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ABSTRACT 

This thesis investigates the electromagnetic performance of low-power and small-size 

toroidally wound 2-pole high-speed permanent magnet (HSPM) motors.  

The influence of various design parameters, such as stator slot number, split ratio, slot ratio, 

and stator iron flux density, has been investigated. It is found that 6-slot/2-pole HSPM motor 

with toroidal windings is eminently suitable for high-speed applications due to no UMF and 

low rotor eddy current loss. The analytical predictions show that when the slot ratio, i.e. the 

ratio of the inner slot area to total slot area, is 0.5, the maximum torque can be achieved, and 

the optimal split ratio increases with the decrease of slot ratio, as confirmed by the finite 

element (FE) analyses. 

Considering modular design for auto-manufacturing, the influence of stator gap and 

misalignment on the electromagnetic performance is investigated. It shows that the stator gap 

results in unbalanced three phase back-EMFs, not only amplitudes, but also phase angles. The 

stator gap increases the equivalent air-gap length and PM flux leakage, which lead to lower air-

gap flux density, back-EMF, and average torque. Moreover, the stator gap results in 

asymmetric air-gap length, which results in large cogging torque. Further, it shows that the 

misalignment of two stator parts mainly affects the uneven equivalent air-gap length and 

symmetry of winding configuration, which lead to unbalanced three phase back-EMFs, 

especially phase angles, and self-/mutual-inductances, as well as rotor PM loss. Experimental 

results of a prototype motor with/without stator gap and/or misalignment are given to validate 

the finite element predicted analyses. 

The electromagnetic performance between 2-pole slotted and slotless HSPM motors with 

toroidal and tooth-coil windings, together with the influence of the tooth-tip, has been 

compared. It is found that the slotless motor with 6-coil toroidal windings has advantages of 

low stator iron loss and rotor eddy current loss due to no slotting effect, but has significantly 

higher AC copper loss and lower output torque. In addition, considering the thermal limitation, 

compared to the motor with tooth-coil windings, toroidal windings have the advantage of 

relatively large torque due to smaller stator core volume and stator iron loss. 
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CHAPTER 1 

GENERAL INTRODUCTION 

1.1 Introduction 

High-speed electrical machines have been developed for decades to meet requirements for 

various applications, for example, hand tools, compressors, vacuum cleaners, automotive 

superchargers, and micro gas turbines etc., due to their advantages of high efficiency and high 

power density [HES87] [ZHU97] [ZWY05] [NOG05] [GER14] [HON18] [SHE18] [HE21a].  

The definition of high-speed electrical machine is related to not only the speed but also the 

power level due to the mechanical issue [GER14] [LIS16] [SHE18]. [GER14] ranks the high-

speed induction machines and permanent magnet machines by the peripheral speed, but for 

high-speed switched reluctance machines, nr√kW (nr is the rotor speed) has been used to define 

the high-speed. [LIS16] uses rotor tip-speed to define the high-speed electrical machines, based 

on the relationship between the rotor critical speed and the rotor outer diameter. The critical 

rotor tip-speed mostly depends on the sleeve material and its strength. [BIN06] shows that 

when using glass-fibre bandages, the critical rotor tip-speed should less than 150m/s. When 

using carbon-fibre bandage, the critical speed can be higher than 200m/s. Therefore, a general 

definition of high-speed has not been made but the relationship between the machine power 

rating and high speed has been analysed in [SHE18].  

There are different types of high-speed electrical machines, such as induction machines (IMs), 

switched reluctance machines (SRMs), and permanent magnet machines (PMMs). Among 

these machines types, PMMs are very popular due to high efficiency, high power density, and 

low vibration and noise. Therefore, high-speed permanent magnet (HSPM) machines will be 

researched in this thesis.  
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1.2 Stator Topologies and Winding Configurations 

The stator topologies can be divided into slotted and slotless. The winding configurations for 

HSPM machines are categorised and introduced in this section. In literature, distributed, 

toroidal, concentrated, and skewed windings are employed in slotless structures. For 

convenience, two types of slotted stator topologies may be considered: the number of slots per 

pole per phase q ≥ 2 (i.e. for a 2-pole machine, slot number ≥12) and the number of slots per 

pole per phase q ≤ 1 (i.e. for a 2-pole machine, slot number ≤ 6). Stator structure with q ≥ 2 is 

usually employed by large-size high-power HSPM machines with overlapping distributed and 

toroidal windings. HSPM machines with q ≤ 1 usually employ concentrated and toroidal 

windings.  

 

Fig. 1.1 Classification of stator topologies and winding configurations (q =the number of 

slots per pole per phase). 

1.2.1 Slotless stator structure 

For HSPM machines, both slotted and slotless stator topologies are widely used for different 

applications. Slotless stator structure is very popular in low-power small-size HSPM machines 

due to elimination of slotting effect and negligible cogging torque [CHE97]. In addition, 

without the slotting effect, the eddy current losses in rotor magnet and stator iron can be 

Distributed

Slotted Slotless

ConcentratedToroidal Skewed

q   2 q   1

Stator
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reduced [ATA98] [CHE09]. However, the relatively large air-gap and flux leakage result in 

considerable small output torque.  

 

Fig. 1.2 Winding configurations of slotless stator structure. 

In literature, slotless HSPM machines with different windings have been designed and analysed, 

including overlapping concentrated and distributed windings [BIA05] [BIA06] [CHE07] 

[CHE09] [CHE15] [LUO09] [PFI10] [WAL09] [YAN12] [WAN10b] [MIL16] [AHN17], non-

overlapping concentrated windings [CHE98] [CHE99] [BUR19] [BUR20], toroidal windings 

[BOR14] [TUY15] [LEE17] [SCH17] [ISM18] [KOL13] [ZWY05] [JUM15] [GIL16] [GIL17] 

[SNE18], and slotless skew-type windings [ZHE05] [CHE97] [LOO10] [TUY17]. 

 
 

(a) Toroidal windings (b) Air-gap windings [BIA04] 

Fig. 1.3 HSPM machines with slotless structure. 

  

Slotless
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A. Overlapping concentrated and distributed windings  

Overlapping concentrated and distributed windings are one of common winding configurations 

which have been widely employed in HSPM machines because of more sinusoidal 

electromotive force (EMF) waveform [ZHU08]. 

A comprehensive design and analysis of high-speed slotless machines with overlapping 

concentrated and distributed windings has been investigated in [BIA05] [BIA06]. The design 

consideration in terms of the input phase currents, the PM demagnetization, and the thermal 

limits, as well as typical control strategy and several methods for increasing the drive reliability 

are summarized. [CHE09] [CHE15] present analytical models of both PM and armature field 

distributions of a 500W, 20krpm, 2-pole, three phase slotless HSPM machine with overlapping 

distributed winding. In addition, the stator iron loss and conductor eddy current loss are 

calculated with improved accuracy. The iron loss measurement procedure for a 60 W, 40krpm, 

slotless HSPM motor with overlapping distributed winding has been proposed in [YAN12]. 

[WAL09] employs a simple end-winding model to calculate axial flux leakage of a 3-phase/2-

pole HSPM motor with overlapping distributed windings for hand-tool applications. The 

experimental results indicate an approximately 2.5% reduction in back-EMF due to axial-

leakage effects. The effect of shaft relative permeability on the rotor loss in a 2-pole slotless 

HSPM motor with overlapping distributed windings has been investigated by 3D model in 

[MIL16]. [PFI10] presents an analytical model including the magnetic field, the mechanical 

stress in the rotor, the electromagnetic power losses, the windage power losses, and the power 

losses in the bearings for a 2kW, 200krpm, HSPM motor. The windage loss has been taken 

into consideration in designing a 100 W, 500 krpm, 3-coil/2-pole HSPM motor with 

overlapping concentrated windings in [LUO09]. The analytical model has been employed to 

optimize the efficiency of this HSPM motor. [WAN10b] designs a 750W, 240krpm, 6-coil/2-

pole three-phase slotless HSPM motor with soft magnetic ferrite stator core. This design 

verifies that although soft magnetic ferrite has low magnetic loading, the slotless structure can 

afford higher electrical loading to realize the high-speed operation. The rotor vibration, 

mechanical stress, and their correlation in an ultra-high-speed PM motor have been investigated 

and verified in [AHN17]. The 3-coil/2-pole slotless structure with overlapping concentrated 

windings has been adopted to eliminate the cogging torque. 
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(a) 3-coil [BIA05] (b) 6-coil [WAN10b] 

Fig. 1.4 Cross-section of 2-pole slotless HSPM machines with overlapping concentrated and 

distributed windings. 

B. Non-overlapping concentrated windings  

The slotless HSPM machines with non-overlapping concentrated windings have been designed 

and optimized in [CHE98] [CHE99] [BUR19] [BUR20]. The major advantage of this type of 

windings is that there is no issue of overlapping end windings.  

