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I 

ABSTRACT 

Fractional slot (FS) vernier permanent magnet (PM) synchronous machines (VPMSMs) offer 

higher torque/power output capability under rated-load conditions. In particular, a compact 

structure and high torque/power density can be achieved when combined with concentrated 

winding (CW), consequent pole (CP) rotor, and multi-tooth stator structures. This thesis 

systematically investigates the effects of end windings, rotor topologies (north-south pole (NSP) 

and CP), and multi-tooth stator structures on the electromagnetic performance, unipolar end 

leakage flux caused by the CP structure, asymmetric PM loss and temperature distributions, 

and corresponding hotspot locations in conventional FS PMSMs and FS VPMSMs. 

The electromagnetic performance, e.g., torque, torque density, power factor, etc. under various 

machine design optimization scenarios have been investigated and compared for SPMSMs 

with different slot/pole number combinations and rotor topologies (NSP and CP), accounting 

for the effects of end windings, coil pitches, and iron loss under different speeds. 

Since unbalanced magnetic circuits in the north and south poles of the CP structure lead to 

unipolar end leakage flux, a simple and effective composite rotor, consisting of a non-magnetic 

shaft and a non-magnetic ring inside the rotor core (which could be integrated into a single 

shaft), is proposed to reduce the end leakage without sacrificing torque capability. The 

proposed structure can significantly mitigate the adverse effects of end leakage. 

To further enhance torque and power densities, the FSCW is combined with the multi-tooth 

stator. The effect of multi-tooth numbers on the electromagnetic performances of NSP and CP 

VPMSMs is investigated and compared. The optimal multi-tooth number, in terms of torque 

characteristics, PM utilization, efficiency, and unipolar end leakage, is determined. 

A finite element analysis (FEA) based harmonic restoration method is utilized to evaluate and 

quantify the asymmetric PM eddy current loss density and temperature distributions in 

SPMSMs which are found to be caused by the interaction between the armature reaction and 

PM fields. The resultant PM local hotspots are also investigated. Furthermore, the effect of 

armature reaction on asymmetric PM eddy current loss and temperature distributions in 

IPMSMs is also investigated and compared with SPMSMs. 

All investigations have been carried out by electromagnetic and thermal FEA simulations and 

experimental verification.  
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GENERAL INTRODUCTION  

  Introduction  

The development of Alnico magnets in the 1930s and ferrite magnets in the 1950s promoted 

the industrial applications of PM machines. The invention of SmCo magnets in the late 1960s 

and NdFeB magnets in the early 1980s accelerated the development of PM machines and 

improved machine performance significantly. The development of high-performance PMs is 

still ongoing, aiming to improve the remanence, resistance to demagnetization, and resistance 

to corrosion and temperature. 

In general, electrical machines can be divided into brushed and brushless machines. The major 

difference between them is that brushed machines have the commutator and brushes, while 

these mechanical contacted components are replaced by electronically controlled inverters in 

brushless machines with the development of semiconductor technology. 

Table 1.1 compares the main advantages and disadvantages of brushed and brushless machines. 

Brushless machines can be divided into synchronous and asynchronous machines depending 

on whether the rotational speed of the rotor is synchronized with the rotating magnetic field of 

the stator as shown in Fig. 1.1. 

 

Fig. 1.1. Classification of electrical machines. 
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Table 1.1 Advantages and Disadvantages of Brushed and Brushless Machines 

 Brushed machines Brushless machines 

Lifetime Short (brushes and commutator) Long 

Maintenance High  Low  

Speed Medium High 

Torque Medium High 

Efficiency Medium High 

Electrical noise High Low 

Acoustic noise High Medium 

Weight and size Large More compact 

Cost Low High 

 

The induction machine in Fig. 1.2 (a) is an asynchronous machine and has the advantages of 

high reliability, low cost, and self-starting characteristics [DEP88]. Even though the induction 

machine can achieve flux weakening easily, it is difficult to control due to asynchronous 

rotating magnetic fields between the stator and rotor. 

