4.4. Variations of phase flux linkages, power factor and dc and 1st rotor permeance components with rotor pole arc ratio (g0=0.5mm, Pcua=Pcuf=15W).
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(a) Rotor permeance distribution
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(b) Variations of Λr0, Λr1 and Λr1/Λr0


Fig. 4.5. Distributions of rotor permeance over one rotor pole and variations of Λr0 and Λr1 under different airgap length (βr=0.44).
Further, the influence of airgap length is taken into account. The rotor pole arc ratio is therefore kept as 0.44. Fig. 4.5 shows the distributions of rotor permeance and variations of Λr0, Λr1 and Λr1/Λr0 with airgap length. It can be seen that both Λr0 and Λr1 are decreasing with the airgap. Meanwhile, the rotor permeance ratio Λr1/Λr0 is also descending with the airgap length. Therefore, the power factor of VFRMs is expected to be degraded when the airgap length is enlarged, as proved by the FEA results of 6s/4r and 6s/5r VFRMs in Fig. 4.6.
Overall, the larger the rotor pole arc ratio and airgap length are, the lower power factor of VFRMs will be.
	[image: ]
(a) Phase flux linkages and dc and 1st rotor permeance components.
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(b) Power factor and rotor permeance ratio.


Fig. 4.6. Variations of phase flux linkages, power factor and dc and 1st rotor permeance components with airgap length (βr=0.44, Pcua=Pcuf=15W). 
[bookmark: _Toc507262733][bookmark: _Toc507264801][bookmark: _Toc513712510][bookmark: OLE_LINK4]4.3.2 Stator/rotor pole ratio
The stator/rotor pole ratio is defined as:
	

	(4.23)


The feasible stator/rotor pole combinations of 6-and 12-stator slots VFRMs and their corresponding pole ratios are listed in Table 4.2. It can be found that the higher the rotor pole number is, the lower the stator/rotor pole ratio will be. Hence, the power factor is also expected to decrease with the increase of rotor pole number. To verify this, the 6s- and 12s-VFRMs having (2~20) rotor pole numbers are designed and optimized under the constraints listed in Table 4.1. The variations of power factor and stator/rotor pole ratio with rotor pole number are presented in Fig. 4.7. As expected, a higher rotor pole number will result in lower power factor for VFRMs.

TABLE II
Feasible Stator/Rotor Pole Combinations and Their Corresponding Pole Ratios for 6s- and 12s- VFRMs
	VFRMs
	Ns
	Nr
	Pa
	Pf
	kω
	Pratio

	6s/2r
	6
	2
	1
	3
	0.5
	0.641

	6s/4r
	
	4
	1
	
	0.5
	0.641

	6s/5r
	
	5
	2
	
	0.866
	0.616

	6s/7r
	
	7
	2
	
	0.866
	0.308

	6s/8r
	
	8
	1
	
	0.5
	0.128

	6s/10r
	
	10
	1
	
	0.5
	0.092

	6s/11r
	
	11
	2
	
	0.866
	0.154

	6s/13r
	
	13
	2
	
	0.866
	0.123

	6s/14r
	
	14
	1
	
	0.5
	0.058

	6s/16r
	
	16
	1
	
	0.5
	0.049

	6s/17r
	
	17
	2
	
	0.866
	0.088

	6s/19r
	
	19
	2
	
	0.866
	0.077

	6s/20r
	
	20
	1
	
	0.5
	0.038

	12s/2r
	12
	2
	4
	6
	0.866
	0.616

	12s/4r
	
	4
	2
	
	0.5
	0.641

	12s/5r
	
	5
	1
	
	0.259
	0.638

	12s/7r
	
	7
	1
	
	0.259
	0.638

	12s/8r
	
	8
	2
	
	0.5
	0.641

	12s/10r
	
	10
	4
	
	0.866
	0.616

	12s/11r
	
	11
	5
	
	0.933
	0.591

	12s/13r
	
	13
	5
	
	0.933
	0.422

	12s/14r
	
	14
	4
	
	0.866
	0.308

	12s/16r
	
	16
	2
	
	0.5
	0.128

	12s/17r
	
	17
	1
	
	0.259
	0.058

	12s/19r
	
	19
	1
	
	0.259
	0.049

	12s/20r
	
	20
	2
	
	0.5
	0.092
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Fig. 4.7. Variations of power factor and stator/rotor pole ratio with rotor pole number for 6s- and 12s-VFRMs (Pcua=Pcuf=15W).
It is worth noticing that the conclusion mentioned above applies to all the VFRMs with concentrated armature winding. In fact, the distributed winding can also be applied to some VFRMs with specific stator/rotor pole combinations, e.g., 6s/4r and 6s/8r VFRMs. The armature winding configurations of concentrated and distributed windings are shown in Fig. 4.8. These two winding types have identical harmonic content, albeit with different winding factors. Table 4.3 shows the winding factors of 6s/4r VFRM with different coil pitches. Due to the shorter coil pitch for concentrated winding, its pitch factor is smaller than that of distributed winding. According to (4.23), the stator/rotor pole ratios of VFRMs with concentrated winding are therefore larger than those with distributed winding, which leads to higher power factor for VFRMs with concentrated winding, as proved by FEA results in Fig. 4.9.
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	(a) Concentrated winding
	(b) Distributed winding I (coil pitch=2)
	(c) Distributed winding II (coil pitch=3)


Fig. 4.8. Armature winding with concentrated and distributed configurations.
TABLE 4.3
Winding Factor of 6s/4r VFRM with Armature Winding Having Different Coil Pitch
	Winding type
	Coil pitch
	Pitch factor
	Distributed factor
	Winding factor

	
	
	kp
	kd
	kω

	Concentrated winding
	1
	0.5
	1
	0.5

	Distributed winding
	2
	0.866
	1
	0.866

	
	3
	1
	1
	1
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Fig. 4.9. Comparison of power factors of 6s/4r and 6s/8r VFRMs with concentrated and distributed windings (Pcua=Pcuf=15W).
[bookmark: _Toc507262734][bookmark: _Toc507264802][bookmark: _Toc513712511]4.3.3 DC/AC winding ampere turns ratio
[bookmark: OLE_LINK9][bookmark: OLE_LINK10]The DC/AC winding ampere turns ratio is defined as
	

	(4.24)


Assuming the slot areas occupied by field and armature winding are equal, the DC/AC ampere turns ratio can also be expressed by a ratio of copper loss, i.e.
	

	(4.25)


where Pcuf and Pcua are the copper losses of field and armature windings, respectively.
[bookmark: OLE_LINK11][bookmark: OLE_LINK14][bookmark: OLE_LINK15][bookmark: OLE_LINK18][bookmark: OLE_LINK19]Clearly, a higher DC/AC ampere turns ratio will lead to smaller flux ratio and higher power factor of VFRMs. However, it is also proved in [LIU12a] that the highest torque/copper loss ratio of VFRM is achieved when the copper loss ratio of armature and field windings is 1. Hence, although the power factor can be enhanced through regulating the DC/AC ampere turns ratio, a sacrifice of torque/copper loss ratio is inevitable. This conclusion is supported by the FEA results of 6s/4r and 6s/5r VFRMs, as shown in Fig. 4.10.
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Fig. 4.10. Variations of power factor and average torque against DC/AC winding ampere turns ratio for 6s/4r and 6s/5r VFRMs (Pcu=30W).
[bookmark: _Toc507262735][bookmark: _Toc507264803][bookmark: _Toc513712512]4.4 Nature of Low Power Factor Issue in VFRMs
In foregoing investigation, it is proved that the power factor of VFRMs can be enhanced by using smaller rotor pole arc ratio, airgap length and rotor pole number during design. However, the power factor is still lower than 0.6 by adjusting these three design parameters, as can be seen from Figs. 4.4, 4.6, and 4.7. Therefore, the most effective way for power factor enhancement is to adjust the DC/AC ampere turns ratio, albeit with significantly degraded output torque when NIratio≠1. Overall, the power factor of VFRMs is relatively low. 
The nature of the low power factor issue lies in the weak coupling between field and armature windings for VFRMs. As can be seen in (4.15), ΦAf-1 is generated by the modulation effect of the 1st rotor permeance component. As a result, there is an additional constant coefficient 1/2 in the expression, which does not exist in the expression of ΦAa-1 (4.14). From Figs. 4.2 and 4.4, it can be seen that the Λratio is smaller than 2 (usually within 0.8~1.4). As a result, neglecting the situation that the electrical load of field winding is much larger than that of armature winding, ΦAf-1 is always smaller than ΦAa-1 for VFRMs. However, in a regular rotor wound field synchronous machine (RWFSM), ΦAf-1 is normally larger than ΦAa-1 [11]. Hence, the flux ratio of VFRMs is significantly larger than that of regular RWFSMs, which eventually result in the low power factor issue of VFRMs.
[bookmark: _Toc507262736][bookmark: _Toc507264804][bookmark: _Toc513712513]4.5 Optimization Method for Power Factor Enhancement
As mentioned above, the most effective way for power factor enhancement is to adjust the DC/AC ampere turns ratio. However, this method is not efficient for a design with fixed copper loss or current density because of the degraded output torque when NIratio≠1. Hence, NIratio=1 strategy is usually used for VFRM designs, as confirmed in [LIU14b] and [SHI14]. However, when a VFRM is designed under given inverter capacity and thermal constraints, the output torque will be determined by the power factor. In this case, the machine can be designed with adjustable NIratio to enhance both power factor and output torque. To verify this, two 6s/4r VFRMs are designed under the same inverter capacity with and without NIratio fixed to 1. The design constraints are listed in Table 4.4.

TABLE 4.4
Design Constraints and Variables of 6s/4r VFRMs
	Constraints
	Unit
	Value

	Inverter output voltage limitation
	V
	380

	Inverter output current limitation
	A
	200

	Stator outer diameter
	mm
	365

	Airgap length
	mm
	1

	Highest speed of constant torque operation
	rpm
	2165

	Highest speed
	rpm
	6000

	Peak slot current density limitation
	A/mm2
	10

	Peak electric load limitation
	kA/m
	100

	Optimization variables
	Unit
	Range

	Split ratio
	-
	0.5~0.7

	Stator pole arc ratio
	-
	0.33~0.5

	Rotor pole arc ratio
	-
	0.33~0.44

	Coil turns number
	-
	30~60

	DC/AC ampere turns ratio
	-
	1~2

	Stator yoke thickness
	mm
	20~40

	Rotor yoke thickness
	mm
	20~40



To reduce the copper loss and boost the operation speed range, the open-winding control scheme is applied [ZHU16]. In this case, the RMS values of AC and DC currents can be calculated by:
	

	(4.25)

	

	(4.25)


where IAC, IDC and Io are the rms values of AC, DC and inverter output currents, respectively.
Since the operation temperature is hard to obtain during optimization, the peak current density and electric load constraints are applied instead, as shown in Table 4.5.
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(a) NIratio =1 (VFRM I)
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(b) NIratio =1.47 (VFRM II)


Fig. 4.11. Cross sections of optimized 6s/4r VFRMs with and without NIratio fixed to 1. 
TABLE 4.5
Design Constraints and Variables of 6s/4r VFRMs
	Variables
	Unit
	6s/4r VFRMs

	
	
	NIratio =1
	NIratio ≠1

	Split ratio
	-
	0.65
	0.59

	Stator pole arc ratio
	-
	0.45
	0.43

	Rotor pole arc ratio
	-
	0.36
	0.35

	Coil turns number
	-
	35
	52

	NIratio
	-
	1
	1.47

	Stator yoke thickness
	mm
	29
	31

	Rotor yoke thickness
	mm
	40
	30

	Current density
	A/mm2
	9.8
	10

	Electric load
	kA/m
	56.5
	92.8
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Fig. 4.12. Torque/power-speed curves of 6s/4r VFRM with and without NIratio fixed to 1.
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(a) VFRM I (NIratio = 1)
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(b) VFRM II (NIratio ≠ 1)


Fig. 4.13. Distributions of power factor of all the operation points on efficiency maps of 6s/4r VFRMs with and without NIratio fixed to 1.
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(a) VFRM I (NIratio = 1)
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(b) VFRM II (NIratio ≠ 1)


Fig. 4.14. Efficiency maps of 6s/4r VFRMs with and without NIratio fixed to 1.

Fig. 11 shows the cross-sections of globally optimized machines. A comparison of the optimized variables is shown in Table 4.5. It can be seen that, the machine with NIratio≠1 (VFRM II) shows smaller split ratio, larger coil turns number and larger electric load than that with NIratio=1 (VFRM I).
A comparison of the torque/power-speed curves of these two machines are also calculated, as shown in Fig. 4.12. It can be clearly seen that the peak output torque of VFRM II (340Nm) is significantly larger than that of VFRM II (306Nm), an 11% increase. This is mainly owing to the enhancement of the power factor of the peak torque operation region when NIratio >1, as can be seen from Fig. 4.13. Fig. 4.14 further present the efficiency maps of designed VFRMs. Although VFRM II has larger copper loss than VFRM I due to its larger electric load, its output power is also relatively larger. Consequently, these two machines show similar highest operation efficiency.
Overall, by using NIratio>1 strategy during design, the power factor and peak torque of VFRMs can be efficiently boosted under a given inverter capacity.
[bookmark: _Toc507262737][bookmark: _Toc507264805][bookmark: _Toc513712514]4.6 Experimental Verification
In order to verify the analysis, a 6s/4r VFRM is prototyped, as shown in Fig. 4.15. The main specifications are listed in Table 4.6. The AC current is excited by a commercial inverter and the DC current is supplied by a DC power supply. To measure the power factor, the phase voltage and current are obtained by the voltage and current sensors, as shown in Fig. 4.16. Fig. 4.17 shows the measured phase current and voltage. It can be seen that the voltage signal contains many harmonics, which is mainly due to the PWM. The power factor is then obtained from the fundamental components of voltage and current waveforms. Fig. 4.18 shows the variations of power factor with different AC and DC currents. As expected, the higher the DC/AC ampere turns ratio is, the higher the power factor will be.
It should be noted that the prototype is a small scale machine, which is manufactured only for validation. Therefore, the influence of phase resistance on power factor, which is negligible in large scale machine, should be taken into account during this experiment. According to (4.1), the power factor will increase when the resistance is account for. Moreover, the larger the excitation and rotating speed are, the larger the power factor will be. Nevertheless, the revealed influence of DC/AC ampere turns ratio on power factor can still be observed in the test of the prototype.
TABLE 4.6
Main Specifications of Prototype 6s/4r VFRM
	Parameter
	Value
	Parameter
	Value

	Number of phases
	3
	Stator outer diameter
	90mm

	DC-bus voltage
	48V
	Airgap length
	0.5mm

	Rated speed
	400rpm
	Turns per coil (AC/DC)
	183/183

	Stack length
	25mm
	Phase resistance
	6.2Ohm
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(a) Stator
	[image: C:\Users\ELP14lh\Google Drive\Paper\VFRM\test\photo\IMG_2623.JPG]
(b) Rotor


Fig. 4.15. Photos of 6s/4r VFRM prototype.
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Fig. 4.16. Photos of test rig.
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Fig. 4.17. Measured rotor position, phase current and phase voltage (Iq=If=2A).
[image: ]
Fig. 4.18. Measured and FEA predicted power factor under different load condition (Id=0).
[bookmark: _Toc507262738][bookmark: _Toc507264806][bookmark: _Toc513712515]4.7 Conclusion
This chapter analyses the power factor of VFRMs. The analytical expression of power factor is firstly derived. By using harmonic analysis, the relationship between the design parameters and the power factor is identified. It is found that the power factor of VFRMs is influenced by three ratios, i.e.
(a) Rotor permeance ratio. It is the ratio between the 1st and dc components of rotor permeance. The smaller the rotor pole arc and airgap length are, the larger the rotor permeance ratio and power factor will be.
(b) Stator/rotor pole ratio. It is a ratio related to the stator/rotor pole number, as well as the winding factor. It is found that the smaller the rotor pole number is, the higher the power factor will be. In addition, the VFRMs with concentrated winding has higher power factor than those with distributed winding.
(c) DC/AC ampere turns ratio. It is a ratio between the ampere turns of field and armature windings. The larger this ratio is, the higher the power factor will be.
Moreover, the power factor of VFRMs is relatively low compared with the conventional RWFSM due to the weak coupling between armature and field windings caused by the modulation effect of the 1st rotor permeance component. The most effective way for power factor improvement is to adjust the DC/AC ampere turns ratio. Therefore, a method by using adjustable DC/AC ampere turns ratio in optimization is developed to enhance the power factor for VFRMs. All the analyses are verified by FEA and experiment.