  

(c) 3-coil [BUR19] (d) 6-coil [BUR20] 

Fig. 1.6 Cross-section of slotless HSPM machines with non-overlapping concentrated 

windings. 
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C. Toroidal windings  

The slotless toroidal winding structure is usually investigated in small size, ultra-high-speed 

PM application [ZWY05] [BOR14] [TUY15] [LEE17] [KOL13] [GIL16] [GIL17] [JUM14] 

[JUM15] [SCH17] [ISM18] [SNE18]. Comprehensive designs including electromagnetic and 

mechanical consideration of a 6-coil/2-pole slotless HSPM motor with toroidal windings and 

solid PM rotor have been presented in [ZWY05] [SCH17] [ISM18]. [ZWY05] designs a 100W, 

500krpm, HSPM motor for micro-gas turbines. [SCH17] designs a 1W, 160krpm, slotless 

HSPM motor with toroidal windings. [ISM18] designs a 2-pole slotless HSPM machine with 

toroidal windings, the rated power is 123W at 1200 krpm with 80% efficiency. A 160 krpm 

ultra-high-speed millimetre-scale slotless bearingless motor with toroidal windings has been 

designed in [SCH17], it shows the slotless structure is particularly well suited for high-speed 

low-power operation since the motor losses are below 1W and the temperatures in the hottest 

part of the motor are below 45 ◦C after operation. [KOL13] designs a 2-pole, 1kW, 70 krpm, 

slotless HSPM motor with toroidal windings by employing a stator core from the amorphous 

soft magnetic material. [JUM15] investigates the influence of the voltage harmonics resulting 

from PWM switching on rotor eddy current losses for a 6-coil/2-pole HSPM machine with 

toroidal windings by the analytical model. [BOR14] designs three 6-coil/2-pole slotless HSPM 

machines with toroidal windings for different applications, a 150W micro-milling spindle at 

200 krpm, a 4.5 mNm air compressor at 30-90 krpm, and a 3.7 kW gas-turbine generator at 

240 krpm. It is worth noting that the eddy current loss in the frame should be considered when 

employing the toroidal windings due to the external leakage of the armature field between the 

frame and outer windings. The frame eddy current loss remains unchanged when the frame 

thickness is bigger than its material skin depth at the operation speed. Therefore, the material 

and thickness of the frame are suggested to be selected carefully. [JUM14] compares the rotor 

eddy current losses in the slotless HSPM machines with concentrated, toroidal, and helical 

windings. It is worth noting that the direct contact between the windings and housing will 

benefit the reduction of operation temperature [JUM14]. For conventional motors, the housing 

must be in contact with or, at least, in close proximity to the stator core for good cooling of a 

machine [MLO15]. However, for slotless toroidal winding, if the housing is in contact with the 

external toroidal windings, the cooling properties of winding and stator core will be improved, 

although the induced losses of housing from neighbouring toroidal coils will be increased. If 

keeping air gap between the housing and the external toroidal windings, the induced losses of 

housing will be reduced, however, the cooling properties will be reduced due to the thermal 
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dissipation effect of air-cooling being less than that of housing heat transfer [DON14b]. Due 

to a rather short rotor and a very large gap between the magnet surface and stator inner surface 

in slotless HSPM machines with toroidal windings, it was anticipated that the flux leakage of 

the permanent magnet in the axial direction can have a significant influence on the motor 

performance [DON14a]. Furthermore, the effect of the external leakage of the armature field 

on the phase inductance was expected to be much higher than that calculated by the 2D FE 

model. The comparisons between slotless HSPM machines with toroidal windings and slotted 

HSPM machines with concentrated windings have been investigated in [GIL16] [GIL17]. The 

major difference is the slot. [GIL16] compares the efficiency and torque density of HSPM 

machines designed for electrically assisted turbocharger applications which required 15 kW at 

150 krpm.  

 

Fig. 1.5. Slotless toroidal winding structure [ZWY05]. 

D. Skewed windings  

Slotless skewed structure is commercially used mainly in low-power HSPM machines for wide 

speed and torque ranges [CHE97] [JUM14] [LOO10] [ZHE05] [TUY17]. The primary 

advantage of this winding type is the reduction of manufacturing cost for miniature machines. 

Because the winding self-supporting construction allows manufacturing the winding separately 

from the iron core and placing it to the stator bore after it has been pre-formed. Moreover, 

helical winding can be adapted for multi-pole and single-/multi-phase requirements of either 

concentrated or distributed arrangements, as Fig. 1.7 shows. However, the major disadvantages 

of the helical windings are (a) the oblique current direction and torque which require design 

attention, and (b) the coils must be carefully assembled after the winding step is completed.  
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Fig. 1.7 One phase coil of helical slotless winding types [JUM14]. 

According to literature, considering 3-D winding model, the torque and force calculation 

methods of the helical windings have been analysed in [LOO10]. A phase inductance 

calculation method of the helical windings is thoroughly explained in [ARG10]. The rotor eddy 

current losses of toroidal, concentrated, and helical winding types are compared based on the 

different sleeve materials and thicknesses by [JUM14]. With the same power, the HSPM 

machine with concentrated windings has higher rotor eddy current losses than the HSPM 

machines with toroidal and skewed windings. In addition, the rotor eddy current losses in the 

HSPM machine with toroidal and skewed windings are nearly the same. The 3D models of 

three different shapes of slotless HSPM machines with skewed windings have been presented 

in [JUM16], as shown in Fig .1.8. [TUY15] and [TUY17] investigate a cooling method for 

slotless HSPM machine with skewed-type winding.  

 

Fig. 1.8 3-D representation of a three-phase. (a) Faulhaber. (b) Rhombic. and (c) Diamond 

windings [JUM16]. 
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1.2.2 Slotted stator structure 

Slotted structure is a kind of conventional stator structure for HSPM machines and various 

slot/pole number combinations have been researched for different applications.  

 

Fig. 1.9 Winding configurations of slotted HSPM machines.  

1) Number of slots per pole per phase q≥ 2 

For large-size high-power HSPM machines, the large number of slots (Number of slots per 

pole per phase ≥2) has been employed such as for 2-pole HSPM machines, 12-slot [DON16a] 

[LIU18] [XU11] [SHE13] [ZHA21], 18-slot [FOD14] [DAM16] [ZHA15e] [BER16], 24-slot 

[CHE11] [WAN09] [XIN10] [DON14] [DON14a] [DON16c] [HUA16b] [HUY14] [FAN17] 

[LEE20], 27-slot [ZHA15a] [ZHA16a], 36-slot [HON97] [MUN10] [LIW14] [ZHA16c] 

[ZHA17a] [BEN18] [WAN20] and 48-slot [GAL15] [ZHA18b] [DUG20b]. The winding 

configurations employed by multi-slot HSPM machines are usually overlapping distributed 

and toroidal windings.  

A. Overlapping distributed windings 

For HSPM machines with slotted stator topologies, the overlapping distributed windings are 

usually employed in multi-slot (number of slots per pole per phase ≥2) large power HSPM 

machines in order to achieve the highest winding factor which is “1”, such as 12-slot [XUJ11] 

[SHE13], 18-slot [FOD14] [DAM16] [ZHA15e] [BER16] [FAN19], 24-slot [CHE19] 

[DON16c] [HUY15] [FAN17] [LEE20], 27-slot [ZHA15a] [ZHA16a], 36-slot [HON97] 
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[MUN10] [ZHA15d] [ZHA17a] [BEN18] [MIR08], and 48-slot [GAL15] [ZHA18b] [DUG20]. 

The disadvantages of overlapping distributed windings are relatively long end-winding length 

and axial length, which reduce the rotor mechanical strength and critical speed. In [XU11], 

500W, 100krpm, HSPM generators have been designed for miniature turbojet. [SHE13] 

investigates the rotor eddy current loss reduction with grooved sleeve for a 10 kW, 70krpm, 

12s/2p HSPM machine with overlapping distributed windings. In [FOD14] [DAM16] 

[ZHA15e] [BER16], 18s/2p HSPM machines have been studied in terms of design 

methodology, rotor structure, mechanical stress, and cooling ability. The design methodology 

for a 25kW, 30 krpm, HSPM synchronous machines has been presented in [BER16]. [FOD14] 

compares different rotor topologies and PM magnetizations in three types of electrical 

machines for electric vehicle application. In [DAM16], the mechanical stress in the sleeve has 

been compared for different sleeve materials. In order to improve the cooling capability of 

HSPM generator, an optimization of the electromagnetic and thermal performances has been 

evaluated in [ZHA15e]. The 24s/2p HSPM machines with overlapping distributed windings 

have been designed by considering thermal and mechanical aspects in [HUY15] [JAN18] 

[LEE20], as well as 24s/4p HSPM machines with overlapping distributed windings in 

[DON16c] [FAN17] [CHE19]. For 36-slot HSPM machines with overlapping distributed 

windings, the researches mainly focus on the rotor design including the comparison of different 

rotor topologies, sleeve materials, PM segmentations, and influence of PM magnetization 

directions [HON97] [MUN10] [ZHA15d] [ZHA17a] [BEN18] [MIR08]. A comprehensive 

multi-physics and multi-objective optimization of 48s/4p HSPM machines have been analysed 

in [DUG20b]. 

  

(a) 12s/2p [HON09] (b) 18s/2p [BER16] 
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(c) 24s/2p [HUY15] (d) 36s/4p [ZHA17a] 

Fig. 1.10 Multi-slot HSPM machines with overlapping distributed windings. 

Short-pitched overlapping distributed windings have been investigated for HSPM machines in 

[HON09] [JAN11b] [XUE12] [FAN19]. For large-power large-size HSPM machines, 

compared to full-pitched overlapping distributed windings, short-pitched windings have lower 

rotor eddy current loss, but have lower output torque due to smaller winding factor. In [FAN19], 

a solid PM rotor structure has been designed for an 18-slot 80 kW, 80 krpm, HSPM machine 

with short-pitched overlapping distributed windings for air blowers. [XUE12] designs a 24s/2p, 

7.5kW, 20 rpm, HSPM motor with 4-coil pitch overlapping distributed windings which makes 

the stator winding factor 0.48. A multi-physics modelling for a multi-objective design of a 

36s/6p HSPM synchronous machine with 5/6 short-pitched windings has been investigated in 

[JAN11b]. 