Synchronous machines can be divided into two categories: non-PM machines and PM 

machines. The reluctance machine shown in Fig. 1.2 (b) is a typical type of non-PM 

synchronous machine with the feature of high robustness and simple structure, making it 

suitable for harsh operation environments. However, this kind of machine has common 

drawbacks of low torque density, low power factor, and high torque ripple [BIA09a]. 

To improve torque output capability and increase torque/power density, PM machines are 

widely investigated. PM machines can be divided into rotor-PM machines, stator-PM machines, 

and dual-PM machines according to PM locations. According to PM configurations, rotor-PM 

machines can be further divided into SPM and IPM machines as shown in Fig. 1.2 (c) and Fig. 

1.2 (d) [CHA08].  

Owing to high torque density, high efficiency, simple structure, and easy control, PM machines 

have been extensively employed in various applications, e.g., aerospace, domestic appliances, 

electric or hybrid electric vehicles, wind power generation, etc. [ZHU07] [PEL12] [POL13] 

[HE22]. Due to climate change, governments are paying more attention to EVs because they 

emit fewer greenhouse gases over their lifetime than conventional gasoline-powered vehicles. 
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PM machines are one of the most preferred motor types in EVs and have attracted significant 

attention in recent years. 

To save the overall cost of machines, reduce PM volume, and increase PM utilization, CP PM 

machines, as shown in Fig. 1.2 (e), also attract significant attention [AME05].  

The flux reversal PM machine [WAN01] and switched flux PM machine [HOA97], illustrated 

in Fig. 1.2 (f) and Fig. 1.2 (g), are typical types of stator-PM machines. Moving the rotor-PM 

to the stator side makes the thermal management of the machine system easier since both PMs 

and armature winding are placed on the stator side [CHE11] [WU15a] [WU15b]. 

Fig. 1.2 (h) shows the dual-PM machine. The dual PM and bidirectional field modulation effect 

effectively improve torque output capability and torque density [NIU14]. However, the dual-

PM machine has a complex structure, costs a large amount of PMs, and has poorer overload 

capability. 

This chapter will review the state of the art of rotor-PM synchronous machines, especially the 

FS PMSMs and VPMSMs, which will be the primary focus of this thesis. Section 1.2 will 

introduce the machine topologies in terms of winding configurations, rotor topologies, and 

stator structures. Afterward, Section 1.3 will review the challenges of FS PMSMs and 

VPMSMs, including torque enhancement, unipolar end leakage flux in CP structure, thermal 

management of PMs, etc. Finally, the research scope and major contributions of this thesis will 

be illustrated in Section 1.4. 
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(a) Induction machine. (b) Reluctance machine. 

  

(c) SPM machine. (d) IPM machine. 

  

(e) Consequent pole PM machine. (f) Flux reversal PM machine. 

  

(g) Switched flux PM machine. (h) Dual-PM machine. 

Fig. 1.2. Topologies of brushless electrical machines. 
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  Permanent Magnet Synchronous Machines 

This section will introduce the topologies of rotor-PM synchronous machines in terms of rotor 

topologies, winding configurations, and stator structures, as shown in Fig. 1.3. 

 

Fig. 1.3. Classification of rotor-PM synchronous machines in terms of rotor topologies, winding 

configurations, and stator structures. 

  Rotor topologies 

From the perspective of PM positions of rotor-PM machines, the PMs can be placed on the 

surface of the rotor iron core or embedded into the core. 

  Surface-mounted PM 

There are three common structures when the PMs are placed on the rotor surface as shown in 

Fig. 1.4, including SPM, surface inset PM, and Halbach PM. The SPM rotor has a simple 

structure for design and manufacture, as well as high efficiency. However, it has no reluctance 

torque and requires a retaining sleeve when used in high speed applications [PIL91] [BIA04]. 

The drawbacks of SPM can be improved by using the surface inset PM rotor as the salient iron 
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core helps to generate reluctance torque and fix  the PMs, but the flux leakage will increase and 

sacrifice the torque output capability. Halbach PM rotor has inherently sinusoidal air-gap field 

distribution, leading to negligible cogging torque, essentially sinusoidal back EMF, and lower 

iron loss [HAL80] [ZHU01]. However, the Halbach structure leads to complex magnetization 

and assembling processes. 