[bookmark: _Toc507262739][bookmark: _Toc507264807][bookmark: _Toc513712516]Chapter 5
[bookmark: _Toc507262740][bookmark: _Toc507264808][bookmark: _Toc507264938][bookmark: _Toc513712517]Current Profiling Technique for Torque Density Enhancement
Variable flux reluctance machines (VFRMs) are developed as magnetless electrical machines. To extend the application of VFRMs, the enhancement of torque density is a key during machine design. In this chapter, a novel current profiling technique is developed by using the 2nd harmonic current injection method for torque density enhancement. The proposed method is proved to be able to improve the torque density of 6j/(6i±2)j (i, j=0,1,2…) VFRMs by 20% under all load conditions. The effectiveness of proposed method is verified by both FEA and experimental results.
[bookmark: _Toc507262741][bookmark: _Toc507264809][bookmark: _Toc513712518]5.1 Introduction
As a magnetless machine, the relatively low torque density of VFRMs is an important barrier that constraints their applications [LIU12a]. Several attempts related to the machine optimization are reported to successfully improve the output torque of VFRMs via properly selecting the structural parameters [SHI14][JIA15c]. However, the torque density of VFRMs is still limited by the thermal constraint. In [ZHU16] and [ZHU17b], an open-winding and a duel-three phase control methods are proposed to successfully reduce the copper loss of VFRMs by integrating the AC and DC windings. In this case, the torque density of VFRMs can be improved by using larger electrical load under the same thermal constraint, albeit with increased cost of inverter. In this chapter, a novel current profiling technique, which is able to improve the torque density under the same thermal constraint without extra inverter cost, is developed for VFRMs.
In fact, the current profiling technique is a method that is frequently used in switched reluctance machines (SRMs) for performance enhancement, especially for an existing machine with fixed structural parameters. In documented literature, the current profiling techniques of SRMs are mainly focused on two aspects, i.e., torque ripple reduction and acoustic noise suppression. For torque ripple reduction, the current profile is usually defined into either a series of discrete points [STA96][STA99][LOV97] or a composition of harmonic currents [CHA02b][STE01] [SHA05][MIK13]. Then, the parameters, which are used to define the current profile, are optimized by either simulation or numerical method to achieve the minimum torque ripple. Regarding the acoustic noise reduction, VFRMs themselves, which are deduced from the SRMs by only using the DC and 1-st current components in excitations for acoustic noise suppression [LIU12b][LIU12c], are good examples. Also, the current profile that only consists of DC, 1-st, 2-nd and 3-rd harmonic currents is also reported in [TAK15] and [KUR16] to be able to reduce the acoustic noise of SRM. However, the optimal current profile for torque density enhancement is seldom reported. In [WAN12a], a maximum torque per ampere (MTPA) control scheme is proposed for SRMs. By using simulation method, it is found that the optimal current profile of SRM for MTPA operation is close to a pulse rather than a square waveform. Then, in [ZHU17c], the contributions of harmonic currents on average torque of SRMs are investigated. It is proved that the average torque of SRMs is mainly from the interactions of DC/1-st and 1-st/2-nd current components. However, the proportions between DC, 1-st and 2-nd components of a rectangular current profile are not optimal for MTPA operation. Based on these works, the 2nd harmonic current injection method is introduced in this chapter for torque density enhancement of VFRMs.
It is worth noticing that the harmonic current injection method is usually used to suppress the torque ripple of all kinds of electrical machines, e.g., brushless DC motor [LEH86], flux-switching PM motor [JIA10], interior PM synchronous motor [LEE08] and VFRM [LEE17a][LEE17b]. It is also reported to be used for torque density enhancement for multi-phase PM and induction machines [PAR05][LYR02]. Hence, the method proposed in this chapter also demonstrates the possibility of applying the harmonic injection method for torque density enhancement in specific three-phase electrical machines.
This chapter is organized as follows. Initially, the torque production by the 2nd harmonic current in VFRMs with different stator/rotor pole combinations is analysed by the magnetic gearing effect. Then, a novel current profiling technique is developed and evaluated in Section 5.3 for torque density enhancement. In Section 5.4, the proposed current profiling technique is further improved for VFRM with integrated AC and DC controls. Finally, an extensive discussion about the current profiling technique with arbitrary current harmonics is presented in Section 5.5.
[bookmark: _Toc507262742][bookmark: _Toc507264810][bookmark: _Toc513712519]5.2 Torque Production by the 2nd Harmonic Current
In a conventional VFRM, the field winding is excited by DC current If, whereas the armature winding is excited by a set of sinusoidal current (Ia, Ib, Ic), i.e.,
	

	(5.1)

	

	(5.2)


where I0 and I1 are the amplitudes of DC and fundamental AC current component, respectively; ωe is the rotor electrical rotating speed; α1 is the initial current angle of fundamental AC current component.
The method developed in this chapter is to inject a 2-nd harmonic current into the armature winding. Hence, the AC excitation can be expressed as:
	

	(5.3)


where I2 and α2 are the amplitude and initial current angle of 2nd harmonic current.
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	6s/4r VFRM
	6s/5r VFRM
	


Fig. 5.1. Cross sections and winding configurations of the 6s/4r and 6s/5r VFRMs.
Based on the theory developed in Chapter 2, the torque production by the 2nd harmonic current can be estimated by magnetic gearing effect. In this section, the 6/4 and 6/5 VFRMs (see Fig. 5.1) are analysed in detail to demonstrate the torque production by the 2nd harmonic current. The revealed conclusions will then be extended to VFRMs with all the stator/rotor pole combinations afterwards.
Initially, the spatial harmonic contents of stator modulated MMFs generated by DC, 1st and 2nd current component need to be calculated, as presented in Table 5.1. Also, the spatial harmonic content of rotor permeance is given in Table 5.2.
TABLE 5.1
Spatial Harmonic Contents of Stator Modulated MMFs Generated by DC, 1-st and 2-nd Current Components for 6/4 and 6/5 VFRMs
	VFRMs
	Current component
	MMF harmonic order
	Specific harmonics
	Rotating speed

	6/4
	I0
	6i+3
	3, 9, 15…
	0

	
	I1
	6i+1
	1, 7, 13…
	ωe

	
	
	6i+5
	5, 11, 17…
	-ωe

	
	I2
	6i+1
	1, 7, 13…
	-2ωe

	
	
	6i+5
	5, 11, 17…
	2ωe

	6/5
	I0
	6i+3
	3, 9, 15…
	0

	
	I1
	6i+2
	2, 8, 14…
	ωe

	
	
	6i+4
	4, 10, 16…
	-ωe

	
	I2
	6i+2
	2, 8, 14…
	-2ωe

	
	
	6i+4
	4, 10, 16…
	2ωe



TABLE 5.2
Spatial Harmonic Contents of Rotor Permeance for 6/4 and 6/5 VFRMs
	VFRMs
	Permeance component
	Harmonic order
	Specific harmonics
	Rotating speed

	6/4
	Λrk
	4k
	4, 8, 12…
	kωe

	6/5
	Λrk
	5k
	5, 10, 15…
	kωe



Then, by using conditions (2.28) and (2.31), as well as Tables 5.1 and 5.2, all the magnetic gear pairs which contribute to the average torque and torque ripple of 6/4 and 6/5 VFRMs can be identified, as presented in Tables 5.3 and 5.4. Since the torque production could originate from the interactions between DC/DC, 1-st/1-st, 2-nd/2-nd, DC/1-st, DC/2-nd and 1-st/2-nd, the average torque and torque ripple are also divided into these 6 components. It should be noted that the torque components which are proportional to the the fundamental rotor permeance components are dominant ones (marked by grey color in Tables 5.3 and 5.4), whereas the other torque components are relatively small and negligible.
TABLE 5.3
Magnetic Gear Pairs of Average Torque for 6/4 and 6/5 VFRM with 2-nd Harmonic Current Injection
	VFRMs
	Torque components
	Permeance
	kNr
	Source-harmonic

	
	
	Λrk
	
	Pm
	Pn

	6/4
	DC/DC
	-
	-
	-
	-

	
	1-st/1-st
	Λr2
	8
	I1 - 1
	I1 - 7

	
	2-nd/2-nd
	Λr4
	16
	I2 - 5
	I2 - 11

	
	DC/1-st
	Λr1
	4
	I0 - 3
	I1 - 1

	
	
	
	
	I0 - 3
	I1 - 7

	
	DC/2-nd
	Λr2
	8
	I0 - 3
	I2 - 5

	
	1-st/2-nd
	Λr1
	4
	I1 - 1
	I2 - 5

	
	
	
	
	I1 - 5
	I2 - 1

	6/5
	DC/DC
	-
	-
	-
	-

	
	1-st/1-st
	Λr2
	10
	I1 - 2
	I1 - 8

	
	2-nd/2-nd
	Λr4
	20
	I2 - 10
	I2 - 10

	
	DC/1-st
	Λr1
	5
	I0 - 3
	I1 - 2

	
	
	
	
	I0 - 3
	I1 - 8

	
	DC/2-nd
	-
	-
	-
	-

	
	1-st/2-nd
	-
	-
	-
	-

	[image: ]-Dominant components



TABLE 5.4
Magnetic Gear Pairs of Torque Ripple for 6/4 VFRM and 6/5 with 2-nd Harmonic Current Injection
	VFRMs
	Torque ripple
	Permeance
	kNr
	Source-harmonics
	Nripple

	
	
	Λrk
	
	Pm
	Pn
	

	6/4
	DC/DC
	Λr3
	12
	I0 -3
	I0 -9
	3

	
	1-st/1-st
	Λr1
	4
	I1 -1
	I1 -5
	3

	
	2-nd/2-nd
	Λr1
	4
	I2 -1
	I2 -5
	3

	
	DC/1-st
	Λr2
	8
	I0 -3
	I1 -5
	3

	
	DC/2-nd
	Λr1
	4
	I0 -3
	I2 -1
	3

	
	
	
	
	I0 -3
	I2 -7
	

	
	1-st/2-nd
	Λr2
	8
	I1 -1
	I2 -7
	3

	
	
	
	
	I1 -7
	I2 -1
	

	6/5
	DC/DC
	Λr6
	30
	I0 -15
	I0 -15
	6

	
	1-st/1-st
	Λr4
	20
	I1 -10
	I1 -10
	6

	
	2-nd/2-nd
	Λr2
	10
	I2 -2
	I2 -8
	6

	
	DC/1-st
	Λr5
	25
	I0 -10
	I1 -15
	6

	
	DC/2-nd
	Λr1
	5
	I0 -3
	I2 -2
	3

	
	
	
	
	I0 -3
	I2 -8
	

	
	1-st/2-nd
	Λr2
	10
	I1 -2
	I2 -8
	3

	
	
	
	
	I1 -8
	I2 -2
	

	[image: ]-Dominant components



According to Tables 5.3 and 5.4, the features of torque production of 2nd harmonic current can be identified:
(a) The 2nd harmonic current can contribute to the average torque by the interaction between the 1-st/2-nd currents in the 6/4 VFRM. In contrast, there will be no average torque generated by the 2nd harmonic current in the6/5 VFRM.
(b) Additional torque ripple will be generated from the DC/2-nd and 2-nd/2-nd torque components for the 6/4 VFRM, and from DC/2-nd torque components for the 6/5 VFRM.
Overall, it can be estimated that the 2nd harmonic current injection method will contribute to average torque in the 6/4 VFRM, but has no effect in the 6/5 VFRM. Moreover, an increase in torque ripple can be expected in both VFRMs due to the injection of the 2nd harmonic current.
To verify this, a 6/4 VFRM and a 6/5 VFRM are analyzed by FEA. Their main specifications are listed in Table 5.5. Meanwhile, in order to easily separate the torque components and verify aforementioned conclusions, linear cores are applied (permeability is set to infinite). The influence of saturation will only change the amplitude rather than the spatial harmonic content of permeance. Hence, the conclusions verified under linear case will also be applicable to the nonlinear scenario.
The amplitudes of DC, 1st and 2nd current components are all set to 1A. The waveforms of all the torque components in 6/4 and 6/5 VFRMs are shown in Fig. 5.2. It can be seen that the times of fluctuation over one electrical period of all the torque components agree with the predictions in Table 5.4. Further, the contributions of all the torque components on average torque and torque ripple are concluded in Fig. 5.3. Just as expected, the average torque of 6/4 VFRM is from the interaction of DC/1-st and 1-st/2-nd, whereas almost all the average torque of 6/5 VFRM is from DC/1-st torque component. Regarding the torque ripple, it is mainly contributed by 1-st/1-st, 2-nd/2-nd and DC/2-nd components in 6/4 VFRM and by DC/2-nd component in the 6/5 VFRM. All these results confirm the conclusion that the 2-nd harmonic current injection method is effective in average torque production in the 6/4 VFRM, whereas it can only lead to torque ripple in the 6/5 VFRM.
[image: ]
Fig. 5.2. Waveforms of all the torque components for 6/4 and 6/5 VFRMs. (I0=I1=I2=1A).
TABLE 5.5
Main specifications of 6/4 and 6/5 VFRMs
	Parameter
	Unit
	VFRM

	
	
	6/4
	6/5

	Stator outer diameter
	mm
	90

	Airgap length
	mm
	0.5

	Turns per coil (AC/DC)
	-
	183/183

	Split ratio
	-
	0.52

	Stator pole arc
	deg.
	30

	Rotor pole arc
	deg.
	41
	32
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(a) 6/4 VFRM.
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(b) 6/5 VFRM.


Fig. 5.3. Contributions of all the components on average torque and torque ripple for 6/4 and 6/5 VFRMs (I0=I1=I2=1A).

In foregoing investigation, the torque production by the 2nd harmonic current in 6/4 and 6/5 VFRMs is investigated. Similarly, the analysis method can also be applied to VFRMs with other stator/rotor pole combinations. The results are summarised in Table 5.6. It can be seen that the 2-nd harmonic current injection is only effective in 6j/(6i±2)j (i, j=0,1,2…) VFRMs, e.g., 6/4, 6/8, 12/4 and 12/8 VFRMs. Average torque will be generated from the interaction between the 1st and 2nd harmonic currents in VFRMs with these stator/rotor pole combinations. For VFRMs with other stator/rotor pole combinations, the 2nd harmonic current has no contribution to average torque and will only lead to excessive torque ripple.






TABLE 5.6
Feasible Stator/Rotor Pole Combinations and Winding Configurations for 6-, 12-, 18- and 24-stator-slot VFRMs
	Stator slots
	6
	12
	18

	Field winding poles
	6
	12
	18

	Field MMF harmonic
	6m+3
	12m+6
	18m+9

	Armature winding poles
	2
	4
	2
	4
	8
	10
	2
	4
	8
	10
	14
	16

	Armature MMF harmonic
	6n±1
	6n±2
	12n±1
	12n±2
	12n±4
	12n±5
	18n±1
	18n±2
	18n±4
	18n±5
	18n±7
	18n±8

	Feasible rotor pole no.
	|6i±2|
	|6i±1|
	|12i±5|
	|12i±4|
	|12i±2|
	|12i±1|
	|18i±8|
	|18i±7|
	|18i±5|
	|18i±4|
	|18i±2|
	|18i±1|

	Specific rotor pole no.
	2,4,8
	5,7,11
	5,7,17
	4,8,16
	2,10,14
	11,13
	8,10,26
	7,11,25
	5,13,23
	4,14,22
	2,16,20
	17,19

	Stator slots
	24

	Field winding poles
	24

	Field MMF harmonic
	24m+12

	Armature winding poles
	2
	4
	8
	10
	14
	16
	20
	22

	Armature MMF harmonic
	24n±1
	24n±2
	24n±4
	24n±5
	24n±7
	24n±8
	24n±10
	24n±11

	Feasible rotor pole no.
	|24i±11|
	|24i±10|
	|24i±8|
	|24i±7|
	|24i±5|
	|24i±4|
	|24i±2|
	|24i±1|

	Specific rotor pole no.
	11,13,35
	10,14,34
	8,16,32
	7,17,31
	5,19,29
	4,20,28
	2,22,26
	23,25,47

	
	m, n, i=0,1,2,…
	[image: ]-Feasible stator/rotor pole combination for 2-nd harmonic current injection method




[bookmark: _Toc507262743][bookmark: _Toc507264811][bookmark: _Toc513712520]5.3 Development of Novel Current Profiling Technique
In Section 5.2, it is proved that the 2nd harmonic current can generate additional average torque by the interaction between the 1st and 2nd harmonic currents for 6j/(6i±2)j VFRMs. Based on this, this section further finalizes the 2-nd harmonic current injection method by identifying the optimal amplitudes and initial phases of the injected currents. As a typical VFRM with 6j/(6i±2)j stator/rotor pole combination, a 6/4 VFRM is selected as an example to clearly show the derivation procedure and capability of the novel current profile. The proposed method is also applicable to all the 6j/(6i±2)j VFRMs.
[bookmark: _Toc507262744][bookmark: _Toc507264812][bookmark: _Toc513712521]5.3.1 Optimal current profile with 2nd harmonic current injection
Assuming the coil turns of field and armature windings are identical, it is proved that the average torque of 6/4 VFRM can be calculated from its phase inductance and current regardless of the influence of saturation [ZHU17c], i.e.
	

	(5.4)


The general expression of inductance is:
	

	(5.5)


where La, Lb and Lc are the self-inductance of phase A, B and C, respectively; L0 and Lk are the magnitudes of DC and k-th components of phase self-inductance; βk is the initial phase of k-th component of phase self-inductance.
By substituting (5.1), (5.3) and (5.5) into (5.4), the average torque equation of 6/4 VFRM with 2nd harmonic current injection is:
	

	(5.6)


where Tavg_012 is the average torque of 6/4 VFRM with 2-nd harmonic current injection.
From (5.6), it can be seen that the maximum average torque can be achieved only when:
	

	(5.7)


Assuming the initial rotor position is at aligned position (the rotor tooth is aligned with the center line of phase A), β1 is then 0 deg. In this case, the optimal initial phases of 1st and 2nd currents are:
	

	(5.8)


Tavg_012 can then be rewritten into:
	

	(5.9)


Further, to reach the largest average torque/RMS current ratio, the total RMS current of VFRM is fixed to Irms, i.e.
	