B. Toroidal windings 

Toroidal windings, e.g. coils wound around stator core instead of stator teeth, are another kind 

of windings with short end-windings. This winding configuration can be employed for both 

slotless and slotted stator topologies. The slotted toroidal winding structure is widely adopted 

for multi-slot HSPM machines, such as 12-slot [ZHA21], 24-slot [WAN09] [XIN10] [CHE11] 

[DON14] [DON14a] [DON14b], 36-slot [LIW13] [LIW14] [ZHA16c] [WAN20], to shorten 

stator end-windings and reduce the rotor overall length for the better stiffness under high speed 

operation mode. In addition, the slotted toroidal winding structure has outside slots, which can 

increase the area for cooling if forced-air cooling is used [DON14a]. A 15kW, 120 krpm, 12-

slot, slotted HSPM motor with toroidal windings has been designed and optimized by 
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considering winding friction loss for gas compressor applications in [ZHA21]. The results also 

show that the rotor with glass-fibre sleeve has better performance than the rotor with Inconel71 

sleeve in terms of higher output torque and less rotor eddy current loss. Based on a 24s/2p 

HSPM machine with toroidal windings, the electromagnetic design, thermal analysis, and 

cooling method are widely researched in [WAN09] [XIN10] [CHE11] [DON14] [DON14a] 

[DON14b]. A 117kW, 60krpm, 36s/2p, HSPM generator used in micro turbine generation 

system has been investigated in terms of thermal optimization, sleeve materials, and stator 

structure, i.e. slotted and slotless [LIW13] [LIW14] [ZHA16c].  

 

Fig. 1.11 Slotted toroidal winding structure [DON14]. 

2) Number of slots per pole per phase q≤ 1 

For small-size low-power HSPM machines, the low number of slots (number of slots per pole 

per phase ≤ 1 and for a 2-pole machine, number of slots ≤ 6) is widely employed such as 6-slot 

[WAN03] [OYA03] [SHI04] [GIL15] [GIL16] [NOG05] [ZHO06] [NOG09] [WAN10a] 

[HON13] [KOL16] [UZH16] [IID20]; and 3-slot [HES87] [ZHU97] [EDE01] [ZHU01] 

[NOG05] [BIA04] [HWA14] [KRA17] [PAN14] [MAJ19] [MAJ17]. In general, the 2-pole 

and 4-pole are chosen to minimize the fundamental frequency and reduce the stator iron loss 

and converter loss. 

A. Overlapping concentrated windings 

Compared to large-size large-power HSPM machines with overlapping distributed windings, 

the small-size low-power HSPM machines often employ 6-slot stator topologies. In addition, 

the end-winding axial length is sensitive in small-size HSPM machines, and therefore, small-

size low-power HSPM machines rarely employed overlapping distributed windings. However, 
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for small-size low-power HSPM machines, short-pitched windings can reduce not only the 

rotor loss but also the end-winding axial length. Therefore, the power density improvement 

based on the trade-off between winding factor and end-winding axial length has been 

researched in [HE21] [HE21a]. In [HE21a], the (6-slot/2-pole) 6s/2p HSPM motors with 1, 2, 

and 3 coil-pitch windings have been compared. It can be found that 2 coil-pitch windings can 

improve the torque and torque density. Two different 2 coil-pitch winding configurations have 

been proposed for high-speed applications in [HE21a].  

 
 

(a) 6-slot slotted [WAN03] (b) 6-slot with 2-coil pitch [HE21a] 

 

(c) 6-slot with 2-coil pitch [HE21a] 

Fig. 1.12 6s/2p HSPM machines with overlapping concentrated and distributed windings. 
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B. Toroidal windings  

An 800W, 60krpm, 2-pole, HSPM motor with 6 half-opened slot structure has been 

investigated to evaluate the soft magnetic core in [KOL16]. The experiment results show that 

this prototype has high operating efficiency and reached 90% over a wide range of torques. 

However, the slotted toroidal winding structure is rarely employed in HSPM machines with 

small number of slots, but will be researched in this thesis.  

 

Fig. 1.13 6s/2p slotted HSPM motor with toroidal windings [XU21]. 

  

C. Non-overlapping concentrated windings 

HSPM machines with non-overlapping concentrated windings have been investigated and 

developed for years due to short end-winding length and axial length. With a shorter rotor, the 

lowest flexible natural frequencies of the rotor will be higher. As a result, the machine can 

operate below the critical speed, enabling even higher operational speeds. In literature, 3-slot/2-

pole (3s/2p) [HES87] [ZHU97] [ZHU01] [EDE01] [BIA04] [BIA05] [PAN14] [MA18] 

[MA19a], 6s/2p [OYA03] [SHI04] [LIM17] [ZHO06] [NOG05] [NOG09] [GIl17] [GIL15] 

[UZH16] [JAS17] [WAN10a] and 6-slot/4-pole (6s/4p) [ZHA15h] [GIL17] [WAN18] [IID20] 

topologies are widely employed and investigated.  

3s/2p HSPM machine with non-overlapping concentrated windings has the simplest rotor and 

stator topologies. A 10 W, 150 krpm, 3s/2p HSPM motor for a hand-tool application has been 

designed in [HES87]. In [ZHU97], the same structure has been employed for a friction welding 

unit which operates at 20 krpm and power of 1.3 kW. The stator iron loss also has been analysed 

under different stator iron flux densities and it shows that the stator iron loss should be 

considered in high-speed motor design. The optimization of 3s/2p HSPM motor by taking 
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stator iron loss into consideration has been investigated in [EDE01] and the optimal goal is 

maximum efficiency. The potential and limits of HSPM motors are discussed in [BIA04]. 3s/2p 

slotted and 2-pole slotless 1 kW HSPM motors with speeds between 20-40 krpm and with non-

overlapping and overlapping concentrated windings are designed, respectively. A 

comprehensive design and analysis of a 3s/2p HSPM machine with non-overlapping 

concentrated windings has been presented in [BIA04]. Further, the analysis and analytical 

optimization considering mechanical and thermal aspects of both motors are presented in 

[BIA05].  

However, the diametrically asymmetric stator structure and unbalanced winding configuration 

of 3s/2p machine with non-overlapping concentrated windings result in inherent unbalanced 

magnetic force (UMF), which can cause high vibration and noise [ZHU07] [PAN14]. In order 

to mitigate UMF, a stator structure of extra notches in the middle of each stator tooth is 

proposed in [PAN14], Fig. 1.14 (a). In [MA18], the auxiliary slots in the stator tooth have been 

optimized to have the minimum rated on-load UMF, Fig. 1.14 (b). The result shows the 

proposed machine achieves almost zero UMF under rated on-load condition and slightly 

reduced torque compared to conventional 3s/2p HSPM machine with notches. The magnet 

eddy current loss has been reduced significantly by the optimized auxiliary slots in [MA19a], 

Fig. 1.14 (c). 

  

(a) [PAN14] (b) [MA18] 
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(c) [MA19a] 

Fig. 1.14 3s/2p HSPM machine with auxiliary slots. 

6s/2p structure also has been widely employed in small-size low-power HSPM machines since 

this slot/pole number combination has no UMF and small rotor eddy current loss. A 5kW, 240 

krpm, 6s/2p HSPM motor with non-overlapping concentrated windings and its drive system 

have been designed in [OYA03] [SHI04]. This motor employs a straight tooth stator and ring 

magnet rotor with Inconel-718 sleeve. The power loss and eddy current in the rotor sleeve have 

been evaluated. The result shows that with the increased stator tooth width, the eddy currents 

and losses in the sleeve and PMs are decreased. 2 kW, 220 krpm, 3s/2p and 6s/2p HSPM motors 

with non-overlapping concentrated windings are designed and compared in [NGO05]. The 

results show that the 3-slot motor has better heat dissipation capability but large rotor eddy 

current loss, 6-slot motor has almost half of the power loss as 3-slot motor but low heat 

dissipation capability. A 5kW, 150 krpm, 6s/2p HSPM motor with non-overlapping 

concentrated windings has been designed for an automotive supercharger in [NOG07] 

[NOG09]. A straight tooth stator structure is employed due to easy manufactoring process. The 

optimization of stator core yoke width and tooth width to achieve high power density and high 

efficiency are investigated. [UZH16] presents a multidisciplinary design process which is 

applied to an 11 kW, 31.2 krpm, 6s/2p, HSPM generator and a 3.5 kW, 45 krpm, 6s/2p, HSPM 

synchronous machine for gas blower application. This design process considers the limitations 

of thermal, mechanical, and rotor dynamics to meet various requirements of different 

applications. A 4 kW, 150 krpm, 6s/2p, HSPM machine is designed for an electric turbocharger 

considering speed response characteristics in [LIM17]. 

Compared to 6s/2p structure, 6s/4p structure has the advantage of smaller copper loss due to 

thinner stator back iron and shorter end-winding length, which can reduce the motor axial 
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length and improve the rotor dynamic. But the 4-pole structure will result in larger stator iron 

loss and switching loss in the converter. The influence of tooth shoe shape on the 

electromagnetic performance especially the eddy current loss in the sleeve of a 3 kW, 80 krpm, 

6s/4p HSPM generator has been investigated in [ZHA15h]. A 100kW, 30 krpm, 6s/4p HSPM 

machine is designed in [JAS17]. [WAN18] optimizes the split ratio of 6s/4p HSPM machine 

by considering stator iron loss and mechanical constraints. A 2.5 kW, 100 krpm, 6s/4p HSPM 

motor with non-overlapping concentrated windings is designed and compared to a conventional 

6s/2p structure with overlapping concentrated winding under the same output power density in 

[IID20]. The motor size of 4-pole model can be reduced by 33.3% in order to keep the target 

output power under the same cooling, loss density condition, packing factor, and motor axial 

length. In [GIL17], a 4 kW, 75 krpm, 6s/4p HSPM motor with non-overlapping concentrated 

windings is compared to a 6-coil/2-pole slotless HSPM motor with toroidal windings. The 

results show that the slotless motor with toroidal windings has a lower noise level at the rated 

speed and lower on-load motor losses when the Litz-wires are used. 