  Interior PM  

The IPM structure [BRA52] [STR52] can utilize the reluctance torque component to improve 

the ratio of torque per PM volume, eliminate the need to retain PMs, and achieve high withstand 

to demagnetization. Fig. 1.5 illustrates typical IPM rotor structures, including I-type in Fig. 1.5 

(a), V-type in Fig. 1.5 (b), U-type in Fig. 1.5 (c), delta-type in Fig. 1.5 (d), spoke-type in Fig. 

1.5 (e), and multi-layer-type in Fig. 1.5 (f). Compared with the I-type, other structures, 

especially the spoke-type, have better flux-concentrated effects, which can enhance the air-gap 

flux density and improve the torque output capability [BIN75]. Generally, the V-type has a 

higher salient rate and generates higher saliency torque, which offers a wider constant power 

region [BIN78]. The multi-layer-type can provide higher reluctance torque and has the 

potential to generate higher torque [HON97]. 

  Consequent pole PM 

The CP structure is attractive and has been employed in SPM and IPM machines to reduce the 

PM volume and increase the PM utilization [CHU12] [WU14b] [CHU15] [LI18a] [ZHA19] 

compared with conventional NSP structures illustrated in the previous section. Meanwhile, iron 

poles in CP structures act as modulators, enhancing the field modulation and magnetic gearing 

effects, thereby increasing the torque density. The CP structure can be applied to almost every 

SPM and IPM topology as shown in Fig. 1.6. 
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(a) SPM. 

 

(b) Surface inset PM. 

 

(c) Halbach PM. 

Fig. 1.4. Common surface PM rotor structures.  
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(a) I-type. (b) V-type. 

  

(c) U-type. (d) Delta-type. 

  

(e) Spoke-type. (f) Multi -layer-type. 

Fig. 1.5. Common interior PM rotor structures. 
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(a) SPM CP. (b) Halbach CP. 

  

(c) I-type CP. (d) V-type CP. 

  

(e) U-type CP. (f) Delta-type CP. 

  

(g) Spoke-type CP. (h) Multi-layer-type CP. 

Fig. 1.6. Common CP rotor structures. 
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  Winding configurations 

From the perspective of winding configurations, PM machines can be configured with 

overlapping winding and non-overlapping winding. On the one hand, overlapping ISDW, as 

shown in Fig. 1.7(a), having integral slot numbers per pole per phase, can achieve high winding 

factors by using the DW configurations. This allows them to achieve the largest fundamental 

harmonic winding factor for maximum average output torque. Since ISDW machines have 

more sinusoidal winding MMF waveforms with fewer higher order harmonics, they are 

beneficial for reducing iron and PM eddy current losses [RED12] [REF10]. Most importantly, 

ISDW can utilize the reluctance torque to achieve high torque per PM volume and thus reduce 

the usage of PMs. On the other hand, non-overlapping FSCW PM machines, as shown in Fig. 

1.7 (b), which have FS numbers per pole per phase have been extensively investigated recently. 

Compared to ISDW PMSMs, due to shorter end windings and lower copper usage, FSCW 

PMSMs have the advantages of high power and torque densities, high efficiency, lower torque 

ripple, and enhanced flux weakening capability [ZHU07] [REF10]. However, FSCW PMSMs 

result in significantly reduced reluctance torque and abundant sub-harmonic field contents, 

leading to higher iron and PM losses [BIA09b] [WU14a]. The two coil pitches winding, as 

shown in Fig. 1.7 (c), can achieve a trade-off between ISDW and FSCW. 

  Stator structures 

From the perspective of stator tooth structures, stators can be divided into closed-slot stator, 

semi-closed-slot stator, open-slot stator, and multi-tooth stator as shown in Fig. 1.8. Different 

stator structures have their advantages and disadvantages [TOB99] [LIB06] [WU12] [VU13] 

[ZIV13] [ZOU17a] [LI18a] [LI18b] [LI19a] [TAN20].  

The closed-slot stator has a higher equivalent air-gap permeance but also produces higher slot 

leakages. It reduces the permeance pulsation which is beneficial to reduce the airgap harmonics. 