	(5.10)


Then, the Lagrange multiplier method is applied, i.e.,
	

	(5.11)


where λ is the Lagrange multiplier coefficient.
By calculating the maximum values of function F(I0, I1, I2, λ), the optimal currents can be obtained:
	

	(5.12)


Therefore, the optimal excitation for 2nd harmonic current injection method is:
	

	(5.13)


The maximum average torque under a fixed RMS current Irms is:
	

	(5.14)


The same method can also be applied to conventional 6/4 VFRM without 2-nd harmonic current injection method. Its average torque expression, optimal excitation and maximum average torque are given by (5.15), (5.16) and (5.17), respectively. The detailed derivation procedure is neglected here for simplicity.
	

	(5.15)

	

	(5.16)

	

	(5.17)


where Tavg_01 is the average torque of conventional 6/4 VFRM without 2-nd harmonic current injection method.
Assuming the influence of core saturation on inductance is neglected, (5.18) further compares the maximum torque of 6/4 VFRM with and without 2-nd harmonic current injection method. It can be seen that the developed 2-nd harmonic current injection method is able to increase the average torque by 22% for the 6/4 VFRM under a given total RMS current.
	

	(5.18)


According to (5.13) and (5.16), the optimal current profiles of 6/4 VFRM with and without 2-nd harmonic injection method are compared in Fig. 5.4. It can be seen that, compared with original pure sinusoidal AC current, the peak and peak-to-peak values of AC current with 2-nd harmonic current are increased by 58% and 18.6%, respectively. In contrast, the DC current is decreased by 18.4% with developed method. Finally, the total RMS values of these two sets of current profiles are the same.

	[image: ]
(a) AC currents in armature winding

	[image: ]
(b) DC currents in field winding.


Fig. 5.4. Current profiles for VFRMs with and without 2-nd harmonic injection method. (Irms = 4A).


[bookmark: _Toc507262745][bookmark: _Toc507264813][bookmark: _Toc513712522]5.3.2 Electromagnetic performance evaluation
To verify the electromagnetic performance of the proposed current profile, the FEA results of a 6/4 VFRM with and without developed method is evaluated. The configuration and main specifications are presented in Fig. 5.1 and Table 5.7, respectively.
TABLE 5.7
Main Specifications of 6/4 VFRM
	Parameter
	Value
	Parameter
	Value

	Airgap length
	0.5mm
	Stator outer diameter
	90mm

	Stator pole arc
	30deg
	Rotor outer diameter
	46.4mm

	Rotor pole arc
	41deg
	Airgap length
	0.5mm

	Stack length
	25mm
	Turns per coil (AC/DC)
	183/183



Firstly, the torque performance is evaluated. From the analytical torque expressions, it is predicted that the average torque of 6/4 VFRM can be enhanced by 22% with the developed 2-nd harmonic current injection method. Since the average torque equations are valid under both unsaturated and saturated conditions, this conclusion is also valid for all the load conditions. Fig. 5.5 shows the variations of average torque with RMS current. It can be seen that a constant increase of 20% is achieved for average torque when the 2-nd harmonic current injection method is applied, confirming the effectiveness of the developed method.
	[image: C:\Users\el1lhu\Desktop\PhD file\Paper\2nd harmonic\64VFRM\fig\6-7\绘图1.jpg]


Fig. 5.5. Variations of average torque against total RMS current of VFRMs with and without 2-nd harmonic current injection method.

Regarding the torque ripple, the 2-nd harmonic current will contribute to additional torque ripple by the interactions of DC/2-nd and 2-nd/2-nd, as predicted in Section 5.2. As a result, the torque ripple of 6/4 VFRM is also expected to be increased with the proposed method. To verify this, The torque waveforms and variations of torque ripple with RMS current for the 6/4 VFRM with and without developed method are shown in Figs. 5.6 (a) and (b), respectively. It can be seen that the torque ripple of VFRM with 2-nd harmonic current is significantly larger than that of conventional VFRM. This is a drawback of the proposed method and this may be important in some applications.
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(a) Torque waveforms (Irms = 4A)

	[image: ]
(b) Torque ripple vs. RMS current


Fig. 5.6. Torque waveforms and variations of torque ripple with RMS current for VFRMs with and without 2-nd harmonic current injection method.
Then, the core loss and efficiency are also evaluated. The core loss is an important factor that needs to be considered when harmonic current is injected. The switching frequency of the field generated by 2-nd harmonic current will be doubled, which will lead to larger hysteresis loss and eddy current loss in cores. Fig. 5.7 compares the core losses of 6/4 VFRMs with and without 2-nd harmonic current injection. It can be seen that the core loss is increased by 17%~30% with the proposed method depending on the rotating speed. The higher the speed is, the higher the electrical frequency and the larger the increase in core loss will be.
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Fig. 5.7. Variations of core loss against rotating speed of VFRMs with and without 2-nd harmonic current injection method (Irms = 4A).
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(a) Output power

	[image: ]
(b) Efficiency


Fig. 5.8. Variations of output power and efficiency against rotating speed of VFRMs with and without 2-nd harmonic current injection method. (Irms = 4A).
The efficiency of VFRM is closely related to the core loss, copper loss and output power. When the performance of VFRM is evaluated under the same total RMS current, the variations of efficiency and output power with rotating speed is shown in Fig. 5.8. It can be found that, although the core loss is increased due to the injection of 2-nd harmonic current, the VFRM with developed method still shows higher efficiency than the conventional VFRM due to significant increase in output torque and power.
Overall, the proposed current profile is able to improve the torque density of VFRM by 20% under all load condition, albeit with larger torque ripple and core loss. Moreover, all the 6j/(6i±2)j VFRMs have identical inductance and torque expressions as those of 6/4 VFRM, as can be derived from Table 5.6. Therefore, the developed optimal current profile fits all the 6j/(6i±2)j VFRMs for torque density enhancement.
[bookmark: _Toc507262746][bookmark: _Toc507264814][bookmark: _Toc513712523]5.3.3 Experimental verification
In order to verify the effectiveness of proposed 2-nd harmonic injection method, a 6/4 VFRM is also prototyped and tested. The structure and main specification are shown in Fig. 5.9 and Table 5.7, respectively.
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(a) Stator
	[image: C:\Users\ELP14lh\Google Drive\Paper\VFRM\test\photo\IMG_2623.JPG]
(b) Rotor


Fig. 5.9. Photos of 6s/4r VFRM prototype.
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Fig. 5.10. Control scheme and drive circuit of 6/4 VFRM prototype.

The control scheme of VFRM is presented in Fig. 5.10. The three phase commercial inverter and space vector control method are applied to the armature winding, which is exactly the same as the regular synchronous machine. For the field winding, an external current control module is implemented to generate the DC current. The system is controlled by dSPACE control desk.
Fig. 5.11 further shows the test rig. To measure the torque performance, the torque transducer is used. A brushless DC motor acts as a load on the test rig.

[image: ]
Fig. 5.11. Test rig.


Firstly, the back-EMF of the prototype is measured, as shown in Fig. 5.12. It can be seen that the measurement agrees well with the FEA results under both field winding currents. Moreover, although the waveforms of back-EMFs are trapezoidal, they contain negligible 2-nd harmonic components. Therefore, there will be no average torque generated between the interaction of DC and 2-nd harmonic current, confirming the foregoing investigation.
[image: ]
(a) Back-EMF waveforms
[image: ]
(b) Spectra of back-EMFs
Fig. 5.12. Back-EMFs of 6/4 VFRM under 1A and 2A field currents.

Further, the performance of 6/4 VFRM with and without 2-nd harmonic injection method is tested. Fig. 5.13 compares the measured rotating speed and current waveforms of VFRMs with and without proposed method. Since there is only current control but no speed control in the drive system, the speed will fluctuate with the torque ripple. Also, the larger the torque ripple is, the larger the fluctuation in speed will be. It can be clearly seen that the speed fluctuation of conventional VFRM without developed method is significantly smaller than that of VFRM with 2-nd harmonic injection. This indicates the large torque ripple of the developed method, as also confirmed by the torque waveform measurement in Fig. 5.14.
[image: ]
(a) Without 2nd harmonic injection
[image: ]
(b) With 2nd harmonic injection
Fig. 5.13. Measured speed, position and AC current waveforms of 6/4 VFRM with and without developed method (Irms=2A).

Then, the average torque of 6/4 VFRM with and without developed method is measured, as shown in Fig. 5.15. It can be clearly seen that the average torque of VFRM with developed method is significantly larger than that of conventional VFRM. The measured results are smaller than the predicted ones. This is mainly due to the end effect of practical machine and measurement error.
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(a) Without 2nd harmonic injection (I0=1.06A, I1=1.5A).
[image: ]
(b) With 2nd harmonic injection (I0=0.866A, I1=1.5A, I2=0.866A).
Fig. 5.14. Measured torque waveforms of 6/4 VFRM with and without developed method.
[image: ]
Fig. 5.15. Variations of average torque with total RMS current for 6/4 VFRM with and without 2nd harmonic injection.
[bookmark: _Toc507262747][bookmark: _Toc507264815][bookmark: _Toc513712524]5.4 Modified Current Profiling Technique for Integrated AC and DC Control
[bookmark: _Toc507262748][bookmark: _Toc507264816][bookmark: _Toc513712525]5.4.1 Application of current profiling technique in open-winding control
In [ZHU17b], an open-winding control method is proposed for 6/4 VFRM. The control circuit is presented in Fig. 5.16. By using this method, the AC and DC currents are integrated and only one set of winding is required on the stator, as shown in Fig. 5.17. An instant advantage of this control method is the reduction in copper loss due to the larger slot area occupation and smaller resistance of windings.
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Fig. 5.16. Open-winding control circuit
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(a) Conventional VFRM
	[image: ]
(b) VFRM with integrated AC and DC


Fig. 5.17. Winding configurations of VFRMs with and without integrated AC and DC control scheme
It is obvious that the developed 2nd harmonic current injection method can also be applied to the VFRM with open-winding control scheme for torque density enhancement. Fig. 5.18 compares the current profiles of VFRM with and without 2nd harmonic current injection under open-winding control mode. It can be seen that the peak value of novel current profile is 26% larger than that of conventional one.
[image: ]
Fig. 5.18. Comparison of the current profiles of VFRM with and without 2nd harmonic current injection under open-winding control mode
Since the open-winding control circuit only changes the excitation mode of AC and DC currents, the capability of the developed current profiling technique in torque density enhancement will be retained, as proved by FEA results of the 6/4 VFRM in Fig. 5.19. A 20% increase in average torque is achieved under all load conditions.
[image: ]
Fig. 5.19. Variations of average torque with total RMS current of 6/4 VFRM with and without 2nd harmonic current injection under open-winding control mode
[bookmark: _Toc507262749][bookmark: _Toc507264817][bookmark: _Toc513712526]5.4.2 Modified current profiling technique for asymmetric bridge inverter
By comparing Figs. 5.10 and 5.16, it can be found that a drawback of the open-winding control scheme is the increased inverter number, which will lead to higher drive system cost. In order to reduce the number of switches in control circuit, the asymmetric bridge inverter is a potential candidate.
Fig. 5.20 shows the schematic of asymmetric bridge inverter. It is commonly used in the drive system of SRMs, in which a unipolar rectangular current profile is required. From Fig. 5.18, it can be seen that the developed current profile is always positive when electrical position is [0, π] and fluctuating with small amplitude when electrical position is [π, 2π]. In this case, the developed current profile can be further modified by forcing the current to 0 when electrical position is [π, 2π], generating a unipolar current profile for the feasible application of asymmetric bridge inverter, as shown in Fig. 5.21(a).
[image: ]
Fig. 5.20. Schematic of asymmetric bridge inverter
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(a) Current profiles
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(b) Spectra of current profiles


Fig. 5.21. Comparison of original and modified current profiles.
Fig. 5.21 shows the spectra of original and modified current profile. Compared with the original current profile, the modified one has equvalient DC and 1st components, slightly smaller 2nd component and additional 3rd component. By using equations (5.4) and (5.5), the average torque of VFRM with modified current profile can be deduced, i.e.,
	

	(5.19)


where Tavg_012i is the average torque of VFRM with modified current profile.
By comparing (5.14) and (5.19), it can be found that the drop in average torque is minor (only 2%) when the modified current profile is applied to VFRM, i.e.,
	

	(5.20)


Fig. 5.22 further confirms this conclusion with FEA results of 6/4 VFRM. Compared with the VFRM with original current profile, the one with modified current profile shows slightly smaller average torque under light load condition, but even larger average torque at overload region. This is mainly due to the fact that the core saturation of VFRM with improve current profile is alleviated by forcing 0 current when electrical position is [π, 2π]. This will lead to larger inductance at overload condition and eventually large average torque according to (5.19), as confirmed by the variation of inductances with RMS current in Fig. 5.23.
[image: ]
Fig. 5.22. Variations of average torque with RMS current for 6/4 VFRM with original and modified current profiles.
[image: ]
Fig. 5.23. Variations of 1st phase inductance component with RMS current for 6/4 VFRM with original and modified current profiles.
[bookmark: _Toc507262750][bookmark: _Toc507264818][bookmark: _Toc513712527]5.4.3 Comparison of VFRM with modified current profile and SRM
From Fig. 5.17(b), it can be seen that the VFRM with integrated AC and DC currents has identical configuration and structure as SRM. Moreover, the aforementioned modified current profiling technique allows the application of asymmetric bridge inverter in VFRM. In this case, a VFRM with modified current profile can be regarded as a SRM with different current profile. Therefore, it is necessary to compare the electromagnetic performance between VFRM with modified current profile and conventional SRM with unipolar rectangular current profile.
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(a) Current profiles
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(b) Spectra.


Fig. 5.24. Conventional and proposed phase current profiles and corresponding spectra.
Firstly, Fig. 5.24(a) compares the two current profiles under the same RMS current. It can be seen that the proposed current profile is 24% larger than the conventional rectangular current profile in terms of peak value. This will lead to a higher requirement of inverter current limitation and higher peak flux density in cores. However, the current harmonics having orders greater than 3-rd is significantly suppressed in the proposed current profile, as shown in Fig. 5.24(b). This is surely good for core loss reduction, as will be confirmed in following investigation.
Then, the torque performance is evaluated in terms of average torque and torque ripple. (5.21) shows the average torque expression of conventional SRM by substituting the current spectrum into (5.4). 
	

	(5.21)


where Tavg_rec is the average torque of SRM with unipolar rectangular excitation.
By comparing (5.20) and (5.21), it can be seen that the average torque of VFRM with modified current profile is 20% larger than that of conventional SRM when core saturation is neglected, as shown in (5.22).
	