  

(a) 3s/2p [BIA04] (b) 6s/2p [ZHO06] 

 

(c) 6s/4p [WAN18] 

Fig. 1.15. 3- and 6-slot HSPM machines with non-overlapping concentrated windings. 
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In literature, different stator tooth topologies for 3- and 6-slot HSPM machines have been 

employed including straight tooth [OYA03] [SHI04] [NOG05] [NOG07] [NOG09] [JAS17] 

[GIL17], and tooth with tooth-tips [WAN10a] [UZH16] [ZHA15h] [WAN18] [IID20]. The 

tooth-tips can support the coil, reduce slotting effect, enhance flux focusing, and increase 

inductance for better PWM control and fault tolerance. The advantage of straight tooth is 

simple in the manufacturing process [GIL17].  

  

(b) Without tooth-tips [NOG05] (d) With tooth-tips [UZH16] 

Fig. 1.16 Cross sections of six-slot HSPM machines.  

1.2.3 Comparison 

The comparison between slotless and slotted HSPM machines with different windings has been 

investigated in [BIA04] [BIA05] [GIL16] [GIL17] [ZHA16c]. [BIA04] [BIA05] design and 

compare a 3-coil/2-pole slotless and slotted HSPM motors. It shows that the slotless topology 

is preferred due to low risk of PM demagnetization and low rotor loss. [GIL16] analyses three 

PM machine topologies for a 15 kW, 150 krpm electrically assisted turbocharger, including a 

slotless topology with toroidal windings, a 6-slot straight tooth structure with non-overlapping 

concentrated windings, and a 6 semi-closed slots structure with non-overlapping concentrated 

windings. The comparison shows the slotless motor with toroidal windings has the highest 

efficiency but the lowest torque density. The slotted motors with non-overlapping concentrated 

windings have the best trade-off between efficiency and torque density, especially for the 6 

semi-closed slots. In [GIL17], a 6s/4p slotted motor with non-overlapping concentrated 

windings and a 2-pole slotless motor with toroidal windings are compared in terms of noise 

and loss reduction. The results show that the slotless motor with toroidal windings has a lower 

noise level at the rated speed and lower on-load motor losses when using the Litz-wires. The 

slotted topology has the advantages of higher no-load flux density and output torque.   
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1.3 Rotor Topologies  

For HSPM machines, rotor topology is very important since PMs suffer from the centrifugal 

force under high-speed operation. Generally, there are three types of rotor topologies in the 

HSPM machines, namely surface-mounted PM (SPM), interior PM (IPM), and solid PM rotor.  

  

(a) SPM (b) IPM 

 

(c) Solid PM 

Fig. 1.17 Rotor topologies. 
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1.3.1 Surface-mounted PM (SPM) 

SPM rotor topologies are widely employed in HSPM machines and typically equipped with a 

retaining sleeve to prevent damage to the PMs and ensure the rotor mechanical integrity since 

the PMs on the rotor are prone to large centrifugal force. The advantages of SPM rotor structure 

are high efficiency, high allowed critical speed, and easy manufactory process compared to 

IPM rotor structure [BIN06] [FOD14] [DON16c] [FAN17]. In literature, the design of SPM 

rotor structure mainly focuses on the magnet segmentation, PM pole arc to pole pitch, and 

sleeve design for reducing the rotor eddy current loss and improving the rotor mechanical 

strength [ZHO06] [SHA09] [YON12] [SHE13] [LIW14] [JUN15] [ZHA15] [WAN18] 

[HAN18] [AHN18]. [BIN06] presents a design process including the mechanical design of two 

40kW, 40 krpm HSPM synchronous motors with SPM and IPM rotors. The mechanical 

behaviours are compared, and the results show SPM with carbon-fibre bandage is more suitable 

for high-speed application due to higher mechanical strength.  

A. PM segment and magnetization 

In high-speed operation, relatively large rotor eddy current loss and rotor mechanical stress 

will be produced. PM segmentation can reduce the rotor eddy current loss by cutting off the 

eddy current axial path [SHA09] [NIU12]. [ZHA16a] compares two 1.2 MW, 18krpm, 4-pole 

motors with 3 segments for each pole and without segment. It shows that the number of PM 

segments has a great impact on PM loss and PM stress. In addition, the PM segmentation can 

reduce the PM tangential stress but significant sleeve stress tangential concentration will occur. 

With the increase of segment number, this sleeve stress concentration effect is weakened whilst 

the PM tangential stress reduction effect is enhanced [DUG19] [WAN21]. However, the 

manufacturing difficulties increase with the increase of PM segment numbers, and thus, a trade-

off should be made between improving the rotor characteristics, such as high mechanical stress 

and low rotor loss, and reducing manufacturing difficulties.  

Different PM magnetizations, including parallel, radial, and Halbach, have been compared for 

a 36s/2p HSPM machine in [HON97]. The magnetisation directions for a Halbach magnet array 

in which magnets were arranged at 20 degrees intervals to realize a sinusoidal airgap field 

distribution with the least harmonics. The comparison shows Halbach magnetic array can 

reduce 30% torque pulsation and has no effect on output torque. It is worth noting that when 

the number of poles equals two, the parallel magnetization is the same as the Halbach array. 

Fig. 1.19 indicates three magnetizations of 4-pole SPM rotor. 
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(a) Radial (b) Parallel 

Fig. 1.18 2-pole rotor magnetization. 

  

(a) Radial (b) Parallel 

 

(c) Halbach array 

Fig. 1.19 4-pole rotor magnetization. 
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B. PM pole arc to pole pitch 

For the SPM rotor with carbon-fibre sleeve, the influence of PM pole arc to pole pitch ratio is 

investigated by introducing the inter-pole gap, Fig. 1.11. Compared to the rotor with PMs 

evenly distributed along the circumference, i.e. the PM pole arc to pole pitch ratio is 1, the 

inter-pole gap brings additional stress in the sleeve on the edge of PMs and the bending effect 

may result in the rotor crush. [BIN06] suggests to fill the material with similar mechanical 

characteristic into the inter-pole gap to avoid the sleeve failure. The different materials inserted 

into the inter-pole gap has been compared in [ZHA15a], namely plastics, carbon-fibre, and 

Titanium alloy. The plastic fill has been selected and proved to improve the sleeve stress and 

rotor stiffness. The stress in the sleeves of the rotors with different materials of the inter-pole 

gap such as air, glass fibre, PM, and iron, have been compared in [BEN18]. The results show 

that the rotor with PM fill in the pole gap has the lowest stress. 

The PM pole arc to pole pitch ratio (pole arc coefficient) affects not only the rotor stress but 

also the electromagnetic performances. For a 1.12 MW, 18krpm, 27s/4p, motor [ZHA15a] 

[ZHA16a], the PM eddy current loss, cogging torque, and no-load current increase with the 

PM pole arc to pole pitch ratio. In [ZHA17a], the same trend for back-EMF harmonics has 

been observed for a 150kW, 17 krpm, 36s/4p motor. Therefore, a compromise between the 

rotor stress and air-gap flux density/ back-EMF harmonics should be considered in selecting 

the PM pole arc to pole pitch ratio.  

 

Fig. 1.20 Surface-mounted magnet with pole arc to pole pitch ratio less than 1 [BIN06]. 

The comparison of electromagnetic performances between the motors with conventional SPM 

rotor, half-insert PM rotor, and half-insert PM rotor with shaping is presented in [FOD14], Fig. 

1.21. It is found that the motor with conventional SPM rotor has the highest output torque and 
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the motor with half-insert PM rotor with shaping has the lowest torque ripple. In addition, for 

the desired torque, the motor with conventional SPM rotor leads to the highest stator iron loss, 

and the motor with half-insert PM rotor has smaller stator iron loss but produces the largest 

rotor eddy current loss. 

  

(a) Conventional SPM rotor (b) Half-insert PM rotor 

 

(c) Half-insert PM rotor with shaping 

Fig. 1.21 Surface-mounted magnet rotors [FOD14]. 

 

C. Sleeve design 

In HSPM machines, a high-strength retaining sleeve is often employed to protect the rotor from 

centrifugal force and ensue the rotor integrity. Different sleeve materials and structures have 

been widely researched [ZHO06] [SHA09] [YON12] [SHE13] [LIW14] [JUN15] [ZHA15] 

[WAN18] [HAN18] [AHN18].  
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Generally, the materials of sleeve include carbon-fibre, stainless steel, alloy, and Titanium. The 

influence of sleeve materials with different relative permeabilities on the rotor eddy current 

loss, temperature distribution, and mechanical stress has been investigated in [ZHO06] 

[YON12] [LIW14] [AHN18] [ZHA15] [ZHO06]. The ideal sleeve of HSPM machine should 

have a degree of permeability to maximize magnetic loading, high mechanical strength, high 

resistivity to minimize eddy current losses, and great thermal conductivity to avoid overheat in 

PMs. Thus, the selection of sleeve material is important for the design of HSPM machines.  