The closed-slot structure also has better mechanical support for coils but it creates difficulties 

in manufacturing and putting coils into slots. On the contrary, the open-slot stator, with the slot 

fully exposed to the air-gap, is easier to manufacture and put coils into slots. However, it will 

reduce the equivalent air-gap permeance and cause more difficulties for supporting coils. The 

semi-closed-slot stator, as a compromise between the closed-slot and open-slot structures, 

offers some mechanical support for coils and provides slightly higher equivalent air-gap 

permeance compared with the open-slot stator. The stator teeth of the multi-tooth stator are 

split into several dummy slots to produce the multipole effect. Therefore, the multi-tooth stator 
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is widely used in vernier machines together with non-overlapping FSCW, offering the 

advantages of short axial end winding and high torque/power density. However, the slots 

between the teeth create large dead spaces, leading to less area available for the armature 

winding [TOB99]. 

  

(a) Overlapping distributed winding. (b) Non-overlapping concentrated winding. 

 

(c) Two coil pitches winding. 

Fig. 1.7. Illustration of different winding configurations. 
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(a) Closed-slot stator. (b) Semi-closed-slot stator. 

  

(c) Open-slot stator. (d) Multi-tooth stator. 

Fig. 1.8. Common stator structures. 

  Fractional slot and vernier PM synchronous machines 

Although there are various machine topologies, this thesis focuses on conventional FS PMSMs 

and FS VPMSMs with NSP and CP rotor structures. For convenience, the conventional FS 

PMSMs will be designated as FS PMSMs, while FS VPMSMs will be simply designated as 

VPMSMs. Fig. 1.9 shows typical machine topologies of FS PMSMs and VPMSMs analyzed 

in this thesis, including VPMSMs with ISDW/FSCW, single-tooth/multi-tooth stators, and 

NSP/CP rotors. The state of the art for FS PMSMs and VPMSMs will be reviewed in the next 

section. 
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(a) FSCW and single-tooth stator NSP PMSMs. (b) FSCW and single-tooth stator CP PMSMs. 

  

(c) ISDW and single-tooth stator NSP VPMSMs. (d) ISDW and single-tooth stator CP VPMSMs  

  

(e) FSCW and multi-tooth stator NSP VPMSMs. (f) FSCW and multi-tooth stator CP VPMSMs. 

Fig. 1.9. Typical machine topologies of FS PMSMs and VPMSMs analyzed in this thesis. 
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  Challenges of Fractional Slot and Vernier PM Synchronous 

Machines 

  Machine topologies 

Vernier motors are first proposed in [LEE63] with a reluctance-type rotor as shown in Fig. 1.10. 

The concept of the modulated field is also introduced into cageless induction machines in 

[BRO71]. The advancement of PM materials and PM machines has driven research on PM 

vernier machines and further enhanced the torque density [ISH95] [TOB99] [TOB00]. Fig. 

1.11 shows the PMVM proposed in [ISH95]. Due to their low-speed and high-torque 

characteristics, VMs are promising candidates for direct-drive applications such as wind 

turbines and in-wheel motors.  

The working principle of VPMSMs, i.e., the field modulation effect, is illustrated in [KIM14] 

[LI18b]. The magnetic gearing effect and the gear ratio in FSCW PMSMs with different phases 

and slot/pole number combinations are revealed in [ZHU18a] [LIU19]. Conventional 

VPMSMs are open-slot ISDW as shown in Fig. 1.12, which have high average torque but low 

torque density due to long axial end winding length [TOB99] [XU15]. Various machine 

topologies are proposed to improve the performance of VPMSMs.  

 

Fig. 1.10. Vernier motor proposed in [LEE63]. 
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Fig. 1.11. PMVM proposed in [ISH95]. 

 

Fig. 1.12. Conventional open-slot 12-slot/20-pole overlapping winding VPMSMs. 

FSCW is introduced to achieve higher torque density and optimal flux-weakening capability 

due to its short axial end winding length and increasing phase inductance [REF05] [REF06]. 