	(5.22)


To verify this, the variations of average torque with RMS current for VFRM with modified current profile and SRM are presented in Fig. 5.25. Just as expected, a 20% increase in average torque is achieved at light load condition.
However, a continuous decreasing trend is found in the average torque ratio, as shown in Fig. 5.25(b). At rated current, the increase in average torque is dropped to 15%. When the machine is operating at overload condition, the average torque of VFRM with modified current profile is even slightly smaller than that of SRM. This phenomenon can be explained by the influence of saturation. In torque equations (5.20) and (5.21), the average torque production is positively correlated to the magnitude of fundamental inductance component. It is known that the severer the core saturation is, the smaller the fundamental inductance will be. Fig. 5.26 shows the field distributions of VFRM with modified current profile and conventional SRM when RMS current is 4A. It can be seen that, due to the larger peak current, the core saturation of VFRM is relatively severer than that of SRM with conventional current. This finally leads to a steeper slope in the variation of fundamental phase inductance component of VFRM with modified current profile when RMS current is increasing, as shown in Fig. 5.27.
Overall, the VFRM with modified current profile is 20% larger than SRM in terms of average torque at light load condition, albeit with slightly weakened overload capability due to its severer core saturation.
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(a) Variations of average torque with phase RMS current
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(b) Variation of average torque ratio with phase RMS current


Fig. 5.25. Variations of average torque and average torque ratio with phase RMS current for 6/4 VFRM with modified current profile and conventional SRM.
	[image: ]
	[image: ]

	(a) Conventional SRM
	(b) VFRM with modified current profile
	


Fig. 5.26. Field distributions of VFRM with modified current profile and SRM.
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Fig. 5.27. Variations of fundamental phase inductance component with RMS current in VFRM with modified current profile and conventional SRM.
For the torque ripple, it is known that the large torque ripple is a drawback of conventional SRM. Also, it is proved in Section 5.3 that the 2nd harmonic current will result in excessive torque ripple in VFRM. Thus, Fig. 5.28 compares the torque waveforms of VFRM with modified current profile and conventional SRM when their RMS currents are 4A. Both machines exhibit large torque ripple. Fig. 5.29 further compares the variations of torque ripple with RMS current of two machines. It can be seen that the torque ripples of these two machines are similar at light load condition. However, the torque ripple of conventional SRM is gradually increasing with RMS current, whereas the torque ripple of VFRM with proposed current profile is continuously decreasing with electrical load. Overall, the torque ripple of VFRM is relatively smaller than that of conventional SRM.
[image: ]
Fig. 5.28. Comparison of torque waveforms of VFRM with modified current profile and conventional SRM (Irms=4A).
[image: ]
Fig. 5.29. Variations of torque ripple with RMS current in VFRM with modified current profile and conventional SRM.
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(a) Variations of flux densities
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(b) Spectra of flux densities


Fig. 5.30. Variations of flux densities in stators of VFRM with modified current profile and conventional SRM (Irms=4A).
Finally, the core loss and efficiency are evaluated. As illustrated in Fig. 5.24, an important feature of the proposed current profile is its low high order current harmonics, which is surely good for the reduction of field subharmonic and core loss. To verify this, two probes are set at the same place of the stators of VFRM and SRM to view the variations of flux densities, as shown in Fig. 5.26. The results are shown in Fig. 5.30. It can be seen that due to steep drop of current in conventional SRM, the flux density is also decreasing sharply at the switching position. As a result, the higher order subharmonics of flux density in conventional SRM are much larger than those of VFRM with proposed current profile, as confirmed by Fig. 5.30(b). Finally, significantly lower core loss is achieved in VFRM with modified current profile, as shown in Fig. 5.31.
[image: ]
Fig. 5.31. Variations of core loss with speed for VFRM with modified current profile and conventional SRM (Irms=4A).
Further, Fig. 5.32 shows the variations of output power and efficiencies of VFRM and SRM. Thanks to the lower core loss and larger output torque, the efficiency of VFRM with modified current profile is also significantly higher than conventional SRM.
Overall, the VFRM with modified current profile shows 15~20% higher torque density, smaller torque ripple, lower core loss and higher efficiency than conventional SRM, albeit with slightly weakened overload capability.
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(a) Output power
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(b) Efficiency


Fig. 5.32. Variations of output power and efficiency with speed for VFRM with modified current profile and conventional SRM (Irms=4A).
[bookmark: _Toc507262751][bookmark: _Toc507264819][bookmark: _Toc513712528]5.4.4 Experimental verification
For experimental verification, the modified current profile is injected into the 6/4 VFRM prototype (see Fig. 5.9). Also, the torque performance of the VFRM with modified current profile is compared with that of conventional SRM. It should be noted that an H-bridge inverter is used instead of asymmetric bridge inverter during the experiment, as shown in Fig. 5.33. However, only S1, S4, S5, S8, S9 and S12 switches are controlled, whereas the remain swithes are kept off. Therefore, the function of the H-bridge inverter is exactly the same as an asymmetric bridge inverter. The test rig is shown in Fig. 5.11. A brushless DC motor acts as a load on the test rig.
[image: ]
Fig. 5.33. Schematic of H-bridge inverter.
Firstly, the speed, torque and current profiles are measured by scope when the SRM is operating with conventional and proposed current profiles under rated condition, as presented in Fig. 5.34. The scales and time ranges of the scope are kept the same for both tests. Two features can be observed:
(a) The VFRM with modified current profile has higher rotating speed than the conventional SRM. It should be noted that the armature winding of load machine is short-circuited. Hence, a higher rotating speed will lead to higher load, which indicates the higher output torque of VFRM with proposed current profile under the same RMS current.
(b) The peak-to-peak value of speed fluctuation is slightly smaller in VFRM with proposed current profile. During the test, there is only current loop in the control system, whereas the speed is not controlled and will fluctuate with the torque ripple. Obviously, the larger the torque ripple is, the larger the fluctuation of speed will be. Hence, the torque ripple is reduced by using proposed current profile.
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(a) Conventional SRM
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(b) VFRM with modified current profile


Fig. 5.34. Measured speed, torque and current waveforms of VFRM prototype with unipolar rectangular and proposed current profiles (Irms=2A).
Further, a comparison of FEA predicted and experimental measured torque waveforms are presented in Fig. 5.35. Good agreement is found between FEA and measurement results. Then, the variation of average torque with RMS current is also presented in Fig. 5.36. The measured average torque is slightly smaller than the FEA prediction, which is mainly due to the measurement error and minor distortion in current profile when the RMS current is relatively large. It can be clearly seen that the average torque of VFRM with proposed current profile is significantly larger than that of conventional SRM, confirming the effectiveness of the modified current profile for torque density enhancement.
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(a) Conventional SRM
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(b) VFRM with proposed current profile


Fig. 5.35. Comparison of FEA and measured torque waveforms of VFRM prototype with unipolar rectangular and proposed current profiles.
[image: ]
Fig. 5.36. FEA and measured variations of average torque with RMS current of VFRM prototype with unipolar rectangular and proposed current profiles.
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[bookmark: _Toc507262753][bookmark: _Toc507264821][bookmark: _Toc513712530]5.5.1 Optimal current profiles with arbitrary current harmonics
In foregoing investigation, a novel current profiling and an modified current profiling techniques are developed by using the 2nd harmonic current injection method. The theory of the proposed method is shown in Fig. 5.37. Basically, the conventional VFRM is excited by DC and 1st current components. The torque component T-01 is generated by the interaction between them. When the 2nd harmonic current is injected, it will interact with the existing 1st harmonic current, generating torque component T-12. By optimizing the proportion between DC, 1st and 2nd harmonic currents, higher average output torque can be achieved with the same total RMS current constraint.
Based on this theory, the same method can also be applied to 3rd, 4nd, 5th… harmonic currents for torque density enhancement. Therefore, this section aims at discussing the feasibility of using current profiling technique with arbitrary current harmonics. For clarity, the 6/4 VFRM with integrated AC and DC currents is selected as an example during discussion.

[image: ]
Fig. 5.37. Theory of current profiling technique by harmonic current injection.

Firstly, the average torque is generated by the interaction between k-th and (k+1)-th harmonic currents. For the sake of torque density enhancemenet, the (k+1)-th harmonic current is injected only when there is existing k-th harmonic current. In other word, the developed current profile must contain consecutive harmonic currents. Otherwise, the developed current profile cannot boost the torque density. The general expression of three-phase current profile with arbitrary harmonics is given by:
	

	(5.23)


where I0 and In are the amplitude of DC and n-th harmonic currents; αn is the initial current angle of n-th harmonic current.
By substituting (5.5) and (5.23) into (5.4), the average torque can be expressed as:
	

	(5.24)


where Tavg_all is the average torque of VFRM with arbitrary harmonic currents.
Assuming the initial rotor position is at unaligned position, the initial inductance phase β1 is therefore 0 deg. (5.24) can be rewritten into:
	

	(5.25)


It can be seen that the maximum average torque can be achieved when:
	

	(5.26)


Hence, the optimal excitation is:
	

	(5.27)


The maximum average torque is also simplified into:
	

	(5.28)


In order to maximize the average torque/RMS current ratio, the total RMS current is fixed, i.e.,
	

	(5.29)


By setting (5.28) as an objective and (5.29) as a constraint in Matlab optimization toolbox, the optimal amplitudes of harmonic current s in (5.28) can be obtained, as shown in Table 5.8. For simplicity, “Hk” is used to represent a specific optimal current profile which consists of 0~k-th harmonic currents. Fig. 5.38 shows the constitution of optimal current profiles H1~H5. It can be seen that the proportions of DC and 1st harmonic currents are gradually decreasing when more harmonic currents are injected.
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Fig. 5.38. Constitutions of optimal current profiles with different highest current harmonic order.
TABLE 5.8
Optimal Proportions of Harmonic Components for Current Profiles with Arbitrary Hamonic Currents
	Ik
Hk
	DC
	1-st
	2-nd
	3-rd
	4-th
	5-th
	6-th
	7-th
	8-th
	9-th
	10-th
	Tavg_all

	H1
	0.7071
	1
	0
	0
	0
	0
	0
	0
	0
	0
	0
	


	H2
	0.5774
	1
	0.5774
	0
	0
	0
	0
	0
	0
	0
	0
	


	H3
	0.5
	0.9239
	0.7071
	0.3827
	0
	0
	0
	0
	0
	0
	0
	


	H4
	0.4472
	0.8506
	0.7236
	0.5257
	0.2764
	0
	0
	0
	0
	0
	0
	


	H5
	0.4082
	0.7887
	0.7071
	0.5774
	0.4083
	0.2113
	0
	0
	0
	0
	0
	


	H6
	0.378
	0.737
	0.6811
	0.591
	0.4713
	0.328
	0.1682
	0
	0
	0
	0
	


	H7
	0.3536
	0.6935
	0.6533
	0.5879
	0.5
	0.3929
	0.2706
	0.138
	0
	0
	0
	


	H8
	0.3333
	0.6565
	0.6265
	0.5773
	0.5107
	0.4285
	0.3333
	0.228
	0.1158
	0
	0
	


	H9
	0.3162
	0.6247
	0.6015
	0.5635
	0.5117
	0.4472
	0.3718
	0.2871
	0.1955
	0.0989
	0
	


	H10
	0.3015
	0.5969
	0.5786
	0.5485
	0.5073
	0.4557
	0.3949
	0.326
	0.2505
	0.1699
	0.0858
	





Further, Fig. 5.39 shows the distributions of current profiles H1~H10 with rotor position. It can be seen that the optimal current profiles are gradually becoming a pulse with the increase of highest current harmonic order. Moreover, the larger the the highest harmonic order is, the larger the peak value of the current profile will be. For example, the peak value of H10 current profile is almost 3 times of H1 current profile.
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Fig. 5.39. Optimal current profiles with different highest current harmonic order.
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Fig. 5.40. Analytically predicted variation of average torque with highest current harmonic order.
Table 5.8 also presents the torque equations of all the current profiles. Neglecting the influence of core saturation on inductance, the uniformed average torque of VFRM with current profiles H1~H10 are presented in Fig. 5.40. The average torque is continuously increasing with highest harmonic order. However, the increasing rate is gradually decreasing. Setting the conventional VFRM with H1 current profile as a benchmark, the average torque of VFRM is inceased by 22% and 31% its highest harmonic order of current profile is 2 and 3, respectively. From H3 onwards, the variation trend of average torque becomes flat. Therefore, the H3 current profile is a potential choice to further boost the torque density.
However, it is worth emphasizing here that the predicted increase of torque density are all based on the assumption that the influence of core saturation on inductance is neglected. In other word, the aforementioned conclusion is only valid for linear condition (permeability of core is infinite). In Section 5.4, it is proved that the core saturation has dramatic influence on the output torque. Therefore, Fig. 5.41 further presents the FEA calculated output torque of 6/4 VFRM with current profile H1~H10 under both linear and nonlinear cases. The variation trend of average torque under linear condition is similar to the analytical prediction in Fig. 5.40. However, when the core saturation is accounted for, the VFRM with H2 current profile shows the highest torque density, whereas a decreasing trend in average torque is observed for VFRM with H2~H10 current profiles. This is mainly due to fact that the peak current value is continuously inceasing with the highest harominc order of current profile, as confirmed in Fig. 5.39. Therefore, the core saturation is becoming serverer, as confirmed by the field distributions of VFRM with H2 and H3 current profiles in Fig. 5.42. Finally, the average torque is suppressed rather than inceased for VFRM with H3~H10 current profiles. Fig. 5.43 further presents the variations of average torque and uniformed average torque with RMS current for VFRMs with H1~H10 current profiles. Compared with the conventional VFRM with H1 current profile, 19.5% and 23.6% increases in average torque are achieved for VFRM with H2 and H3 current profiles under light load condition, respectively. However, due to the core saturation effect, the increase in average torque is continuously decreasing with the RMS current. Under overload condition, the increases in average torque are dropped to 14.5% and 9% for VFRMs with H2 and H3 current profiles, respectively. This confirms the conclusion that althought VFRM with current profile H3 has even larger average torque than VFRM with current profile H2 under unsaturated condition, its overload capability is constrainted by the higher peak current and severer core saturation. Overall, the current profile H2 is superior to current profile H3 in terms of balancing torque density enhancement and overload capability.
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Fig. 5.41. Variation of average torque with highest harmonic order number of optimal current profile under linear and nonlinear core condition (Irms=4A).
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(a) VFRM with H2 current profile
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(a) VFRM with H3 current profile
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Fig. 5.42. Comparison of field distributions of VFRMs with H2 and H3 current profiles (Irms=4A).
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(a) Variation of average torque
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(b) Variations of uniformed average torque


Fig. 5.43. Variations of average torque and uniformed average torque with RMS current for VFRM with different current profile.
[bookmark: _Toc507262754][bookmark: _Toc507264822][bookmark: _Toc513712531]5.5.2 Modified current profiles for asymmetric bridge inverter application
Further, all the current profiles shown in Fig. 5.39 can also be modified into unipolar ones by only keeping the largest positive pulse to allow the application of asymmetric bridge inverter, as shown in Fig. 5.44. Figs. 5.45 and 5.46 evaluate the output torque under linear and nonlinear core scenarios. Again, the current profile H2 is proved to be the best among all the optimal current profiles when core saturation is accounted for.
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Fig. 5.44. Modified optimal current profiles with different highest current harmonic order for asymmetric bridge inverter application.
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Fig. 5.45. Variation of average torque with highest harmonic order number of modified current profile under linear and nonlinear core condition (Irms=4A).
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(a) Variation of average torque
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(b) Variations of uniformed average torque


Fig. 5.46. Variations of average torque and uniformed average torque with RMS current for VFRM with different modified current profile.
In conclusion, the current profile generated by a consecutive harmonic current can help torque density enhancement under linear core condition. The ideal current profile for maximum output torque is a pulse with infinite amplitude. However, when the core saturation is accounted for, the proposed optimal current profile generated by the 2nd hamornic current injection method is the best option to balance the torque density enhancement and overload capability.
[bookmark: _Toc507262755][bookmark: _Toc507264823][bookmark: _Toc513712532]5.6 Conclusion
In this chapter, a novel current profiling technique is proposed by using the 2nd harmonic current injection method for torque density enhancement in VFRMs. The optimal current profile is obtained by an analytical torque model and easily applicable to all the 6j/(6i±2)j (i, j=0,1,2…) VFRMs with either separated AC and DC or integrated AC and DC controls. Moreover, it is further modified into a unipolar current profile to ensure the application of asymmetric bridge inverter and reduce the drive system cost. It is confirmed by analytical, FEA and experimental results that the proposed methods are able to boost the torque density of VFRM by 20% under all load conditions, albeit with larger torque ripple and core loss resulted. Finally, an extensive discussion on the current profiling technique with arbitrary current harmonics confirms that the 2nd harmonic current injection method is the best option to balance torque enhancement and overload capability. It is superior to all the other current profiles.