The optimization of sleeve structure and thickness has been investigated to improve the 

reliability of HSPM machine under high-speed operation [SHE13] [JUN15] [ZHA16a] 

[FAN17] [HAN18]. [SHE13] compares the circumferential, axial, and comprehensive grooves 

on the titanium sleeve, Fig. 1.22. It shows the circumferential grooving is the most effective to 

reduce the rotor eddy current loss and is simple to realize. [ZHA15a] proposes a hybrid 

protective sleeve consists of Ti alloy and carbon-fibre to reduce the bending stress, and the 

edge stress due to the inter-pole filler. The numeral results prove the hybrid protective sleeve 

can improve the radial and tangential stresses of PMs and sleeve at both 20◦C and 150◦C. 

[JUN15] designs a sleeve structure with skewed slits, as shown in Fig. 1.23 which reduces the 

eddy current loss in the sleeve. [FAN17] employs a radial multi-layer sleeve which reduces the 

eddy current loss in the sleeve without sacrificing the mechanical strength. This is especially 

suitable for the machines requiring both high-speed and large-power at the same time. [HAN18] 

proposed irregular-shaped rotor with laminated Titanium alloy sleeve for a 6 kW, 50 krpm, 

12s/2p HSPM motor shows in Fig. 1.24. Compared to conventional cylindrical rotor with 

laminated Titanium sleeve and irregular-shaped rotor with Titanium sleeve, the rotor eddy 

current loss and rotor stress have been significantly reduced. 

  

(a) Axially  (b) Circumferentially 
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(c) Hybrid 

Fig. 1.22 Sleeve strucutures with grooving [SHE13]. 

 

Fig. 1.23 Sleeve strucutre in [JUN15]. 

 

Fig. 1.24 Laminated titanium alloy sleeve with irregular-shaped [HAN18]. 

1.3.2 Interior PM (IPM)  

With conventional IPMs, the PMs are located within the rotor iron, resulting in a conflict 

between the rotor flux leakage and the mechanical strength of iron bridges. In high speed 

operation, the iron bridge is not only subjected to its own centrifugal forces, but also to the 
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centrifugal force of the PM. In addition, compared to the SPM rotor the PM is not uniformly 

distributed in the radial direction of the rotor, resulting in localised peak stresses in the iron 

core at the rotor PM edges. As a result, the rotor critical speed of IPM machines is limited by 

mechanical stresses and is much lower than that of SPM machines with carbon-fibre sleeves. 

In the dynamic analysis, since the lamination stack in the IPM rotor has a low bending stiffness 

while the sleeve in the SPM rotor can have some stiffening effect, the SPM rotor has higher 

natural frequency of the first bending mode than the IPM rotor [ZHA15d]. The electromagnetic 

analysis shows that spoke-type IPM and SPM rotor, Fig. 1.13, have similar back EMF 

amplitudes while there are more airgap flux density and back EMF harmonics in the IPM 

motors [DON16c]. Due to higher armature field and harmonics, the stator iron loss of the IPM 

motor is almost twice higher than that of the SPM motor. Meanwhile, the rotor loss of SPM 

rotor is lower than that of the IPM rotor [AUR16].  

 
 

(a) SPM (b) Conventional IPM 

 

(c) Spoke-type IPM 

Fig. 1.25 Rotor topologies for SPM, conventional IPM, and spoke-type IPM [DON16c]. 

In addition, demagnetization withstand capabilities of HSPM machines with different rotor 

topologies also have been compared in [DON16c]. The results show that when the rotor sizes 
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are the same, the SPM motor with SmCo magnets and Inconel 718 sleeve have a better 

performance than the IPM motor with SmCo magnets. SPM motor has lower stator iron loss 

and lower rotor loss on load. The IPM motor has larger stator iron loss which is caused by 

larger and richer harmonic contents in the airgap flux density waveforms of IPM stator resulted 

from small equivalent air-gap and non-uniform reluctances. However, both the material costs 

and the processing costs of the IPM motor are much lower than those of the SPM motor. 

[GAL15] and [POP13] present the spoke IPM rotor structure. [GAL15] researches the effect 

of different PM material types on performance, which will be described in section 1.3.4, and 

[POP13] focuses on the proximity losses in the tooth-coil parallel paths windings. Halbach 

magnets have been investigated and compared with radial and parallel magnetizations in 

[HON97], and the 6-rib IPM structure can improve the tensile strength and yield strength of 

the laminations, Fig. 1.14. 

 

Fig. 1.26 6-rib structure. 

A novel IPM rotor structure has been proposed in [ZHA15d] with higher mechanical strength. 

The proposed rotor is inter-stacked by stainless-steel plates, in which stainless steel has much 

stronger mechanical properties than silicon steel, especially in tensile yield strength to 

withstand the centrifugal forces, as shown in Fig. 1.27. The novel rotor structure can improve 

the maximum operating speed by 17.4% compared with the conventional IPM rotor.  

Another IPM structure with hollow shaft and PM centrally located in the shaft has been 

employed and developed in [ZHE05] [LIU18], Fig. 1.28. [ZHE05] designs a 2kW, 200krpm, 

3-phase slotless HSPM motor for super high-speed centrifugal compressor drive application. 

The hollow shaft has been employed to hold the PM against the centrifugal force and improve 

the rotor stiffness under super high-speed operation. [HUY15] designs a 3kW, 150krpm, 24s/2p 

HSPM machine with a solid PM centrally located in a Titanium hollow shaft, and NdFeB is 

chosen since the operation is not under high temperature. In [LIU18], an amorphous rotor core 
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has been purposed as shown in Fig. 1.28(b). This IPM structure takes full advantage of 

amorphous materials and eliminates the need for sleeves. The analysis of electromagnetic, 

mechanical, and thermal performance indicates that this structure with hollow shaft has higher 

torque density, lower rotor loss, and lower rotor temperature rise but a slightly lower natural 

frequency compared with the motor with the silicon steel rotor core.  

 

(a) Retaining shield rotor structure 

  

(b) Silicon steel sheet (c) Stainless-steel plate 

Fig. 1.27 IPM rotor structure in [ZHA15d]. 

 

 
 

(a) Hollow shaft [ZHE05] (b) Novel hollow shaft [LIU18] 

Fig. 1.28 IPM rotor structure. 
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1.3.3 Solid PM 

Generally, the solid PM rotor with sleeve has been widely used in HSPM machines since it has 

the advantage of high mechanical strength and small rotor eddy current under the same torque 

due to high flux density [ZWY05] [WAN09] [JUM14] [JUM15] [UZH16] [AHN17] [TUY17] 

[JAN18] [ISM18] [FAN19]. The PM material of solid PM rotor usually employs NdFeB due 

to negative thermal expansion coefficient perpendicular to the magnetization direction [UZH16] 

[AHN17], and Sm2Co17 due to its high operating temperature and appropriate energy 

characteristics [ZHE05] [ZWY05] [ISM18] [JAN18] [FAN19]. Different sleeve materials have 

been used for solid PM rotor topologies, including non-magnetic material [WAN09] [UZH16], 

titanium bandage [FAN19] [ZWY05] [TUY17], Inconel718 [AHN17] [AHN18], and stainless 

steel [JUM15]. The sleeve material comparison between non-magnetic steel and carbon-fibre 

employed by a 751W, 60krpm, 24s/2p HSPM machine has been investigated in [XIN10]. The 

high strength non-magnetic steel enclosure of the PM rotor can not only protect the PM from 

mechanical damage but also reduce eddy current loss in the solid PM which is beneficial to 

reduce the temperature of the PM. [JAN18] chooses the Titanium alloy sleeve rather than 

Inconel 718 for a 83kW, 12.5krpm, 24s/2p HSPM machine by considering the mechanical 

stresses of magnet and sleeve, and relatively low density and conductivity. The influence of 

different combinations of sleeve and PM materials on the mechanical stress in the PM have 

been investigated for a 500W, 400krpm, 6s/2p HSPM slotless machine in [AHN18]. The PM 

materials include NdFeB and Sm2Co17, while the sleeve materials include Titanium, SUS304, 

Inconel 718, and carbon-fibre. The combination of NdFeB magnet and Inconel718 sleeve is 

selected due to the high mechanical strength and the highest rotor dynamic safety factor. In 

order to minimize the processing difficulties of the PM and reduce the influence of PM length 

on magnetic performance, [CHE11] designs an axially segmented solid PM rotor. This 

structure has not only very good mechanical properties as the rotor one, but also very good 

processing properties and magnetic field distribution. 