The toroidal-winding is also used to improve the torque density of a dual-rotor axial-flux 

VPMSM [ZOU17b]. The hybrid excitation VPMSMs with DC current or DC-biased sinusoidal 

current excitation are proposed with the flexibly adjusted exciting field, flux-weakening 

capability, enhanced torque output capability, and improved power factor [CHI16] [WAN17b] 

[LI17] [JIA17] [JIA18]. Fig. 1.13 shows the FSCW VM in [REF05], toroidal-winding VM in 

[LI15a], hybrid excitation VM with DC current excitation in [WAN17b], and VM with DC-

biased sinusoidal current excitation in [JIA17]. 
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(a) FSCW VM in [REF05]. (b) Toroidal-winding VM in [LI15a]. 

  

(c) Hybrid excitation VM with DC current 

excitation in [WAN17b]. 

(d) VM with DC-biased sinusoidal current 

excitation in [JIA17]. 

Fig. 1.13. VMs with different winding configurations. 

Multi-tooth stator structures are investigated in [LI10] [YAN13] [OKA13]  [ZOU17a] [LI18c]. 

Combined with FSCW, multi-tooth stator VPMSMs can have the advantages of short end 

winding and high-modulation pole numbers simultaneously. Some special stator tooth 

structures are proposed in [FAN22] [DU22] [FAN23], which could introduce specific 

permeance harmonics for achieving better field modulation effect. Fig. 1.14 shows the multi-

tooth stator VM in [LI10] and the coding-shaped tooth stator in [FAN22]. 
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(a) Multi-tooth stator VM in [ZOU17a]. (b) Coding-shaped tooth stator in [FAN22]. 

Fig. 1.14. Multi -tooth stator and coding-shaped tooth stator VMs. 

Various rotor topologies are proposed and investigated for VPMSMs apart from conventional 

NSP rotor VPMSMs [REF05] [REF06] [LI10] [YAN13] [OKA13]. The CP rotor can be used 

to save PM volume and improve the field modulation effect [CHU11] [LI15a] [YAN20a]. The 

flux-memoizable concept and vernier structure are combined in vernier memory machines to 

achieve flexible flux-controllability and expand high-speed constant-power region [LIU14] 

[YAN14]. In addition, the Halbach array PM, with the advantages of enhancing main flux and 

reducing flux leakage, is used to improve torque capability, power factor, and efficiency [XU16] 

[YAN21] [JIN22]. Moreover, the V-type and spoke-type PM rotors are used to achieve better 

flux-concentrated effect [KIM16] [LI15b] [LIU18a] [XIA22].  Furthermore, the claw-pole rotor 

can be used to enhance the field modulation effects and increase the torque density [ZHA22] 

[LIU23]. Fig. 1.15 shows the NSP rotor VM in [REF05], CP rotor VM in [CHU11], vernier 

memory machine in [LIU14], Halbach array VM in [XU16], spoke-type VM in [KIM16], and 

claw-pole rotor VM in [ZHA22]. 

The PMs can be moved to the stator side to form flux reversal or switched flux VPMSMs, 

which can utilize the simple salient rotor structure for easy thermal management. Meanwhile, 

higher magnet utilization and torque density can be achieved [WU15a] [EVA15] [GAO16] 

[YAN20a]. The PMs can be placed on both stator and rotor sides to form the dual-PM structure 

and improve torque density and power factor [ISH95] [TOB99] [NIU14] [JAN14] [XIE17] 

[ZHA16]. Fig. 1.16 shows the stator-PM VM in [GAO16] and dual-PM VM in [ISH95]. 
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(a) NSP rotor VM in [REF05]. (b) CP rotor VM in [CHU11]. 

  

(c) Vernier memory machine in [LIU14]. (d) Halbach array VM in [XU16]. 

  

(e) Spoke-type VM in [KIM16]. (f) Claw-pole rotor VM in [ZHA22]. 

Fig. 1.15. VMs with different rotor topologies. 
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(a) Stator-PM VM in [GAO16]. (b) Dual-PM VM in [ ISH95]. 

Fig. 1.16. Stator-PM and dual-PM VMs. 