[bookmark: _Toc507262756][bookmark: _Toc507264824][bookmark: _Toc513712533]Chapter 6
[bookmark: _Toc507262757][bookmark: _Toc507264825][bookmark: _Toc513712534]Rotor Shaping Technique for Torque Ripple Mitigation
For electrical machine design, the torque ripple mitigation is an important aspect to boost the torque quality. Although the variable flux reluctance machines (VFRMs) are reported to have significantly smaller torque ripple than switched reluctance machines (SRMs), their torque ripple is still relatively large for some advanced applications, where smooth output torque is required. Therefore, four rotor shaping techniques, i.e., eccentric circular, inverse cosine, inverse cosine with 3rd harmonic and multi-step shaping methods, are developed for VFRMs in this chapter. It is proved that all the rotor shaping methods are capable of torque ripple mitigation and applicable to all the VFRMs except those with 6k/(6i±2)k (k, i=0,1,2,…) stator/rotor pole combinations. Moreover, the inverse cosine with 3rd harmonic and multi-step shaping methods are able to reduce the torque ripple by 90% at a cost of only 3% torque density reduction.
[bookmark: _Toc507262758][bookmark: _Toc507264826][bookmark: _Toc513712535]6.1 Introduction
For electrical machine design, the torque ripple mitigation technique has always been a hot research point. With the purpose of boosting the torque quality of VFRMs for high performance applications, both the control and machine design techniques can be applied. From the control, the field winding harmonic current injection methods are applied in [LEE17a] and [LEE17b]. Although the torque ripple is successfully mitigated with this method, a pre-calculated look-up table and an external field current control module are required in the control system. From the machine design, the rotor skewing and rotor teeth non-uniformity methods are applied in [BAO17]. Although these methods are able to reduce the torque ripple by 50%, a reduction in average torque is inevitable and the torque ripple mitigation performance is sensitive to the core saturation level and skewing angle.
In this chapter, the potential utilization of rotor shaping methods for torque ripple mitigation in VFRMs is investigated. In fact, the rotor pole shaping methods, including the eccentric circular, inverse cosine and inverse cosine with 3rd harmonic shaping methods have already been widely used in rotor wound field, interior permanent magnet (IPM), surface-mounted permanent magnet (SPM) synchronous machines to generate sinusoidal distributed airgap field and enhance electromagnetic performance [EVA10][WAN12b][WAN14]. In contrast, there are few existing pole shaping methods documented for machines with doubly-salient structures. Several attempts have been made to reduce the torque ripple in switched reluctance machines (SRMs) by using relative eccentricity of the stator and rotor poles [SHE05], rotor flux barriers [HUR04], rotor notches [LEE04], slant stator pole face [SHE04][CHO07], skewed rotor poles [OGA13]. All these methods make the pole shapes asymmetric in geometry and are specific for the torque profiles of SRM, which makes them difficult for application in VFRMs. In [CHI14], the eccentric circular rotor shaping method is employed to the DC-excited flux switching motor (SFM). This attempt is found to be successful in torque ripple mitigation, albeit with an inevitable reduction in average torque. This chapter further presents possible ways to apply the inverse cosine, inverse cosine with 3rd harmonic and multi-step shaping methods to the VFRMs with redesigned shaping curves, which are different from those used in conventional synchronous machines.
This chapter is organized as follows. In Section 6.2, the relationship between average torque, torque ripple and rotor permeance is illustrated. In Section 6.3, the design criterions of four rotor shaping methods are introduced. In Section 6.4, by using the 6/7 VFRM as an example, the electromagnetic performance of different shaping methods are evaluated. Further, the feasible stator/rotor pole combinations for rotor shaping methods are identified in Section 6.5. Finally, a 6/7 VFRM with both conventional and shaped rotors is prototyped for experimental validation.
[bookmark: _Toc507262759][bookmark: _Toc507264827][bookmark: _Toc513712536]6.2 Relationship between Torque Production and Rotor Permeance
In chapter 2, the torque production mechanism of VFRMs is illustrated by magnetic gearing effect. Based on this theory, the torque characteristics of VFRMs with different stator/rotor pole combinations are investigated in chapter 3. According to these previous works, Fig. 6.1 illustrates the relationship between average torque, torque ripple and rotor permeance harmonics in VFRMs. It can be concluded that:
(a) The average torque is proportional to the 1st rotor radial permeance harmonic for all the VFRMs.
(b) For VFRMs with 6k/(6i±2)k (k, i=1,2,3…) stator/rotor pole combinations, their torque ripples are mainly from the reluctance torque and proportional to the 1st rotor radial permeance harmonic, which leads to large torque ripple in these machines. In contrast, the torque ripple of other VFRMs are related to the 4th, 5th and 6th rotor radial permeance harmonics and relatively small.
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Fig. 6.1. Relationship between average torque, torque ripple and rotor permeance harmonics in VFRMs.
For verification, four VFRMs (6/4, 6/5, 6/7 and 6/8) are designed with global optimization method under the same constraints of stator outer radius and copper loss to reach the maximum output torque and the lowest torque ripple. Their configurations, specifications and torque profiles are presented in Fig. 6.2, Table 6.1, and Fig. 6.3, respectively. As expected, the 6/5 and 6/7 VFRMs exhibit significantly smaller torque ripple (8%-9%) than the 6/4 and 6/8 VFRMs (>50%), which makes them preferable choices for applications. However, an 8-9% torque ripple is still large for some advanced motor drive systems, where a smooth output torque is required. Hence, the potential utilization of rotor shaping method for torque ripple mitigation in VFRMs is investigated in this chapter.
The basic theory is as follows. It is known that the rotor shaping method is capable of modifying the harmonic content of rotor permeance. For 6k/(6i±2)k VFRMs, their average torque and torque ripple are both proportional to the 1st rotor permeance component. Thus, the torque ripple can be mitigated by reducing the magnitude of the 1st rotor permeance component. However, the average torque will also decrease simultaneously. In contrast, the torque ripples of other VFRMs are related to the 4th, 5th and 6th rotor permeance components, as marked by red dashed line in Fig. 2. Thus, the rotor shaping method can be applied to these machines to suppress the higher order harmonics in rotor permeance and mitigate their torque ripple. Meanwhile, the 1st permeance component is expected to be kept as large as possible to maintain the average torque.
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(a) 6/4 VFRM
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(b) 6/5 VFRM
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(c) 6/7 VFRM
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(d) 6/8 VFRM


Fig. 6.2. Cross sections of the VFRMs with different stator/rotor pole combinations.
TABLE 6.1
Specifications of Globally Optimized VFRMs
	Parameter
	Unit
	6s/4r
	6s/5r
	6s/7r
	6s/8r

	Stator outer radius
	mm
	45

	Airgap length
	mm
	0.5

	Rated total copper loss
	W
	30

	Turns per coil (AC/DC)
	-
	144/144

	Packing factor
	-
	0.4

	Stack length
	mm
	25

	Split ratio
	-
	0.49
	0.51
	0.56
	0.57

	Stator pole arc
	deg.
	25.9
	23.5
	18
	16.4

	Rotor pole arc ratio
	-
	0.37
	0.38
	0.37
	0.37

	Average torque
	Nm
	0.55
	0.64
	0.72
	0.69

	Torque ripple
	-
	101%
	9.1%
	8.3%
	59.2%
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Fig. 6.3. Torque waveforms of VFRMs with different stator/rotor pole combinations (Copper loss=30W).
[bookmark: _Toc507262760][bookmark: _Toc507264828][bookmark: _Toc513712537][bookmark: OLE_LINK13]6.3 Development of Novel Rotor Shaping Techniques
In this section, four rotor shaping methods are introduced. Since the 6/7 VFRM is one typical VFRM which does not have a 6k/(6i±2)k stator/rotor pole combination, it is chosen as an example in the following investigation to clearly illustrate the features and capabilities of the developed methods.
[bookmark: _Toc507262761][bookmark: _Toc507264829][bookmark: _Toc513712538]6.3.1 Method I: Eccentric circular shaping method
The first one is the eccentric circular shaping method. As can be seen from Fig. 6.4, the rotor pole outline can be defined by a single arc with a given radius. The relationship between the rotor structural parameters is governed by:
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Fig. 6.4. Eccentric circular shaping method.
	

	(6.1)


where Ra is the radius of shaping arc; Rro is the rotor outer radius; Do is the offset distance of the shaping arc.
In this case, the minimum airgap length g0 is maintained while the airgap length δ varies with an eccentric circle.
[bookmark: _Toc507262762][bookmark: _Toc507264830][bookmark: _Toc513712539]6.3.2 Method II: Inverse cosine shaping method
The second one is the inverse cosine shaping method. It has been widely used in SPM and IPM synchronous machines. However, the electrical angle for one rotor pole is π in synchronous machine but 2π in VFRMs. Hence, the equation of shaping curve is modified into:
	

	(6.2)


where g0 is the minimum airgap length; τp is the rotor pole pitch; a is a coefficient to be determined during design; and θr is the rotor pole arc.
The schematic of inverse cosine shaping method is shown in Fig. 6.5. In order to maintain the minimum airgap length in (6.2), a is governed by:
	

	(6.3)


[image: ]
Fig. 6.5. Inverse cosine shaping method.
[bookmark: _Toc507262763][bookmark: _Toc507264831][bookmark: _Toc513712540]6.3.3 Method III: Inverse cosine with 3rd harmonic shaping method
The third one is the inverse cosine with 3rd harmonic shaping method, which is reported in [WAN12b] and [WAN14] to have enhanced torque density compared with the pure inverse cosine shaping method for SPM and IPM machines. The schematic of inverse cosine with 3rd harmonic shaping for VFRM is shown in Fig. 6.6 and its shaping curve expression is given by:
	

	(6.4)


where a, b and c are three coefficients to be determined.
From (6.4), the minimum airgap length is obtained when:
	

	(6.5)


And the minimum airgap length is:
	

	(6.6)


In order to maintain the minimum airgap length, the coefficients should satisfy:
	

	(6.7)


[image: ]
Fig. 6.6. Inverse cosine with 3rd harmonic shaping method.
[bookmark: _Toc507262764][bookmark: _Toc507264832][bookmark: _Toc513712541]6.3.4 Method IV: Multi-step shaping method
The fourth method is named as “multi-step shaping method”. As shown in Fig. 6.7, the outline of rotor pole is symmetrical and defined by several discrete points. The number of points can be chosen as any integer (6 points are applied in this paper for example). Meanwhile, the adjacent points are connected by a straight line. The radius Rrk and mechanical angle θk of the k-th point are given by:
	

	(6.8)

	

	(6.9)


where Rsi is the radius of stator inner surface; δk is the airgap length at the kth point.
In order to obtain the optimal rotor pole shape, θr and δ1-δ6 are 7 structural parameters to be optimized during design.
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Fig. 6.7. Multi-step shaping method.
[bookmark: _Toc507262765][bookmark: _Toc507264833][bookmark: _Toc513712542]6.4 Electromagnetic Performance Evaluation
In this section, the electromagnetic performances of the proposed four rotor shaping methods are evaluated in 6/7 VFRMs. For clarity, the original machine without rotor shaping is denoted as “Original”. The machines with the eccentric circular, inverse cosine, inverse cosine with 3rd harmonic and multi-step shaping methods are denoted as “Method I”, “Method II”, “Method III” and “Method IV”, respectively.
[bookmark: _Toc507262766][bookmark: _Toc507264834][bookmark: _Toc513712543]6.4.1 Global optimization method
Firstly, four 6/7 VFRMs with different shaped rotors are designed with the global optimization module of ANSYS Maxwell. For the sake of a fair comparison with the original motor without rotor shaping, their stators are identical to the previously optimized 6/7 VFRM shown in Table 6.1 and only the rotors are redesigned. The variables and constraints during the optimization are given by Table 6.2.
Fig. 6.8 shows the optimization results of VFRM with rotor shaping method I. Each point represents the result of one specific set of structural parameters. Since the goal of the design is to minimize the torque ripple while maximize the torque density, a Pareto front is added to each figure to indicate all the optimal points which have the lowest torque ripple compared with other cases having the same average torque. Then, the knee point on the Pareto front, from which onwards the torque ripple starts increasing quickly, is chosen as the global optimal point. The same method can also be performed on other three shaping methods. The detailed specifications of four optimized rotors are listed in Table 6.3 and the cross sections of single rotor pole are shown in Fig. 6.9.
TABLE 6.2
Constraints of Global Optimization for 6/7 VFRMs with Different Shaping Methods
	[bookmark: OLE_LINK7][bookmark: OLE_LINK8]Parameter
	Unit
	Rotor shaping method

	
	
	I
	II
	III
	IV

	Stator outer radius
	mm
	45

	Minimum airgap length
	mm
	0.5

	Stack length
	mm
	25

	Split ratio
	-
	0.56

	Stator pole arc
	deg.
	18

	Rotor pole arc ratio
	-
	0.33 to 0.44

	Rated total copper loss
	W
	30

	D0/Rr0
	-
	0 to 0.5
	-
	-
	-

	a
	-
	-
	-0.5 to 1
	-0.5 to 1
	-

	c
	-
	-
	-
	0 to 0.5
	-

	δk
	mm
	-
	-
	-
	0.5 to 2
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Fig. 6.8. Global optimization results for VFRMs with rotor shaping method I.
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(a) Original
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(b) Method I
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(c) Method II
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(d) Method III
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(e) Method IV


Fig. 6.9.  Single rotor poles of 6s/7r VFRMs with and without rotor shaping.

TABLE 6.3
Specifications of the Globally Optimized Rotors
	Parameter
	Unit
	Rotor shaping methods

	
	
	I
	II
	III
	IV

	Rotor pole arc ratio
	-
	0.41
	0.39
	0.38
	0.4

	Rotor yoke thickness
	mm
	9
	9
	8.8
	8.8

	D0/Rr0
	-
	0.49
	-
	-
	-

	a
	-
	-
	0.25
	0.295
	-

	[bookmark: _Hlk458971240]c
	-
	-
	-
	0.126
	-

	δ1, δ2, δ3, δ4
	mm
	-
	-
	-
	0.5

	δ5
	mm
	-
	-
	-
	0.56

	δ6
	mm
	-
	-
	-
	0.8

	Average torque
	Nm
	0.637
	0.643
	0.70
	0.70

	Torque ripple
	-
	2.8%
	0.5%
	0.9%
	0.6%



[bookmark: _Toc507262767][bookmark: _Toc507264835][bookmark: _Toc513712544]6.4.2 Rotor radial permeance
To investigate the performance of different methods, the harmonic content of the rotor permeance is firstly evaluated. By using the single-sided salience permeance calculation method developed in Appendix A, the radial permeance distributions and corresponding spectra of all the shaped rotors are obtained, as shown in Fig. 6.10. 
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(a) Rotor radial permeance distributions.
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(b) Spectra of rotor radial permeance


Fig. 6.10. Rotor radial permeance distributions of VFRMs with and without rotor shaping method.
Compared with the conventional rotor, some specific characteristics can be found:
(a) Although all the fundamental permeance components of the shaped rotors are suppressed due to the increase of equivalent airgap length, Method III and IV shows much larger fundamental component than the other two methods, reaching 96% of the original one. According to the torque mechanism illustrated in Section II, the average torque of Method III and Method IV are expected to be much larger than Methods I and II, and only slightly smaller than the original motor.
(b) The magnitudes of ≥4th permeance harmonics are significantly reduced with the rotor shaping methods. Hence, the torque ripples related to these components are expected to be mitigated as well.
[bookmark: _Toc507262768][bookmark: _Toc507264836][bookmark: _Toc513712545]6.4.3 Back-EMF
When the VFRMs operate under open-circuit mode and only the field winding is excited, the back-EMF can be calculated. Fig. 6.11 shows the waveforms and spectra of the back-EMFs. Meanwhile, the magnitudes of their fundamental components and THDs are compared in Table 6.4.
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(a) Back-EMF waveforms
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(b) Spectra of back-EMF


Fig. 6.11. Back-EMFs of 6s/7r VFRMs with and without rotor shaping (field current is 2A, rotating speed is 400rpm).
TABLE 6.4
Fundamental Component and THD of the Beck-EMFs
	Parameter
	Unit
	Original
	Rotor shaping method

	
	
	
	I
	II
	III
	IV

	1st component
(Percentage)
	V
	1.6
(100%)
	1.37
(86%)
	1.38
(86%)
	1.54
(97%)
	1.55
(97%)

	THD
	-
	4.3%
	1.1%
	0.7%
	2.3%
	2.6%



It can be clearly seen that the shaped rotors can lead to more sinusoidal waveforms and significantly smaller THD in back-EMFs. However, the fundamental component of back-EMF will also witness a drop due to the reduction in rotor radial permeance. Specifically, the Methods I and II have the most sinusoidal back-EMFs with smallest THD. However, their fundamental components are only 86% of the original one. In contrast, Methods III and IV maintain 97% fundamental component of the original machine.
[bookmark: _Toc507262769][bookmark: _Toc507264837][bookmark: _Toc513712546][bookmark: OLE_LINK12]6.4.4 Output torque
When the machines operate under rated condition, the output torques of the original and the redesigned VFRMs are calculated, as shown in Fig. 6.12. It can be found that all these shaping methods have the capability of mitigating torque ripple, albeit with a sacrifice in average torque. The performance can be concluded as:
(a) Methods III and IV are the best ones among four methods, managing to reduce the torque ripple to only 8-10% of the original one, with 97% average torque maintained.
(b) Method II has the best performance in torque ripple mitigation, with only 6% torque ripple remained. However, its average torque is also reduced to only 90% of the original one.
(c) Method I is the weakest one among these four method, only managing to reduce the torque ripple to 34% of the original one at a cost of 11% average torque.
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(a) Torque wavefroms
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(b) Comparison of average torque and torque ripple


Fig. 6.12. Torque performances of VFRMs with and without rotor shaping method (copper loss is 30W).
[bookmark: _Toc507262770][bookmark: _Toc507264838][bookmark: _Toc513712547]6.4.5 Core losses
Another advantage of the rotor shaping methods is the reduction in core loss. Due to the switching of flux linkages in the rotor, the rotor iron loss of VFRM is much larger than that of the regular synchronous machines, which will degrade the efficiency of VFRMs. In foregoing investigations, the rotor permeance harmonics, especially the high order ones, are proved to be suppressed with the rotor shaping methods, which will lead to the mitigation of high order airgap flux density harmonics. Hence, the core loss is expected to be reduced.
By using the JMAG software package, the iron losses of the VFRMs with and without rotor shaping methods are calculated and presented in Table V. It can be seen that both the stator and rotor iron losses are reduced with shaping methods. In comparison with the original one, Methods I, II, III and IV present only 84%, 83%, 97% and 96% total core losses, respectively. Considering the reduction in average torque when rotor shaping methods are applied, the average torque/iron loss is also calculated as an evaluation criterion. Method II is found to have the highest average torque/iron loss ratio, with an 8% enhancement compared with the original VFRM.
TABLE 6.5
Iron Losses for VFRMs with Different Rotor Shaping Methods at 400rpm
	Parameters
	Original
	Rotor shaping method

	
	
	I
	II
	III
	IV

	Stator iron loss (W)
	0.4
	0.34
	0.33
	0.39
	0.38

	Rotor iron loss (W)
	0.3
	0.25
	0.25
	0.29
	0.29

	Total core loss (W)
(Percentage)
	0.7
(100%)
	0.59
(84%)
	0.58
(83%)
	0.68
(97%)
	0.67
(96%)

	Average torque (Nm)
(Percentage)
	0.72
(100%)
	0.637
(89%)
	0.643
(90%)
	0.70
(97%)
	0.70
(97%)

	Average torque/core loss (Nm/W)
(Percentage)
	1.03
(100%)
	1.08
(105%)
	1.11
(108%)
	1.03
(100%)
	1.04
(102%)


[bookmark: _Toc507262771][bookmark: _Toc507264839][bookmark: _Toc513712548]6.5 Feasible Stator/Rotor Pole Combination for Rotor Shaping Technique
In Section 6.2, it is predicted that the rotor shaping method cannot be applied to 6k/(6i±2)k VFRMs. In this section, this conclusion is further verified by FEA.
Based on the global optimization method, the rotor shaping methods are also performed on 6/4, 6/5 and 6/8 VFRMs. The torque performances are presented in Table 6.6. It can be clearly seen that the rotor shaping methods works well in 6/5 VFRM for torque ripple mitigation while they have no effect in 6/4 and 6/8 VFRMs. This phenomenon confirms the conclusion that the proposed rotor shaping methods are not applicable to 6k/(6i±2)k VFRMs