The solid PM rotor always works at high flux density zone, which can prevent the irreversible 

demagnetization of PMs, so that is more secure for the flux-weakening control of such PM 

machines [XU17]. The correlation between rotor vibration and mechanical stress in solid PM 

rotor structure has been investigated [AHN17]. In addition, the influence of sleeve thickness 

and shrink fit on the rotational vibration is researched. The experiments show that if the shrink 

fit is not calibrated properly, rotational vibration increases, and if the designed rotor is 

inappropriate, the magnet will break.  
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Table 1.2  

Comparison of interior, surface mounted, and solid PM topologies 
 

SPM IPM Solid PM 

Advantages 

 High mechanical 

strength with 

carbon fibre 

sleeve 

 High maximum 

speed 

 Simpler 

manufacturing 

process 

 Low cost 

 Large output 

torque 

 Suitable for small 

size rotor 

 High power density 

 Low 

demagnetization 

risk 

 Ultra-high-speed 

application 

Disadvantages 

 High 

demagnetization 

risk 

 

 Low maximum 

critical speed 

 Low mechanical 

strength 

 Large rotor loss 

 Rotational 

vibration 

 Expensive 

1.3.4 PM material 

As mentioned before, in HSPM machines, the PM materials are mainly NdFeB and SmCo. The 

research of PM material for high-speed application mainly focuses on the thermal and 

mechanical limits. NdFeB and SmCo magnets as the most widely used permanent magnet 

materials have large compressive strength but low tensile strength [DON14a], which results in 

the necessity of sleeve protection. In addition, the Curie temperature of NdFeB is lower than 

that of SmCo, and thus, under high-temperature environment and rotor with the worse heat-

dissipation condition, SmCo is a better choice [UZH16].  
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Table1.3  

Physical properties of common PM materials 

 Remanence 

magnetism Br (T) 

Coercive field 

intensity Hc (kA/m) 

Maximum operating 

temperature (◦C) 

Ferrite 0.38-0.42 280-390 250 

NdFeB 1-1.5 960-1600 180 

SmCo 0.85-1.0 493-2790 250-350 

 

In [GAL15], [DAM16], [BIA04] and [KIM16], motors with different types of NdFeB, ferrite, 

and SmCo are compared. Compared with NdFeB and SmCo, when the output power, rated 

speed, and stator active length, are the same, ferrite with lower remanence has lower magnetic 

loading and smaller air gap flux density, and thus, the outer diameter of the rotor with ferrite is 

larger and the turn number per phase is higher. In addition, large rotor outer diameter leads to 

mechanical issues, and large turn number leads to high copper loss and temperature rise, which 

are not desirable for high-speed applications. 

1.4 Other Design Consideration 

The design of HSPM machines needs to take other issues into consideration compared with 

low- and moderate-speed PM machines due to high-speed operations such as stator iron loss, 

AC copper loss, windage loss, sleeve mechanical stress, thermal field, and rotor dynamic 

characteristics. This part will introduce several important factors which needs to be considered 

in the design process of HSPM machines.  

1.4.1 Stator iron loss  

Stator iron loss is important for the design of HSPM machines due to high frequency. In general, 

the analytical calculation of stator iron loss is based on the Bertotti module [BER88]. The 

classic Bertotti module includes three losses components, i.e. hysteresis loss Ph, eddy current 

loss Pe, and anomalous loss Pa, as shown in 1.1 and 1.2  

fe h e aP P P P    (1.1) 
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1.5 1.5 2 2

fe hy fe ex fe ec feP k fB k f B k f B  
 

(1.2) 

where kh, ke, and ka are the hysteresis, eddy current and anomalous loss coefficients, 

respectively. These coefficients depend on the material and are invariant with the frequency (f) 

and the flux density magnitude (Bm). [BER16] adds more loss components resulted from 

magnetic anomalies, manufacturing process, and rotational field to improve the accuracy of 

iron loss calculation. In addition, the influence of skin effect and rotational magnetization on 

the stator iron losses of HSPM machines are proposed in [DON14a] [ZHA16a]. The 

comparison between calculation and measurement results obtained from the Epstein test for a 

75 kW, 36 krpm HSPM machine shows that the skin effect has a significant influence on the 

iron losses when the frequency is above 2 kHz. [ZHA16a] employs an orthogonal 

decomposition model with variable coefficients considering rotating magnetization to calculate 

the stator iron loss of a 1.12 MW, 18 krpm HSPM motor. The total iron loss calculated by 

decomposition model is larger than that calculated from the classical Bertotti loss model.  

Generally, the stator iron material of HSPM machines is high grade steel, which has small 

anomalous loss coefficient, and thus the anomalous loss of Bertotti module can be neglected in 

HSPM machines. In addition, for reducing the stator iron loss under high-speed operation, the 

0.1mm or 0.2 mm thickness electrical steel sheet is widely used for stator core [LID20]. In 

literature, several researches focus on the application of soft magnetic composite (SMC) for 

HSPM machines to reduce the stator iron loss and improve the efficiency [CHE09] [CHE15]. 

1.4.2 Copper loss (AC and DC) 

There are two components of copper losses in HSPM machines, DC loss and AC loss.  

DC loss can be simply calculated as below [GIL16] [GIL17].  

23cu rmsP RI
 

(1.3) 

where Irms is the rms value of the phase current and R is the phase resistance.  

In HSPM machines, the AC copper losses due to skin effect and proximity effect may increase 

significantly and should be considered [LIS16]. Skin effect is a tendency for alternating current 

(AC) to flow mostly near the outer surface of an electrical conductor. The effect becomes more 

and more apparent as the frequency increases. Therefore, the skin effect should be considered 
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in the design of HSPM machines with high frequency. To avoid the skin effect, the diameter 

of conductors should be less than the skin depth (δ) [UZH14], which can be calculated by  

f




 


 

（1.4） 

where ρ is the resistivity of the conductor, f is the fundamental frequency, and μ is the 

permeability of the conductor.  

Proximity effects caused by uneven distribution of current among the insulated wire strands of 

stator multi-strand windings, which can contribute significant bundle-level proximity losses in 

HSPM machines. Proximity loss is also affected by the end-winding dimensions, shape, and 

size [MLO15]. Parallel paths for coil conductors located at the slot top and slot bottom will 

experience different proximity effect since there will be different flux linkages between them 

due to leakage. The results show that the coils located in the slot top have higher proximity 

effect than that located in the slot bottom. 

For slotless HSPM machines, the field caused by the PM is much larger than the field resulting 

from neighbouring wires. Therefore, the proximity effect is not considered but the additional 

eddy current losses caused by magnetic field should be calculated as a component of AC copper 

loss [ZWY05] [SCH17]. In the meantime, for slotted machine, and skin effect may be neglected 

due to the ratio of ac effective resistance to DC resistance by skin effect in the round conductor 

[FAN15b].  

In terms of the reduction of AC copper loss, the Litz wire is widely used in slotless HSPM 

machines [ZWY05] [GIL17], and the current in each turn is divided into strands. In slotted 

HSPM machines, for reducing the AC copper loss, the small diameter wires are selected and 

they are located in the bottom of the slot.  

1.4.3 Rotor eddy current loss 

The rotor eddy current loss results from (1) stator slotting effect, (2) a non-sinusoidal stator 

MMF distribution, and (3) non-sinusoidal phase current waveforms, which result from six-step 

commutation and PWM [ZHU04]. For HSPM machines, it is important to consider the rotor 

eddy current loss due to the poor heat dispassion capability of rotor. Therefore, small rotor 

eddy current loss may result in high temperature rise and irreversible demagnetization of PMs.  
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Rotor eddy current losses can be estimated using either the finite element method or the 

analytical method [ZHU04] [BIN06]. For the analytical method, the equivalent current sheet 

method is usually used to take into account the effect of the armature magnetic field. The 

contributions of time and space harmonics are calculated analytically in [ZHU01]. A further 

study is completed in [ZHU01a], where the effect of eddy currents on the magnetic field is 

considered. An improved analytical model for eddy current losses in SPM rotors is presented 

in [ZHU04], which takes into account the sleeve. 

The rotor eddy current loss can be reduced by (a) employing low pole number rotor [SCH97] 

[ZHU04]; (b) employing different winding configuration [MER15]; (c) using relatively large 

air-gap [TAK94]; (d) rotor shape optimization [CHA10]; (e) PM segmentation [YAM09] 

[HUA10] [NIU12]; and (f) employing auxiliary slots [MA19a]. 

1.4.4 Windage loss 

The windage loss is caused by air friction and becomes larger with the increases of rotation 

speed. In general, the rotor will be modelled as a cylinder in the windage loss calculation, and 

the equation is shown in (1.5) [VRA68] [PFI10] [GIE14] [BUR17] [LIM17] 

3 4

windage fP C r l
(1.5) 

where ρ is the air density, ω is the angular speed, r and l are the rotor radius and length, 

respectively. Cf is the friction coefficient, which depends on the ventilation speed of air gap 

and rotor surface condition [ZHA17b] [HUA16]. The research shows that the windage loss 

increases with the roughness of the rotor surface and ventilation speed. Therefore, it is 

advantageous to use a smooth rotor surface and select a suitable ventilation speed to balance 

air friction losses and cooling condition. 

1.4.5 Thermal and demagnetization 

HSPM machines often suffer high temperature rise during high-speed operation, and overheat 

of the rotor may cause irreversible demagnetisation of PMs. Thus, it is necessary to investigate 

the thermal performance of HSPM machines. In [DON14a], with forced convection cooling, 

the temperature rise for specific parts of machine can be analysed by computational fluid 

dynamics (CFD) and lumped-parameter thermal network (LPTN). It is worth noting that the 

flow velocities are obtained by CFD and are used in the LPTN model.  



35 

 

According to literature, a variety of cooling systems have been designed and different 

calculation models are utilized. Compared to air-cooling system, water cooling system can 

increase the maximum current density. However, this method is restricted to less application. 

Air-cooling system offers higher liability but less capability. Different cooling systems are 

employed for different situation [ZHA13] [HUY15].  

1.4.6 Rotor dynamics and vibration 

Generally, vibration occurs due to the magnetic force generated between the stator and the rotor. 

When rotor rotating, there are two kinds of energy in the rotor, one is rotational energy, the 

other one is vibration energy. Under the high-speed condition, vibration will result in high noise 

level and rotor failure. In order to improve stability, rotor dynamic analysis is necessary during 

the machine design process [AHN17]. The FEM is used widely for dynamic analysis. Based 

on FEM, the first, second, and third bending natural frequencies should be calculated and the 

rated speed should be 10% larger than the first bending critical speed to keep the rotor safe 

[HUA16]. [EDE02] investigate the influence of design parameters on rotor dynamic 

characteristic, including the active length, the shaft diameter and extension, the bearings, and 

the material properties.  