Dual stator structures are also used to improve the power factor and torque density [TOB99] 

[ZHA14a] [LI14a] [LI14b] [LI15b] [WAN17a] [HUA24], as well as dual rotor structures 

[NIU10] [ZOU17b]. Fig. 1.17 shows the dual stator VM in [LI15b] and the dual rotor VM in 

[NIU10]. 

  

(a) Dual stator VM in [LI15b]. (b) Dual rotor VM in [NIU10]. 

Fig. 1.17. Dual stator and dual rotor VMs. 

Fig. 1.18 shows the machine structure and arrangement of PMs in VMs. Various VPMSM 

topologies are presented. There are still many issues that require further investigation, 

including torque output and torque density enhancement, unipolar end leakage flux in CP rotor 

structures, thermal management of PMs, etc. The arrangement of the research topics of this 

thesis is illustrated in Fig. 1.19.  
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Fig. 1.18. Structures of VMs. 
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Fig. 1.19. Research topics in this thesis. 
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  Torque output and torque density enhancement 

The torque and torque density can be improved by carefully choosing proper winding 

configurations, rotor topologies, and stator structures. 

  Rotor topologies 

From the perspective of rotor topologies, the CP rotor is attractive and has been employed in 

PMSMs, such as CP VPMSMs and CP FS PMSMs, to reduce the PM volume and increase the 

utilization of PMs [TOB00] [HEN94] [CHU12] [ZHU18a] [LI18a]. Especially for CP 

VPMSMs, the CP structure can increase the torque density as the iron poles, acting as 

modulators, can enhance the armature reaction field, large winding inductance, field 

modulation and magnetic gearing effects. The field modulation effects between NSP and CP 

structures are compared in [GAO16] [LI20] [LI21], which shows that the CP structure can 

generate higher modulated torque. The field modulation effect and torque component of CP 

VPMSMs with 2 multi-teeth are investigated in [XU17] [JAN19] [ZHO19a] [ZHA20] [LI22], 

which shows that the torque output capacity can be enhanced compared with conventional NSP 

VMs and single-tooth stator VMs.  

For FSCW PMSMs, the CP rotor structure can reduce around 30-40% of PM volume, but the 

average torque will be slightly reduced [CHU15] [LI18a]. Fig. 1.20 shows the NSP and CP 

PMSMs in [CHU15].  

For VPMSMs with higher rotor pole numbers, the CP rotor structure can generate higher 

modulated torque, enhance torque output capacity, and have the potential to generate higher 

torque than the NSP rotor [JAN19] [ZHO19a]. Fig. 1.21 shows the NSP and CP VPMSMs in 

[JAN19]. 

For IPMSMs, the CP rotor structure helps to reduce PM volume and increase the average torque 

simultaneously, resulting in higher efficiency at lower speed conditions [WU14b] [ZHA19] 

[ONS18]. The CP rotor IPMSM has better demagnetization withstand capability compared 

with their SPM counterparts [ZHO19b]. An asymmetric modular CP rotor is proposed to 

improve the flux-weakening capability and wide constant power operation in spoke-type 

IPMSM [LI19b]. The hybrid excited machines with CP rotor PM and stator DC field winding 

are proposed to achieve an extended operation range with flux-weakening field excitation 

[CAI21]. 



23 

  

(a) NSP. (b) CP. 

Fig. 1.20. NSP and CP PMSMs in [CHU15]. 

  

(a) NSP. (b) CP. 

Fig. 1.21. NSP and CP VPMSMs in [JAN19]. 

  Winding configurations 

From the perspective of winding configurations, PMSMs are normally configured by 

overlapping DW or non-overlapping CW. On the one hand, IS PMSMs, having integral slot 

numbers per pole per phase, could achieve high winding factors by using the DW 

configurations, i.e., they could achieve the largest fundamental harmonic winding factor for 

maximum average output torque. Since an ISDW PMSM has more sinusoidal winding MMF 

waveform with fewer higher order harmonics, it is beneficial for reducing iron and PM eddy 

current losses [RED12] [REF10]. On the other hand, FS PMSMs which have FS numbers per 

pole per phase have been extensively investigated. In comparison to ISDW PMSMs, FSCW 
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