TABLE 6.6
Torque Performance of Globally optimized VFRMs with Different Stator/Rotor Pole Combinations
	Parameters
	Shaping method
	6/4
	6/5
	6/7
	6/8

	Average torque
(Nm)
	Original
	0.55
	0.64
	0.72
	0.69

	
	Method I
	0.52
	0.59
	0.64
	0.68

	
	Method II
	0.51
	0.58
	0.64
	0.68

	
	Method III
	0.54
	0.63
	0.70
	0.69

	
	Method IV
	0.55
	0.63
	0.70
	0.69

	Torque ripple
	Original
	101%
	9.1%
	8.3%
	59.2%

	
	Method I
	97%
	3.3%
	2.8%
	59%

	
	Method II
	97%
	1.0%
	0.5%
	60%

	
	Method III
	99%
	1.7%
	0.9%
	60%

	
	Method IV
	101%
	1.4%
	0.6%
	60%


[bookmark: _Toc507262772][bookmark: _Toc507264840][bookmark: _Toc513712549]6.6 Experimental Verification
For experimental verification, a 6/7 VFRM is prototyped, as shown in Fig. 6.13. One stator and five rotors are manufactured. The detailed specifications can be found in Tables 6.1 and 6.3. Fig. 6.14 shows the construct of the test rig. In order to measure the on-load torque performance of the prototype, the torque transducer is installed. During the test, the excitations of armature winding and field winding are fed by a standard three-phase inverter and a DC power supply, respectively.
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(a) Prototype
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(b) Rotors


Fig. 6.13.  6/7 VFRM Prototype and rotors with and without shaping method.
[image: C:\Users\ELP14lh\Google Drive\Paper\VFRM-rotor shaping\Fig\13\prototype3.tif]
Fig. 6.14. Test rig.
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Firstly, the back-EMF of 6/7 VFRM with different rotors are measured when only field winding is excited by DC current. The prototype is forced to rotate at 400rpm by the DC machine. Two different conditions, i.e., DC current Idc is 1A and 2A, are tested. The measured back-EMFs are shown in Fig. 6.15. It can be seen that the measured profiles agree well with the FEA results, albeit with minor error caused by the end effect.
Fig. 6.16 shows the spectra of the measured back-EMFs. Similar to the conclusion in Section IV, the fundamental components of Methods III and IV are larger than the other two methods, just slightly smaller than the original machine.
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(a) Original rotor
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(b) Rotor shaping method I
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(c) Rotor shaping method II
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(d) Rotor shaping method III
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(e) Rotor shaping method IV


Fig. 6.15. Waveforms of back-EMFs when field current is 1A and 2A, and rotating speed is 400rpm for VFRMs with different rotors.
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Fig. 6.16. Spectra of back-EMFs when field current is 2A for VFRMs with different rotors.
[bookmark: _Toc507262774][bookmark: _Toc507264842][bookmark: _Toc513712551]6.6.2 Output torque
By using the torque transducer, the transient torque waveforms of VFRMs with different rotors are measured, as shown in Fig. 6.17. During the experiment, the AC current Iq and DC current Idc are kept the same. It can be clearly observed that the torque ripple of the original machine is significantly mitigated by the rotor shaping methods. Fig. 6.18 further compares the average torque under different currents. It is confirmed that the average torques of Methods III and IV are larger than those of Methods I and II, just slightly smaller than that of original machine. Fig. 6.19 compares the variation of torque ripple against current. It can be seen that the measurement results are slightly larger than those predicted by FEA, especially at light load. This is mainly due to noise in transient torque caused by test rig. Nevertheless, the torque ripple is significantly reduced with the proposed rotor shaping methods. Moreover, as expected, Methods II, III and IV show better performance than Method I. Regarding the variation of torque ripple with load, the torque ripples in machines with shaped rotors keep stable, whereas that of the original machine is continuously increasing with the current. Under rated load condition, the rotor shaping methods have even better torque ripple mitigation performance.
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(a) Original rotor
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(b) Rotor shaping method I
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(c) Rotor shaping method II
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(d) Rotor shaping method III
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(e) Rotor shaping method IV


Fig. 6.17. Torque waveforms when Iq=Idc=2.1A, and rotating speed is 80rpm for VFRMs with different rotors.
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(a) Measurement
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(b) FEA


Fig. 6.18. Variations of average torque against current (Iq=Idc).
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(a) Measurement.
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(b) FEA


Fig. 6.19. Variations of torque ripple against current (Iq=Idc).
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In this chapter, four novel rotor shaping methods, i.e., eccentric circular, inverse cosine, inverse cosine with 3rd harmonic and multi-step shaping methods, are proposed and investigated for torque ripple mitigation in VFRMs. Their design criterions are illustrated and their electromagnetic performances are comparatively investigated. It is found that:
(a) All the methods are capable of mitigating torque ripple, improving THD of back-EMF, and reducing core loss, albeit with a different sacrifice level of average torque.
(b) The inverse cosine shaping method is the best one in torque ripple mitigation. It is able to reduce the torque ripple of VFRMs by 94%, but at a cost of 10% average torque.
The inverse cosine with 3rd harmonic and multi-step shaping methods are able to reduce the torque ripple by 90% at a cost of only 3% average torque. They are the best methods among these four.
The eccentric circular shaping method is the weakest one, only managing to reduce the torque ripple by 66% with an 11% reduction in the average torque.
(c) The proposed rotor shaping methods are not applicable to VFRMs with 6k/(6i±2)k (k, i=0,1,2,…) stator/rotor pole combinations.
All the analysis is verified by both FEA and experimental test on a 6/7 VFRM prototype. It is worth noting that the analyses and methods presented in this chapter are applicable to other salient pole reluctance machines and VFRMs with integrated AC and DC excitation [ZHU16][ZHU17b], as well as using other number of points in the multi-step shaping method.
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[bookmark: _Toc507262777][bookmark: _Toc507264845][bookmark: _Toc507264975][bookmark: _Toc513712554]Design of Variable Flux Reluctance Machines for Electrical Vehicle Application
In foregoing chapters, the VFRMs are investigated in terms of torque production mechanism, stator/rotor pole combination, winding configuration, power factor, current profiling and rotor shaping techniques. By synthesizing the findings in these chapters, two VFRMs are designed and evaluated for traction application in this chapter. Firstly, a fast initial design parameter identification technique is developed. Then, by selecting the Prius 2010 interior permanent magnet (IPM) synchronous machine as a benchmark, 6s/4r and 12s/10r VFRMs are designed and optimized. Their electromagnetic performance is comparatively evaluated together with the Prius 2010 IPM machine and a rotor-wound-field synchronous machine (RWFSM).
[bookmark: _Toc507262778][bookmark: _Toc507264846][bookmark: _Toc513712555]7.1 Introduction
Due to the concerns on the environment and energy, the electrical machines are increasingly used in traction system, yielding electrical vehicles (EVs) and hybrid electrical vehicles (HEVs). In these applications, high power/torque density, wide speed range and high efficiency is of great importance during the selection and design of the electrical machines [BOL14][DOR14]. To meet these requirements, IPM machines are the primary choices for their excellent performance in many existing products, e.g. Toyota Prius, Nissan Leaf and Honda Insight. However, the relatively high price of rare-earth material and risk of irreversible demagnetization of magnets are two challenges for the application of IPM machines [ELR10]. To reduce the magnet usage in electrical machines of traction system, four methods can be applied. The first one is to increase the operation speed of IPM machines. With this method, smaller output torque is required to generate the same output power and the magnet usage can be reduced. However, the larger mechanical stress in rotor and the higher excitation frequency are two issues to be addressed. The second one is to optimize rotor structure or use multiple magnetic barriers in rotor. The purpose of this method is to enhance the reluctance torque proportion in IPM machines and therefore reduce the magnet usage. However, the mechanical stress and manufacture technique of rotor will be more challenging. The third method is the application of novel winding technique, e.g. hairpin winding. This method can help the heat dissipation in stator and boost power density. As a result, the magnet usage can be reduced. The last method is to use other kinds of electrical machines with less or no magnet. Recently, many magnetless machines, including induction machines (IMs) [DOR12a], rotor-wound-field synchronous machines (RWFSMs) [ROS06], switched reluctance machines (SRMs) [KIY12a][CHI11], synchronous reluctance machine (SynRMs) [AZA14][OOI13], vernier reluctance machines (VRM) [TAB06], stator-wound-field flux switching machines (SWFFSMs) [ZUL10][CHE10a], and VFRMs [FUK10][LIU12a] have been extensively investigated. In this chapter, the potential application of VFRMs in traction system is investigated.
VFRMs have simple and robust structure, which is good for traction system to boost fault tolerance and reduce manufacture cost. Moreover, their stator-located windings avoid the requirement of slip-rings/brushes and the heat can be easily dissipated from the stator. Most importantly, there is no permanent magnet in VFRMs.
To obtain the highest torque and power density of VFRMs for traction system, the design methods are important. In [FUK12], the torque density of a 48s/40r VFRM is proved to be closely related to the rotor pole arc and rotor tooth height. In [SHI14], four 6-stator-pole VFRMs with 4, 5, 7 and 8-rotor poles are globally optimized. It is concluded that the maximum torque is achieved when the optimal rotor pole arc to pole pitch ratio is around 1/3 and the stator pole arc is equal or slightly smaller than rotor pole arc. Then, a weighted evaluation function is introduced in [JIA15c] to take the torque density, torque ripple, cogging torque, power factor, field winding voltage fluctuation and copper consumption into account during the optimization. However, in these existing works, the machine design purely relies on the finite element (FE) based global optimization method, which is known to be time consuming.
In this chapter, a fast initial design parameter identification technique is firstly developed by the synergy of analytical and FEA methods. Then, by using Toyota Prius 2010 IPM machine as the benchmark, 6s/4r and 12s/10r VFRMs are designed and optimized. Finally, the feasibility of applying VFRMs in traction system is discussed by comparing their performance with Prius 2010 IPM machine and a RWFSM.
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[bookmark: _Toc507262780][bookmark: _Toc507264848][bookmark: _Toc513712557]7.2.1 Analytical torque calculation model
In Chapter 2, an analytical model is proposed based on the Lorentz force law for the instantaneous torque calculation of VFRMs. The torque expression is given by:
	

	(7.1)


where Rsi is the radius of stator inner surface; Lstk is the stack length of the machine; Λr is the radial airgap permeance with slotted rotor and slotless stator; Fs is stator modulated MMF defined by (7.2).
	

	(7.2)


where F is the MMF generated by stator excitations; Λs is the radial permeance with slotted stator and slotless rotor; g0 is the airgap length; μ0 is the vacuum permeability.
To calculate the torque production, the MMF, rotor permeance and stator permeance are three coefficients to be determined. The MMF of VFRM can be calculated by the conventional winding theory [LIP12][HAN17]. Regarding the rotor and stator permeance, their analytical expressions are given by (7.3) and (7.4), respectively.
	

	(7.3)

	

	(7.4)


where Rro is the outer radius of rotor; βr is the rotor slot opening ratio; βs is the stator slot opening ratio; θr is the rotor pole pitch; θs is the stator slot pitch.
Fig. 7.1 compares the analytically and FEA predicted stator permeance distributions. Good agreement is found between these two results, confirming the accuracy of the analytical model.
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Fig. 7.1. Distributions of analytically and FE predicted stator radial permeances for different stator slot opening ratios (Rsi=22.5mm, g0=0.5mm, θs=60deg.).
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	(a) 6s/4r VFRM
	(b) 6s/5r VFRM
	


Fig. 7.2. Cross sections and winding configurations of the 6s/4r and 6s/5r VFRMs.
TABLE 7.1
Main specifications of 6s/4r and 6s/5r VFRMs
	Parameter
	Unit
	VFRM

	
	
	6s/4r
	6s/5r

	Stator outer diameter
	mm
	90

	Airgap length
	mm
	0.5

	Total copper loss
	W
	30

	Turns per coil (AC/DC)
	-
	144/144

	Split ratio
	-
	0.5
	0.52

	Stator pole arc
	deg.
	27
	24

	Rotor pole arc
	deg.
	34.6
	26



After obtaining the permeance and MMF distributions, the instantaneous torque of VFRMs can be predicted analytically. For verification, the 6s/4r and 6s/5r VFRMs are chosen as examples, as shown in Fig. 7.2. Their main specifications are listed in Table 7.1. Fig. 7.3 compares the analytically and FE predicted torque waveforms. Good agreement is observed, indicating the accuracy of using analytical method in torque estimation under magnetic unsaturation condition.
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Fig. 7.3. Torque waveforms of optimized 6s/4r and 6s/5r VFRMs predicted by analytical and FEA methods (Pcu=30W).
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From the torque expression (7.1), it can be seen that Lstk, Fs and Λr are three variables directly related to output torque. Hence, five structural parameters, i.e., split ratio, stator and rotor pole arcs, stator/rotor yoke thicknesses, need to be optimized due to their close relationships with the aforementioned three variables, as shown in Fig. 7.4. Since the core saturation is neglected for analytical method, the stator/rotor yoke thicknesses are kept minimum according to the mechanical requirement and will be optimized later with the FEA.
With the design constraints listed in Table 7.2, the optimal split ratio and stator/rotor pole arc ratios can be obtained with parametric calculation using the analytical model to achieve the peak average torque, as shown in Fig. 7.5. Finally, the globally optimized split ratio, stator and rotor pole arc ratios by analytical and FE methods are compared in Table 7.3. Good agreements are found between two results, indicating the feasibility of using analytical method under linear condition.
Further, it is worth noticing that the optimal rotor pole arc ratio is found to be always 0.44 for all VFRMs under linear case. This is mainly due to the fact that the average torque of VFRMs is proportional to the fundamental rotor permeance component Λr1, as proved in Chapter 3. According to Fig. 4, Λr1 peaks when the rotor pole arc ratio is 0.44.
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Fig. 7.4. Relationship between optimization parameters and torque equation variables.
TABLE 7.2
Constraints For Optimization
	Parameter
	Symbol
	Unit
	Value

	Stator outer radius
	Rso
	mm
	45

	Stator/rotor yoke thickness
	hs / hr
	mm
	≥5

	Airgap length
	g0
	mm
	0.5

	Total copper loss
	Pcu
	W
	30

	Turns per coil (AC/DC)
	na/nf
	-
	144/144

	Stack length
	Lstk
	mm
	25
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(a) Analytical results of 6s/4r VFRM
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(b) FE results of 6s/4r VFRM
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(c) Analytical results of 6s/5r VFRM
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(d) FE results of 6s/5r VFRM
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Fig. 7.5. Variation of average torques against stator and rotor pole arcs for 6s/4r and 6s/5r VFRMs (Split ratio=0.5).
TABLE 7.3
Optimal Structural Parameters for 6s/4r and 6s/5r VFRMs Under Linear Condition
	
	Split ratio
(Analytical/FEA)
	Stator tooth arc ratio
(Analytical/FEA)
	Rotor tooth arc ratio
(Analytical/FEA)

	6s/4r
	0.46 / 0.46
	0.46 / 0.45
	0.44 / 0.44

	6s/5r
	0.48 / 0.48
	0.4 / 0.4
	0.44 / 0.44
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Fig. 7.6. Variation of 1st rotor radial permeance harmonic and average torques of 6s/4r and 6s/5r VFRMs against rotor pole arc ratio under linear condition.
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In foregoing investigation, it is proved that the optimal structural parameters can be quickly estimated by analytical model. However, the core saturation is not accounted for in analytical model. In this section, several 6s/4r and 6s/5r VFRMs are designed under different copper loss levels with pure global optimization method and specification constraint listed in Table 7.2. The obtained optimal structural parameters are compared to those calculated by analytical method to identify the influence of magnetic saturation.