1.4.7 Optimization method (Electromagnetic/ Multiphysics) 

Generally, the optimal target of the HSPM machine varies with applications, and can be 

efficiency [LUO09] [EDE01], torque [PFI10], and torque density [HE21]. The optimization 

often employs analytical or FE method.  

Firstly, the FE method is the most common tool in engineering with high accuracy, while 

usually suffers from the long computation time, especially in the multi-physics analysis 

because of complicated iteration processes among different physical fields. In contrast, the 

analytical method could investigate the physical mechanism accounting for the influence of 

design parameters and eminently ease the computation burden. Therefore, the analytical 

method is preferred at the early design stage to reduce the number of candidates effectively. 

However, the FE method is necessary for further optimization and checking. 

In general, for the optimization of electromagnetic performance for HSPM machines, two 

variables are often enough, i.e. the split ratio of inner diameter to outer diameter of the stator 

and the maximum stator iron flux density [ZHU97] [EDE01] [BIA05] [WAN18] [MA19b] 

[HE21]. Besides, other variables such as sleeve thickness for minimum rotor eddy current loss 
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[SHA09], notch outside the stator for improving cooling ability [ZHA15], and motor length to 

diameter ratio for maximum torque [HE21] are optimized for different applications of HSPM 

machines.  

The restrictions of optimization usually are the thermal limit. However, in order to improve the 

reliability of HSPM machines, more loss components and constrains are considered. [EDE01] 

takes stator iron loss into consideration, [MA19b] takes the rotor eddy current loss into 

consideration, [LUO09] considers the air friction loss of the rotor. [WAN18] [LIQ15] consider 

the mechanical constrains, and [HE21] considers the effect of armature reaction on the stator 

iron loss. [HE21] restricts the allowed maximum current density. Therefore, multiphysics 

optimization including thermal field, mechanical strength, mechanical losses, and rotor 

dynamics constraints by using CFD and FE model is very popular [HUA16] [ZHA18] 

[DUG21]. In [HUA16], the sleeve thickness is optimized for the mechanical stress and the 

rotor length to diameter ratio is optimized for the rotor mechanical strength. [ZHA18] adopts 

global optimization method including motor structure, thermal model, and residual contact 

pressure for a comprehensive performance of 48s/8p HSPM machine optimization. [DUG21] 

sets the lowest rotor temperature, i.e. the minimum rotor eddy current loss, as the indirect 

optimization target, and then considers the rotor stress and output torque. [DON14] increases 

stator yoke width to improve the cooling capability. In addition, multi-objective optimums are 

required for different applications [KRA17] [ZHA18]. 

1.5 Scope of Research and Contributions of the Thesis 

In this thesis, the electromagnetic performance of a 2-pole HSPM motor with toroidal windings 

for vacuum cleaner application is designed and investigated, accounting for the slot number 

and the slot ratio, i.e. the ratio of the inner slot area to total slot area. In addition, the influence 

of manufactory tolerances on electromagnetic performance is analysed. Finally, the proposed 

motor, slotless motor with toroidal windings, and slotted motor with tooth-coil windings are 

compared, respectively. 

Chapter 1: Various HSPM machines are reviewed in terms of stator topologies, winding 

configurations, rotor topologies, and design considerations.  

Chapter 2: The influence of stator slot number on electromagnetic performance of 2-pole 

HSPM motors with toroidal windings is investigated and compared. For small-size low-power 
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application, 6-slot structure has advantage of no UMF and low rotor eddy current loss. In 

addition, the 3s/2p HSPM motors with tooth-coil and toroidal windings are compared.  

Chapter 3: The 6s/2p HSPM motor with toroidal windings is designed and optimised. One of 

the most important design parameters, i.e. split ratio, is optimized together with the slot ratio, 

i.e. the ratio of inner slot area to total slot area.  

Chapter 4: The influence of stator segment gap and stator misaligned segments occurred 

during modular manufactory process of 6s/2p HSPM motor with toroidal windings on 

electromagnetic performance is investigated.  

Chapter 5: The electromagnetic performance between 6s/2p slotted HSPM motor with toroidal 

windings and 6-coil/2-pole slotless HSPM motor with toroidal windings is compared.  

Chapter 6: General conclusion and future work. 

The major contributions of the thesis include: 

1. It is found for the first time that the stator segment gap results in unbalanced three phase 

back-EMFs, not only amplitudes, but also phase angles. Further, the misaligned stator 

segments with gaps result in asymmetric air-gap length and winding configuration 

which affect the electromagnetic performance significantly. 

2. It is found that the slot ratio, i.e. inner slot area and outer slot area, has great impact on 

the motor electromagnetic design. When the inner slot area equals to outer slot area, the 

output torque reaches maximum. 

3. The winding factors of HSPM machines with toroidal windings are calculated and 

compared. In addition, it is shown that toroidal windings are not suitable for 3-slot stator 

structure. 

4. The comparison between slotted and slotless HSPM motors with toroidal windings. 
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Fig. 1.29 Research scope and outline. 
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CHAPTER 2 

INFLUENCE OF SLOT NUMBER ON 

ELECTROMAGNETIC PERFORMANCE OF 2-POLE 

HIGH-SPEED PERMANENT MAGNET MOTORS 

WITH TOROIDAL WINDINGS 

This chapter investigates the influence of stator slot number on electromagnetic performance 

of 2-pole high-speed permanent magnet (HSPM) slotted motors with toroidal windings. Four 

2-pole slotted motors with different slot numbers, i.e. 3, 6, 9, and 12, are globally optimised 

for maximum torque, and their electromagnetic performance are compared, including winding 

factor, air-gap flux density, back-EMF, cogging torque, electromagnetic torque, winding 

inductances, unbalanced magnetic force (UMF), and various loss components. It shows that 

the 6s/2p HSPM motor with toroidal windings is eminently suitable for high-speed applications 

due to no UMF and easy to realise a modular structure. In addition, toroidal and tooth-coil 

windings are compared in the 3s/2p motors, and the results confirm that toroidal windings are 

not suitable for the 3s/2p HSPM motor due to rich air-gap field harmonics. Finally, a 6s/2p 

prototype motor is manufactured and tested to validate the finite element (FE) predictions.  

This chapter is based on the paper published in: 

F. Xu, T. R. He, Z. Q. Zhu, Y. Wang, H. Bin, D. Wu, L. M. Gong, and J. T. Chen, “Influence 

of Slot Number on Electromagnetic Performance of 2-pole High-Speed Permanent Magnet 

Motors With Toroidal Windings,” in IEEE Transactions on Industry Applications, vol. 57, no. 

6, pp. 6023-6033, Nov.-Dec. 2021.  

2.1 Introduction 

HSPM motors have been developed over the last decades due to high power density, small size, 

and low weight. The toroidal windings with a short axial length are attractive for improving 

power density and are employed for a variety of applications. [ZWY05] designs a 100W, 500 

krpm PM generator for mesoscale gas turbine, which is a promising solution for high energy 

and power density portable devices. [GIL16] compares different topologies of 15 kW, 150 

krpm PM motors for electrically assisted turbocharger. [SCH17] presents a 160 krpm, 

bearingless slice motor for different applications in electrical drive systems, such as high-speed 

https://ieeexplore.ieee.org/author/37088546235
https://ieeexplore.ieee.org/author/37281370100
https://ieeexplore.ieee.org/author/37088546462
https://ieeexplore.ieee.org/author/37086924793
https://ieeexplore.ieee.org/author/37085362123
https://ieeexplore.ieee.org/author/37587256100
https://ieeexplore.ieee.org/author/37406646800
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spindles, turbo compressors, and flywheels. [BOR14] discusses three HSPM machines for 

different applications, including a micro-milling spindle (150W, 200 krpm), an air compressor 

(4.5mNm, 30 ̴ 90 krpm), and a gas-turbine generator (3.7kW, 240 krpm). 

In general, the structures of HSPM motors with toroidal windings can be classified as slotless 

and slotted. A HSPM slotless motor with toroidal windings has better heat dissipation 

capability due to direct contact between windings and housing [SCH17][JUM16]. In addition, 

the manufacturing cost of motors with toroidal windings are relatively lower compared with 

conventional windings due to its simple iron core structure [BOR14]. Slotless stator with 

toroidal windings can mitigate vibration and noise effetely since it has no slotting effect, i.e. 

no air-gap field slot harmonics, and thus less torque ripples. Moreover, the rotor eddy current 

loss may be minimized as a result of less air-gap harmonics and relatively low armature 

reaction [GIL17][BIA04]. However, slotless stator structures usually have relatively lower 

torque density due to low magnetic loading. In literature, the slotted stator/rotor structures with 

toroidal windings are widely employed in different low-speed and medium-speed machines, 

such as induction machines [JEN12][VIL13], axial-flux PM machines [MUL99], Vernier PM 

(VPM) machines [XUG12][TOB99][LID15], flux reversal PM (FRPM) machines [LIH20], 

switched flux PM (SFPM) machines [LEE06], magnetically geared machines [JUN19]. The 

toroidal winding has a short axial end-winding length, which is suitable for machines where 

the axial length is limited. In addition, compared with the concentrated winding, the toroidal 

winding has a larger winding factor in the machines with relatively large slot number and small 

pole number [LIH20]. 