A. Split ratio
The influence of magnetic saturation on the optimal split ratio λ is shown in Fig. 7.7. It can be seen that the optimal split ratio shows an upward trend with the increase of copper loss. This can be explained by Fig. 7.8. On one hand, the increase of λ will lead to a reduction in slot area As and electric loading when the copper loss is fixed. On the other hand, thanks to the reduced current, the magnetic saturation will be alleviated. Also, the stator inner radius Rsi becomes larger. A compromise should be made between these two aspects and the split ratio tends to increase under larger load condition for the sake of alleviating the magnetic saturation. Compared with the linear case, the optimal split ratio will be increased by 1~1.2 times depending on the load.
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(a) Variation of optimal split ratio with copper loss
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(b) Variation of normilized split ratio with copper loss


Fig. 7.7. Variation of optimal split ratio against copper loss.
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Fig. 7.8. Relationship between split ratio and output torque.
B. Stator pole arc ratio
The influence of load and magnetic saturation on the optimal stator pole arc ratio βs is illustrated in Fig. 7.9. 
It is noted that the optimal βs is almost independent of load condition. As shown in Fig. 7.10, an increase of βs will lead to smaller slot area and larger tooth width Wt, both of which will alleviate the stator saturation. However, a larger βs also means an increase in average airgap permenace Λs and more severe magnetic saturation. Hence, βs has insignificant influence on saturation. Its optimal value is almost constant with the increase of copper loss. In this case, the optimal value of βs for linear case is also applicable in nonlinear case.
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Fig. 7.9. Variation of optimal stator pole arc ratio against copper loss.
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Fig. 7.10. Relationship between stator pole arc ratio and core saturation.
C. Rotor pole arc ratio
The influence of load and magnetic saturation on the optimal rotor pole arc ratio βr is illustrated in Fig. 7.11. The optimal value shows a downward trend with the increase of copper loss. Its variation range is between 0.33~0.44.
This is mainly due to the influence of βr on the rotor permeance distributions, as shown in Fig. 7.12. By using the on-load permeance calculation method developed in Appendix A, the rotor permeance distributions of different rotor pole arc ratios and the variations of the dc and 1st components with rotor pole arc ratios are obtained in Figs. 7.13(a) and (b), respectively. On one hand, the average airgap permeance Λr0 drops with the decrease of βr. Hence, the magnetic saturation is alleviated. On the other hand, the decrease of βr will lead to a drop in Λr1, as well as the average torque. Considering both aspects, the optimal βr will drop from 0.44 to 0.33. Moreover, the more severe the saturation is, the smaller the optimal rotor pole arc ratio will be.
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Fig. 7.11. Variation of optimal rotor pole arc ratio against copper loss.
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Fig. 7.12. Relationship between rotor pole arc ratio and output torque.
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(a) Distributions of rotor radial permeance with different rotor pole arc ratio
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(b) Variations of DC and 1st rotor permeance harmonics with rotor pole arc ratio


Fig. 7.13. On-load rotor radial permenace distributions and variations of dc and 1st harmonics against rotor pole arc ratio for 6s/4r VFRM (Pcu=30W).

D. Stator/rotor yoke thickness
Compared with the linear condition, the stator and rotor yoke thicknesses are expected to increase when the cores are saturated. The optimal yoke thicknesses can be obtained by global optimization method, as shown in Fig. 7.14.
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(a) Stator yoke thickness
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(b) Rotor yoke thickness


Fig. 7.14. Variations of optimal stator and rotor yoke thicknesses against copper loss.
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Based on the revealed influence of magnetic saturation on the optimal structural parameters, a fast optimization method is developed by combining analytical and FE methods. A comparison between conventional and developed methods is presented in Table 7.4.
A. Conventional optimization method
For conventional method, the torque calculation relies fully on FE method. The global optimization module of ANSYS Maxwell 15.0 can be used to get the optimal specification. The procedure is:
Step 1: The parametric optimization is firstly used to get the rough variation range of all the structural parameters. 
Step 2: All five structural variables are further globally optimized using the genetic algorithm.
In this case, 2~3 days are usually required.
B. Proposed fast optimization method
The procedure of proposed fast optimization method is:
Step 1: Set the rotor pole arc ratio as 0.44 (optimal value obtained from the analytical model) and stator/rotor yoke thicknesses as minimum values for mechanical consideration, the stator pole arc ratio and split ratio are optimized using analytical method.
Step 2: Globally optimize split ratio (1~1.2 times of linear optimal value), rotor pole arc ratio (0.33~0.44) and stator/rotor yoke thicknesses, whereas the stator pole arc ratio is fixed as the obtained optimal value of Step 1.
By using the fast optimization method, only 6~12 hours are required to obtain the optimal results, which are much shorter than the conventional method. The low time consumption is mainly benefited from the fast calculation speed of analytical method, less variable counts and narrowed variation ranges, as shown in Table 7.4.

TABLE 7.4
Comparison of Conventional and Proposed methods
	Step
	Conventional method
	Proposed method

	I
	Parametric optimization
Split ratio
Stator pole arc ratio
Rotor pole arc ratio
(3 variables, 1~2 hours)
	Analytical optimization
Split ratio
Stator pole arc ratio
Rotor pole arc ratio (fixed to 0.44)
(2 variables, 1~2 mins)

	II
	Global optimization
Split ratio
Stator pole arc ratio
Rotor pole arc ratio
Stator yoke thickness
Rotor yoke thickness
(5 variables, 2~3 days)
	Global optimization
Split ratio (1~1.2 times of step I)
Stator pole arc ratio (identical to step I)
Rotor pole arc ratio (0.33~0.44)
Stator yoke thickness
Rotor yoke thickness
(4 variables, 6~12 hours)
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To investigate the feasibility of applying VFRMs to traction system, two VFRMs are designed in this section. The Toyota Prius 2010 IPM machine is selected as the benchmark. The configuration and specifications of Toyota Prius 2010 IPM machine are shown in Fig. 7.15 and Table 7.5, respectively.
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Fig. 7.15. Configuration of Toyota Prius 2010 IPM machine
TABLE 7.5
Main Specifications of Toyota Prius 2010 IPM Machine
	Parameter
	Value
	Parameter
	Value

	Number of phases
	3
	Stator outer diameter
	264 mm

	Peak power
	60 kW
	Rotor outer diameter
	160.4 mm

	Peak torque
	235 Nm
	Airgap length
	0.73 mm

	Max speed
	13500 rpm
	Stack length
	50.8 mm

	Voltage range
	200-650 V
	Slot depth
	30.9 mm

	Max phase current
	167 A
	Slot opening
	1.88 mm

	Number of slots
	48
	Tooth tip
	1.016 mm

	Number of pole pairs
	4
	Turns per slot
	11

	Max copper loss
	8.5 kW
	Phase resistance at 20℃
	0.077



For a fair comparison, the designed VFRMs have identical stack length, outer stator diameter, airgap length, maximum copper loss, maximum rotating speed and maximum phase voltage as Prius 2010 IPM machine. The specification constraints are listed in Table 7.6.
TABLE 7.6
Specification Constraints for VFRMs
	Parameter
	Unit
	Value

	Stator outer diameter
	mm
	264

	Stack length
	mm
	50.8

	Airgap length
	mm
	0.73

	Maximum copper loss
	kW
	8.5

	Maximum rotating speed
	rpm
	13500

	Maximum phase voltage
	V
	650


[bookmark: _Toc507262786][bookmark: _Toc507264854][bookmark: _Toc513712563]7.3.2 Design of VFRMs
As can be seen in Fig. 7.15, the Prius 2010 IPM machine has 4 pole pairs on the rotor. Since one rotor tooth of a VFRM is equivalent to one PM pole pair of an IPM machine from the excitation frequency point of view, 4 rotor teeth is an essential condition of VFRM design to ensure the same excitation frequency as Prius 2010 IPM machine. Moreover, as proved in Chapter 3, a smaller stator slot number is beneficial to torque density enhancement. Therefore, a 6s/4r VFRM can be designed for a comparative analysis between VFRM and IPM.
However, as illustrated in Chapter 3, the 6s/4r VFRM is a typical 6s/(6i±2)r VFRM, which has large torque ripple and relatively low torque density. In order to boost torque quality, the 6s/5r or 6s/7r VFRMs are better choices. However, these two VFRMs have unbalance magnetic force due to their odd rotor tooth number. Therefore, if the higher requirement of maximum switching frequency of inverter is acceptable, the 12s/10r VFRM can also be designed.
Overall, the 6s/4r and 12s/10r VFRMs are two potential candidates for traction system to compete with Prius 2010 IPM machine. These two machines will be designed and evaluated in following investigation.
The structures of 6s/4r and 12s/10r VFRMs are shown in Fig. 7.16. To reduce the phase resistance, the integrated AC and DC current control techniques [ZHU16][ZHU17b] are applied to these two VFRMs. By using the developed fast optimization method, the optimal specifications of 6s/4r and 12s/10r VFRMs can be obtained, as listed in Table 7.7.
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(a) 6s/4r VFRM
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(b) 12s/10r VFRM


Fig. 7.16. Configurations of 6s/4r and 12s/10r VFRMs
TABLE 7.7
Optimal Specifications of 6s/4r and 12s/10r VFRMs
	Parameter
	Unit
	VFRMs

	
	
	6s/4r
	12s/10r

	Stator outer diameter
	mm
	264

	Stack length
	mm
	50.8

	Airgap length
	mm
	0.73

	Maximum copper loss
	kW
	8.5

	Maximum rotating speed
	rpm
	13500

	Maximum phase voltage
	V
	650

	Split ratio
	-
	0.6
	0.61

	Stator pole arc ratio
	-
	0.406
	0.486

	Rotor pole arc ratio
	-
	0.34
	0.37

	Stator yoke thickness
	mm
	29
	22.8

	Rotor yoke thickness
	mm
	26.4
	29.7

	Turns per coil
	-
	75
	23

	Phase resistance
	Ohm
	0.166
	0.046

	Peak torque
	Nm
	144
	139


[bookmark: _Toc507262787][bookmark: _Toc507264855][bookmark: _Toc513712564]7.3.3 Design of RWFSM
In chapters 2 and 3, it is proved that the VFRMs are actually stator-wound-field synchronous machines. In Chapter 4, it is further proved that the power factor of VFRMs is relatively lower than that of rotor-wound-field synchronous machine (RWFSM) due to the weak coupling between AC and DC windings. To further compare the electromagnetic performance between VFRMs and RWFSM, a RWFSM is also designed and optimized using the benchmark of Prius 2010 IPM machine.
Fig. 7.17 shows the designed structure of RWFSM. It has 4 rotor pole pairs and identical armature winding configuration as Prius 2010 IPM machine. There is a field winding wound on the rotor tooth, which requires additional slip-ring and brush for excitation. The total copper loss of AC and DC currents is kept the same as that of IPM machine. The main specifications are listed in Table 7.8.
[image: ]
Fig. 7.17. Configuration of rotor wound field synchronous machine.
TABLE 7.7
Optimal Specifications of 6s/4r and 12s/10r VFRMs
	Parameter
	Unit
	VFRMs

	
	
	6s/4r
	12s/10r

	Stator outer diameter
	mm
	264

	Stack length
	mm
	50.8

	Airgap length
	mm
	0.73

	Maximum copper loss
	kW
	8.5

	Maximum rotating speed
	rpm
	13500

	Maximum phase voltage
	V
	650

	Split ratio
	-
	0.72

	Stator slot opening
	mm
	1.9

	Stator tip height
	mm
	0.85

	Stator tooth height
	mm
	15.4

	Stator yoke thickness
	mm
	12.5

	Rotor shoe arc
	deg.
	28

	Rotor tooth width
	mm
	20

	Rotor yoke thickness
	mm
	29

	Turns per armature coil
	-
	11

	Turns per field coil
	-
	11

	Peak torque
	Nm
	183



[bookmark: _Toc507262788][bookmark: _Toc507264856][bookmark: _Toc513712565]7.4 Performance Evaluation
In this section, the electromagnetic performance of designed VFRMs and RWFSM will be comparatively studied together with the Toyota Prius 2010 IPM machine. The structures of four machines are shown in Fig. 7.18.
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(a) Prius 2010 IPM machine
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(b) 6s/4r VFRM

	[image: ]
(c) 12s/10r VFRM
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(d) RWFSM


Fig. 7.18. Structures of Prius 2010 IPM machine, 6s/4r VFRM, 12s/10r VFRM and RWFSM.
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As the core of drive system, the torque/power-speed curve shows the capability of the electrical machine over the operation speed range. Fig. 7.19 shows the torque/power-speed curves of the aforementioned four machines. It can be seen that the IPM machine shows the largest peak torque, which is followed by RWFSM. The VFRMs have the smallest peak torque. As shown in Fig. 7.20, the VFRMs and RWFSM have around 60% and 78% peak torque of IPM machine when operation speed is 2 krpm.
However, when the machines are operating at flux weakening region, the output torque of Prius IPM drops much faster than the other three machines. As a result, the output torque of VFRMs and RWFSM even exceeds that of IPM machine. When the operation speed is 10 krpm, the 6s/4r VFRM, 12s/10r VFRM and RWFSM have 50%, 100% and 24% larger output torque than IPM machine. This is mainly due to the fact that the d-axis magnetic field generated by PMs in IPM machine can only be regulated by d-axis current, whereas the d-axis magnetic field generated by DC current can be easily adjusted by either DC current or d-axis current. Hence, the VFRMs and RWFSM have better flux weakening capability than the IPM machine.
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(a) Torque-speed curves
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(b) Power-speed curves


Fig. 7.19. Torque/power-speed curves of Prius 2010 IPM machine, 6s/4r VFRM, 12s/10r VFRM and RWFSM
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Fig. 7.20. Comparison of peak torque under 2 krpm and 10 krpm for Prius 2010 IPM machine, 6s/4r VFRM, 12s/10r VFRM and RWFSM
Regarding the output power, it shows similar variation trend as output torque, as shown in Fig. 7.19(b). The IPM machine has largest output power among these four VFRMs in peak torque region. However, due to the excellent flux weakening capability, the VFRMs have much larger output power than IPM machine in high speed region.
To enhance the peak torque of VFRM, the novel current profiling technique proposed in Chapter 5 can be applied to 6s/4r VFRM. As shown in Fig. 7.21, a 19% increase in output torque is achieved under all load conditions by using the proposed method. However, the torque density of the improved 6s/4r VFRM is still relatively low, only reaching 73% of that of IPM machine.
[image: ]
Fig. 7.21. Variations of average torque with copper loss for 6s/4r VFRM with and without current profiling technique.
Overall, although the VFRMs have only 60~70% torque density of IPM machine, they have more stable output torque and power performance over the whole operation speed range due to the excellent flux regulation ability.
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The torque ripple is an important criterion to evaluate the quality of the output torque. A small torque ripple is surely good for the control of the electrical machine. Fig. 7.22 shows the torque waveforms of four machines when they are operating with peak current. It can be clearly seen that the 6s/4r VFRM has significantly larger torque ripple than the other three machines. This is mainly due to the large torque ripple in reluctance torque component of 6s/4r VFRM, as proved in Chapter 2.
Moreover, although the 12s/10r exhibits much smaller torque ripple than 6s/4r VFRM, its torque ripple is still relatively larger than IPM machine and RWFSM. To further improve the torque quality of 12s/10r VFRM, the multi-step rotor shaping technique can be applied to 12s/10r VFRM to reduce its torque ripple. The detailed design procedure can be found in Chapter 6 and neglected here for simplicity. Fig. 7.23 compares the obtained torque waveforms of 12s/10r VFRM with and without rotor shaping technique. The torque ripple is reduced to almost 0 with minor reduction in average torque. The 12s/10r VFRM becomes the best among these four electrical machines in terms of torque ripple.
[image: ]
Fig. 7.22. Comparison torque waveforms under peak current condition for Prius 2010 IPM machine, 6s/4r VFRM, 12s/10r VFRM and RWFSM.
[image: ]
Fig. 7.23. Comparison torque waveforms under peak current condition for 12s/10r VFRM with and without rotor shaping technique.
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Compared with the combustion engine, high efficiency is an advantage of the electrical machine for traction system applications. To evaluate the efficiency of VFRMs over the whole operation speed range, the efficiency maps of IPM machine, VFRMs and RWFSM are calculated in Fig. 7.24. Each point in the efficiency map represents the highest efficiency that the electrical machine can reach under a specific speed and output torque. It can be found that the IPM machine has the highest efficiency (96%) and largest high efficiency region. The RWFSM shows equivalent highest efficiency (95.5%) as IPM machine, albeit with slightly smaller high efficiency region. The 6s/4r and 12s/10r VFRMs rank the third and fourth, reaching only 94% and 92% in terms of highest efficiency.
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(a) Prius 2010 IPM machine
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(b) 6s/4r VFRM
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(c) 12s/10r VFRM
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(d) RWFSM


Fig. 7.24. Comparison efficiency maps of Prius 2010 IPM machine, 6s/4r VFRM, 12s/10r VFRM and RWFSM.

The low efficiency in VFRMs is mainly related to the large core loss. Fig. 7.25 presents the variations of core loss on the efficiency maps for these four machines. It can be seen that the core loss of VFRMs are significantly larger than that of IPM and RWFSM. This can be explained by the rotor modulation effect. As proved in Chapter 2, the airgap magnetic fields of VFRMs are modulated by salient rotor to generate active torque. In this case, the magnetic field in rotor is switching with the rotor position, which leads to large core loss in rotor. However, in conventional synchronous machines, e.g., RWFSM and IPM machine, the core loss in rotor is much smaller than that in stator because the armature field is synchronous with the rotor. Eventually, the core loss of VFRMs is larger than the IPM machine and RWFSM, which is the main reason for the low efficiency issue in VFRMs.
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(a) Prius 2010 IPM machine
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(b) 6s/4r VFRM
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(c) 12s/10r VFRM
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(d) RWFSM


Fig. 7.25. Comparison core loss of Prius 2010 IPM machine, 6s/4r VFRM, 12s/10r VFRM and RWFSM.
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The drivetrain efficiency is the overall efficiency of one electrical machine when it is applied to a specific EV with a given drive cycle. There are many existing drive cycles, which are produced by different countries and organizations to assess the performance of vehicles. In this Section, the NEDC and ARB02 drive cycles are used, as shown in Fig. 7.26. To evaluate the drivetrain efficiencies of four electrical machines, they are all applied to the Toyota Prius 2010 vehicle. The specification of Toyota Prius 2010 vehicle can be found in Table 7.8. 
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(a) NEDC drive cycle
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(b) ARB02 drive cycle


Fig. 7.26. NEDC and ARB02 drive cycles.
TABLE 7.8
Specification of Toyota Prius 2010 Vehicle
	Parameters
	Value
	Parameters
	Value

	Curb weight
	1369
	Rolling resistance
	0.005

	Wheel radius
	0.3m
	Motor to wheel ratio
	8.612

	Drag coefficient
	0.3
	Transmission efficiency
	0.95



By using the software package “Advisor”, drive cycles and vehicle specifications, the rotating speed and output torque of all the operation points on the drive cycles can be obtained, as shown in Fig. 7.27. It can be seen that all four electrical machines can meet the torque and speed requirements of NEDC and ARB02 drive cycles. This is mainly due to the fact that the electrical machines of EV applications are usually operating under rated load condition rather than peak load condition.
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(a) NEDC operation point
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(b) ARB02 operation point


Fig. 7.27. Operation points of NEDC and ARB02 drive cycles.
Fig. 7.28 further compares the drivetrain efficiencies of four electrical machines. It can be seen that the IPM has the highest drivetrain efficiency, reaching 93.5% and 88.6% with NEDC and ARB02 drive cycles, respectively. RWFSM has comparable efficiency as IPM machine, achieving 91.7% and 87.6% with NEDC and ARB02 drive cycles, respectively. The 6s/4r VFRM has slightly lower drivetrain efficiency, reaching 89% and 83% with NEDC and ARB02 drive cycles, respectively. The 12s/10r VFRM has the worst performance in terms of drivetrain efficiency, only reaching 83.5% and 72% with NEDC and ARB02 drive cycles, respectively. This is mainly due to the large core loss and low efficiency of VFRMs in high speed region.
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Fig. 7.28. Drivetrain efficiencies of Prius 2010 IPM machine, 6s/4r VFRM, 12s/10r VFRM and RWFSM under NEDC and ARB02 drive cycles.
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The power factor determines the inverter capacity requirement of machine drive system. Fig. 7.29 presents the power factors of all the operation points on the efficiency maps for four electrical machines. It can be seen that the peak torque region has the lowest power factor for all these four electrical machines. The variations of power factor in these four machines along the torque-speed curves are compared in Fig. 7.30. It can be seen that the RWFSM has the highest power factor, exhibiting 0.68 at constant torque region. The 6s/4r VFRM and IPM machine have similar power factor at peak torque region (around 0.55). The 12s/10r VFRM has serious power factor issue, reaching only 0.26 at full load. This is mainly due to the small stator/rotor pole ratio of 12s/10r VFRM, as illustrated in Chapter 4.
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(a) Prius 2010 IPM machine
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(b) 6s/4r VFRM
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(c) 12s/10r VFRM
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(d) RWFSM


Fig. 7.29. Comparison power factor of Prius 2010 IPM machine, 6s/4r VFRM, 12s/10r VFRM and RWFSM.
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Fig. 7.30. Variations of power factor on the torque-speed curves for Prius 2010 IPM machine, 6s/4r VFRM, 12s/10r VFRM and RWFSM.
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In this chapter, a fast initial design parameter identification technique is proposed for VFRMs design. Then, by selecting Prius 2010 IPM as benchmark, a 6s/4r VFRM and a 12s/10 VFRM are designed to evaluate the feasibility of applying VFRMs to EV applications. By synthesizing performance comparison between Prius 2010 IPM, VFRMs and RWFSM, their advantages and disadvantages are identified and concluded in Table 7.9. It can be found that:
(a) The Prius 2010 IPM machine has the best performance among these four machines, except the relatively high manufacture cost and dependence of PMs. It is the primary choice for EV applications.
(b) The RWFSM has comparable performance as IPM machine and does not involve PM during manufacture. However, it requires slip-ring and brush for the rotor field winding excitation. It is a promising replacement of IPM machine in EV application.
(c) The 6s/4r VFRM has excellent flux weakening capability, which allows it to produce larger output torque/power than IPM machine under high speed region. Moreover, the simple and robust structure of VFRM is also good for high speed operation and simplifying manufacture process. Also, the stator-located windings avoid the requirement of slop-ring and brush. However, the relatively low efficiency and large core loss of 6s/4r VFRM are two inevitable drawbacks that constraint its application. Nevertheless, the 6s/4r VFRM is a potential candidate which can be used to achieve stable output power over the whole operation speed range for EVs.
(d) The 12s/10r VFRM has the lowest torque ripple among these four machines. However, compared with the other three machines, 12s/10r VFRM is poor in peak torque, core loss, efficiency, power factor and inverter switching frequency requirement. Therefore, it is of lowest priority of being chosen as the drive machine for EVs. Nevertheless, it is excellent to be used in application which operates with relatively low speed and demands low torque ripple.

TABLE 7.9
Comparison of Pros and Cons of Prius 2010 IPM machine, 6s/4r VFRM, 12s/10r VFRM and RWFSM for EV Applications
	Pros/Cons
	Prius 2010 IPM
	6s/4r VFRM
	12s/10r VFRM
	RWFSM

	Peak torque
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	Torque ripple
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	Flux weakening capability
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	Core loss
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	Efficiency
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	Power factor
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	Control complexity
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	Manufacture complexity
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	Manufacture cost
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	Structure robustness
	[image: ]
	[image: ]
	[image: ]
	[image: ]

	Inverter switching frequency
	[image: ]
	[image: ]
	[image: ]
	[image: ]

	Slip ring/brush
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	PMs usage
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In this thesis, the VFRMs are comprehensively investigated for EV applications. As shown in Fig. 8.1, the content can be generally divided into three main parts, i.e., operation principle analysis, performance enhancement method, design and optimization method.
[image: ]
Fig. 8.1. Content structure of thesis.
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The operation principle of VFRMs is studied in terms of torque production mechanism, principle of stator/rotor pole combination and winding configuration selection and power factor.
A. Torque production mechanism
The torque production of VFRMs is based on the magnetic gearing effect, as shown in Fig. 8.2. Basically, the MMFs generated by armature and field excitations play the role of the magnets in a magnetic gear and the salient rotor is equivalent to the iron modulators. The airgap magnetic fields are generated by the modulation effect of salient rotor on the stator MMFs. If two interactive magnetic fields have identical pole pair numbers and rotating speeds, they are able to generate average torque in VFRMs. By using this theory, all the torque components, i.e., synchronous torque, reluctance torque and cogging torque, can be separately analysed in terms of both average torque and torque ripple. The VFRMs are found to contain negligible reluctance torque and can be regarded as a stator-wound-field synchronous machine.
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Fig. 8.2. Operation principle of VFRMs.
B. Principle of stator/rotor pole combination and winding configuration
In VFRMs, the general principle of stator/rotor pole combination and winding configuration is Nr=|Pa±Pf| (Nr is the rotor pole number, Pa and Pf are the spatial harmonic order of armature and field windings, respectively). Based on this, the rotor tooth number of VFRM can be chosen from all the integers except for the multiples of phase number. Moreover, the corresponding armature and field winding configurations can be identified according to the conventional winding theory.
By comparing the electromagnetic performance of VFRMs with different stator/rotor pole combinations and winding configurations, it is found that the 6s/(6i±2)r stator/rotor pole combinations exhibit large torque ripple. Meanwhile, VFRMs with lower stator slot number are preferable choices to achieve higher torque/copper loss ratio under relatively low electrical load condition, whereas VFRMs with higher stator slot number are more suitable for high electrical load and large frame scale design. Moreover, double-layer winding is superior to single-layer winding for VFRMs.
C. Power factor
The analytical model of power factor calculation is established for VFRM, as shown in Fig. 8.3. Three predictable ratios are proposed to evaluate the influence of design parameters on power factor. It is found that the smaller the rotor pole arc, airgap length, rotor pole number and AC/DC winding ampere turns ratio are, the larger the power factor will be. Moreover, just like many other stator-wound-field machine, the VFRMs also suffer from low power factor issue at full load condition. This is mainly due to the weak coupling between field and armature windings caused by the modulation effect of salient rotor.
To enhance the power factor of VFRM, adjusting AC/DC winding ampere turns ratio is the most effective way and can help improve output power for the VFRM with a given inverter.
[image: ]
Fig. 8.3. Relationship between design parameters and power factor in VFRMs.
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To improve the torque quality of VFRMs, two novel methods, i.e., current profiling technique and rotor shaping technique, are proposed in this thesis.
A. Current profiling technique
The proposed current profiling technique is to inject 2nd harmonic current into original current profile. As shown in Fig. 8.4, by optimizing the proportion between DC, 1st and 2nd current components, the output torque of VFRM can be enhanced by 20% with the same copper loss consumption. Further, the proposed current profile is improved into an unipolar one to ensure the application of asymmetric bridge inverter. In this case, the VFRM can be recognized as a conventional SRM with a modified current profile. The torque capability of the SRM can be enhanced by 15~20% depending on the load condition. Nevertheless, the injection of 2nd harmonic current will lead to an increase of torque ripple. Also, the proposed is only applicable to 6j/(6i±2)j (i, j=0,1,2…) VFRMs.
[image: ]
Fig. 8.4. Development of novel current profiling techniques.
B. Rotor shaping technique
The purpose of rotor shaping technique is to mitigate the torque ripple in VFRMs. Four rotor shaping techniques, i.e., eccentric circular, inverse cosine, inverse cosine with 3rd harmonic and multi-step shaping methods, are developed and comparatively evaluated. Their performance are concluded in Table 8.1. It is proved that all the rotor shaping methods are capable of torque ripple mitigation and applicable to all the VFRMs except those with 6k/(6i±2)k (k, i=0,1,2,…) stator/rotor pole combinations. Moreover, the inverse cosine with 3rd harmonic and multi-step shaping methods are the best among all these methods, being able to reduce the torque ripple by 90% at a cost of only 3% torque density reduction.


TABLE 8.1
Performance of Different Rotor Shaping Methods
	Method
	Eccentric circular
	Inverse cosine
	Inverse cosine with 3rd harmonic
	Multi-step
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	Torque ripple reduction
	66%
	94%
	90%
	90%

	Average torque
reduction
	11%
	10%
	3%
	3%


[bookmark: _Toc507262800][bookmark: _Toc507264868][bookmark: _Toc513712577]8.1.3 Design and optimization
For the design of VFRM, a fast structure design parameter determination method is proposed by combining the synergies of analytical and finite element methods. Then, a 6s/4r VFRM and a 12s/10r VFRM are designed and evaluated together with Toyota Prius 2010 IPM machine and a RWFSM. The results are shown in Table 8.2. It is found that all the machine can satisfy the operation requirements of NEDC and ARB02 drive cycles. Moreover, the IPM machine is best among these four machine, albeit with relatively high manufacture cost. The RWFSM is a promising alternative of PM machine due to its excellent flux regulation capability. However, the requirement of slip-ring and brush is the main constraint of its application. The VFRMs can reach 60~70% peak torque density of PM machine and even high output power at flux weakening region. However, their efficiency is relatively low due to large core loss, and low power factor issue increases the requirement of inverter capacity. Nevertheless, considering the low cost, high fault tolerance, wide constant power region and absence of slip-ring and brush, the VFRMs are potential candidate for propulsion system of EVs.


TABLE 8.2
Comparison of Pros and Cons of Prius 2010 IPM machine, 6s/4r VFRM, 12s/10r VFRM and RWFSM for EV Applications
	Pros/Cons
	Prius 2010 IPM
	6s/4r VFRM
	12s/10r VFRM
	RWFSM

	Peak torque
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	Torque ripple
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	Flux weakening capability
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	Core loss
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	Efficiency
	[image: ]
	[image: ]
	[image: ]
	[image: ]

	Power factor
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	Control complexity
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	Manufacture complexity
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	Manufacture cost
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	Structure robustness
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	Inverter switching frequency
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	Slip ring/brush
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	PMs usage
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Based on the investigation of VFRMs, some works can be further carried out on this topic, e.g.
(a) In VFRM, there are large mutual inductance between armature and field winding. In this case, the injection of AC current will lead to large voltage fluctuation in field winding, which will challenge the DC power supply and control system. The analysis and reduction of voltage fluctuation could be a future work.
(b) Due to the simple core structure and concentrated winding type, the VFRM can also be designed into modular structure to simply manufacture process, enhance packing factor and boost fault tolerance. The optimal design of modular VFRM could be a future work.
(c) In the development of current profiling technique, the large torque ripple caused by the 2nd harmonic current becomes a main drawback of this method. Therefore, the torque ripple reduction method when the 2nd harmonic current is injected could be a future work.
(d) In this thesis, the rotor shaping technique is proposed for torque ripple mitigation. As reported in documented literature, the noise and vibration is closely related with the rotor pole shape. Therefore, the application of rotor shaping method in noise and vibration mitigation could be a future work.
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[bookmark: _Toc507262803][bookmark: _Toc507264871][bookmark: _Toc513712580]Appendix A: Stator and Rotor Airgap Permeance Calculation Method
[bookmark: _Toc507262804][bookmark: _Toc507264872][bookmark: _Toc513712581]A.1 Magnetic unsaturated scenario
In the torque production model, the stator and rotor permeance distributions are estimated analytically. In order to verify the accuracy of the introduced methods, two models are established to calculate the single-sided silence permeance from FEA, as presented in Fig. A.1. The relative permeability of cores in both models is set to infinity to simulate the linear case. The calculation procedure is as follows:
(a) For the rotor permeance calculation, a machine with smooth stator and salient rotor is modelled, as shown in Fig. A.1(a). Six dc current points are assigned to the stator inner surface to generate the airgap flux density. In this case, the rotor permeance function can be obtained by Λr(θ,t)=Bg(θ,t)/F(θ).
(b) For the stator permeance calculation, the slots are assigned to the stator and the rotor is set to be cylindrical, as shown in Fig. A.1(b). Six dc current points are placed inside the slots to generate the airgap flux density. Then, the stator permeance can be obtained by Λs(θ)= Bg(θ)/F(θ).
	[image: ]
(a) Rotor permeance caculation model
	[image: ]
(b) Stator permeance calculation model


Fig. A.1. Rotor and stator airgap permeance calculation models.
[bookmark: _Toc507262805][bookmark: _Toc507264873][bookmark: _Toc513712582]A.2 Magnetic saturated scenario
The on-load permeance calculation models are similar to those of the magnetic unsaturation scenario. However, in order to account for the saturation effect in the cores, the frozen permeability method [WAL05] is used. The calculation procedure is:
(a) The on-load transient distribution of relative permeance in cores is obtained by FEA calculation. Fig. A.2(a) exhibits the distributions of relative permeance for both the stator and rotor at zero position.
(b) To calculate the on-load rotor permeance, the relative permeability of rotor is frozen for each time step, as shown in Fig. A.2(b). Meanwhile, the stator is set to slotless with infinite permeability and the dc current is assigned to six current points. The rotor permeance function is then obtained by Λr(θ,t)=Bg(θ,t)/F(θ).
(c) Regarding the stator permeance calculation, the relative permeability of the stator is frozen for each time step while the rotor is replaced by an infinite permeance cylinder, as shown in Fig. A.2(c). In this case, the stator permeance distribution is calculated by Λs(θ)=Bg(θ)/F(θ).
	[image: ]
(a) Relative permeability distribution of 6s/4r VFRM
	[image: ]

	[image: ]
(b) Rotor permeance calculation model
	[image: ]
(c) Stator permeance calculation model
	


Fig. A.2. Relative permeability distributions of 6s/4r VFRM and stator/rotor permeance calculation models (t=0s, Idc=Irms=2A).


[bookmark: _Toc513712583]Appendix B: Airgap Permeance Considering both Stator and Rotor Slotting Effects
In chapter 2 and Appendix A, the analytical expression and FEA calculation method of single-side salience airgap permeance are illustrated. As a further step, the airgap permeance expression considering both stator and rotor slotting effect is derived in this appendix.
Firstly, the equivalent airgap length due to stator and rotor slotting effect alone can be expressed as:
	

	(B.1)


where Δgs and Δgr are the airgap length variation caused by the stator and rotor slotting effect; g0 is mechanical airgap length; μ0 is vacuum permeability; Λs and Λr are the single-side salience airgap permeance due to stator and rotor slotting effect.
Then, the airgap permeance of doubly-salience core structure can be obtained as:
	

	(B.2)


For further simplification, (B.2) can be rewritten into:
	

	(B.3)




where  and  are the relative permeance of stator and rotor, both of which range from 0 to 1. To evaluate the error of the approximation in (B.3), two cases can be analyzed, as shown in (B.4).
	

	(B.4)






It can be seen that the error of the approximation occurs only when both  and  are not equal to 1. Taking a 6s/4r VFRM for example, the distributions of stator and rotor permeance, as well as the corresponding value of equation (B.4), are presented in Fig. B.1. Errors are observed only in regions where both  and  are relatively small. However, since these regions are actually overlapped areas of stator and rotor slot openings, the real airgap permeance and flux density become close to 0. As a result, the approximation operation in (B.3) is valid and only lead to minor errors in airgap permeance and flux density estimations, as confirmed by Fig. B.2.
[image: ]
Fig. B.1. Distributions of stator and rotor permeance and value of equation (B.4) with rotor position. (Stator slot opening ratio is 0.5, rotor pole ratio is 0.45)
	[image: ]
(a) Comparison of relative permeance

	[image: ]
(b) Comparison of flux density


Fig. B.2. Comparison of relative airgap permeance and flux density predicted by equations (B.2) and (B.3). (Both AC and DC currents are 2A)
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