For HSPM machines, the slotted stator structures with toroidal windings are mainly used in 

large power, large size, multi-slot machines, e.g. a 30kW 18s/2p [ZHA15], a 15kW 24s/2p 

machine [CHE11], a 75kW 24s/2p machine [DON14a][DON14b], and a 117kW 36s/2p HSPM 

generator [ZHA16]. Most of them focus on the calculation of various loss components and 

thermal analysis, since high fundamental frequency will lead to large stator iron loss and eddy 

current loss in magnet, which may result in high temperature rise and irreversible 

demagnetization of PMs. [CHE11] proposes an optimal design method considering mechanical 

stress, rotor dynamic characteristics, and temperature rise. However, for small size, low-power 

and high-speed motors with toroidal windings, the influence of various slot/pole number 

combinations has not been systematically discussed yet. In [XUF20], the electromagnetic 

performances of 3-, 6-, 9-, and 12s/2p HSPM motors with toroidal windings are investigated. 

As an extension to [XUF20], four 2-pole HSPM motors with different slot numbers are 
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optimized considering the allowed maximum stator loss, which including stator iron loss. In 

addition, the winding inductances, AC copper losses, and frame losses of different slot numbers 

are analyzed and compared. Moreover, a 6s/2p HSPM motor is manufactured and tested to 

verify some of the finite element (FE) predicted results. 

In this chapter, the 2-pole high-speed motor topologies with toroidal windings and different 

slot numbers, as well as their winding factors are described in sections 2.2 and 2.3, respectively. 

In section 2.4, four motors are optimized analytically considering the stator thermal limitation. 

Section 2.5 compares the electromagnetic performance of these motors with different slot 

numbers. In section 2.6, one 6s/2p HSPM prototype motor with toroidal windings is 

manufactured and tested to validate the FE predicted results. Finally, section 2.7 is the 

conclusion.  

2.2 Motor Topologies  

The topologies of four 2-pole HSPM motors with toroidal windings and different slot numbers 

are shown in Fig. 2.1. In order to reduce the operating frequency, the pole number is chosen as 

2 so that the electromagnetic and switching losses are minimum. The rotor is surface-mounted 

with a diametrically magnetized magnet ring (N45SH) and the shaft employs magnetic material 

(GCr15). To protect the PMs from centrifugal force, a stainless-steel sleeve is employed. The 

material of stator lamination is 20-JNEH1200 and the thickness is 0.2mm to reduce the stator 

iron loss under high frequency. The stator is also equipped with outer teeth which do not 

contribute to the magnetic circuit, but mainly provide the mechanical support. To ease winding, 

the stator employs straight teeth without tooth-tips although the influence of tooth-tips will be 

investigated in this chapter. Further, due to the limitation of motor size, the slot number is 

chosen as 3, 6, 9, and 12. It is worth noting that forced-air cooling is employed in those high-

speed motors due to the applications of hairdryers and vacuum cleaners. 
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(a) 3-slot (b) 6-slot 

  

(c) 9-slot (d) 12-slot 

Fig. 2.1. Cross-sections of 2-pole high-speed motors with toroidal windings. 

2.3 Winding Configuration and Winding Factor 

The slot/pole number combination affects winding factor (Kw) significantly. The conventional 

formulae of winding factor cannot be directly used in the motors with toroidal windings. In this 

part, Fig. 2.2 (I) shows the winding layouts of four 2-pole motors with different slot numbers. 

Since the coils are wound around stator core, the coil factor should be full-pitched. However, 

the outer side winding only formed the circuit and can be treated as end-windings, thus, the 

coil factor of four 2-pole motors is equivalent to only 0.5. As shown in Fig. 2.2 (II), the 

distribution factors of 3-slot and 6-slot motors are both equal to 1. However, the distribution 

factors of 9-slot and 12-slot motors should be calculated, Table 2.1. Therefore, the fundamental 

winding factors of 3-, 6-, 9-, 12s/2p HSPM motors with toroidal windings are 0.5, 0.5, 0.48, 

0.48, respectively. 
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(a) 3-slot 

  

(b) 6-slot 

  

(c) 9-slot 
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(d) 12-slot 

(I). Winding layouts (II). Phasors 

Fig. 2.2. Winding layouts and phasors of 2-pole HSPM motors with toroidal windings. 

Table 2.1 

Winding Factors of 2-Pole Motors with Different Slot Numbers* 

 3-slot 6-slot 9-slot 12-slot 

Kp 0.5 0.5 0.5 0.5 

Kd 1 1 
sin

6

3sin
18



  cos
12

  

Kw=KpKd 0.5 0.5 
sin

6

6sin
18




 1

cos
2 12

  

*Note: where v is the harmonic order. 

2.4 Optimal Design  

In this section, the split ratio (λ), i.e. the ratio of stator inner diameter (Di) to stator outer 

diameter (Do), will be optimized analytically for the maximum electromagnetic torque. Small 

size, low power, 2-pole HSPM motors usually have large stator iron loss at high-speed 

operation due to high frequency [BIA04]. Therefore, a fixed current density with a limitation 

of stator loss including stator iron loss and copper loss will be employed in this optimization. 

The maximum allowable current density varies between 1 and 10 A/mm2 based on experience 

[HAN03]. In addition, the current density in the coil windings must be limited in order to avoid 

local overheating, which would lead to the destruction of the winding insulation and result in 

a short circuit [REI13]. In high-speed motors, the insulation class is higher than the 
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conventional low- and medium-speed motors, and the maximum allowable current density of 

this thesis is provided by Midea’s company as 12 A/mm2. 

In general, HSPM motors are designed under 120° electrical brushless operation mode. 

Different from tooth-coil windings, the toroidal windings need outer teeth/slot area to support 

the outer windings, and thus the slot area ratio, i.e. the ratio of inner to total slot area, should 

be considered. In this section, the slot area ratio is assumed as 0.5, and thus the inner and outer 

slot areas have the same area and packing factor. The influence of slot area ratio will be 

investigated in Chapter 3. In this thesis, the edge damage on stress is neglected. 

In literature [BIA04] [BIA05], the maximum allowed stator loss depends on stator thermal 

limit, which can be derived as 

stator m o aP hv D l
 

(2.1) 

where h represents the overall heat transfer coefficient which is 100 W/( °Cm2 ) in this design 

due to the forced-air cooling [BIA05]. The maximum allowed temperature vm is 120°C since 

the insulation class is ‘E’ in this design. la is the stator active length. In this thesis, the 

demagnetization is not considered. Generally, the iron loss can be calculated by the Bertotti 

model [ATA92] 

1.5 1.5 2 2( )fe fe hy fe ex fe ec feP m k fB k f B k f B  
 

(2.2) 

where mfe is the stator mass, khy, kex, and kec are the hysteresis coefficient, the eddy current 

coefficient, and the excess loss coefficient, respectively. f denotes the fundamental frequency 

and Bfe represents the maximum stator iron flux density. 

Table 2.2 

Main Parameters of 6/2 HSPM Motor without Stator Gap  

Hysteresis coefficient khy 173.295 Eddy current coefficient kec 0.086 

Excess loss coefficient kex 2.068   

With the rated speed and fixed fundamental frequency, the stator iron loss per unit volume only 

depends on the maximum stator flux density. According to Gauss’ Law, the stator iron flux 

density is defined by the maximum air-gap flux density (Bg) resulted from PM. Since the motor 

employing toroidal windings, the influence of armature reaction on the stator iron loss can be 

neglected due to the small effect on the maximum stator flux density. Therefore, in this thesis, 
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the influence of armature reaction on Gauss’ Law is neglected. For different slot/pole number 

combinations, the relationships between stator tooth width and stator yoke height are described 

as coefficient (ktw) [PAN06]. The stator tooth width (wt) and the stator yoke height (ht) can be 

calculated by the maximum air-gap flux density and stator iron flux density 

g( )

2

tw i g

t tw t

fe

k D l B
w k h

B


 

 

(2.3) 

where lg is the air-gap length. In literature [ZHU97], the maximum air-gap flux density can be 

calculated with a fixed remanence (Br) and split ratio. According to the stator tooth width and 

yoke height, the cross-sectional area of one conductor (Acond) can be obtained with a fixed 

number of turns. For toroidal winding configuration, the conductors in the outer slots are 

considered as the part of end-winding and thus the total end-winding length (le) cannot be 

neglected in the calculation of copper loss, which is given by 

2 ( )
2 a e s

cu rms cu

cond

l l N
P I
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(2.4) 

where ρcu is the resistivity of copper, Ns is the number of in series turns per phase.  

The temperature rise caused by copper loss is limited by fixing current density (Js), and the 

RMS phase current is given by 

rms s condI J A
 

(2.5) 

Then, the electromagnetic torque is obtained as: 

2 ( )em g i g a s w s condT B D l l N k J A 
 

(2.6) 

As equations mentioned above, the electromagnetic torque is a function of the split ratio, the 

maximum stator iron flux density, and current density. Therefore, the stator loss should be less 

than the thermal limit and the torque can be rewritten as: 

2( ) ( , )em o g a s w s feT D l l N k J f B    (2.7) 

Fig. 2.4 indicates the variation of average torque with stator loss of four 2-pole motors with 

different slot numbers. It can be seen that the maximum average torques of four motors increase 

almost linearly with the increase of stator loss. Therefore, considering thermal limit, the 
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maximum torque can be achieved under an optimal combination of split ratio and maximum 

stator iron flux density. The parameters of four optimized designs are shown in Table 2.2.  

As can be seen, four 2-pole motors with different slot numbers have almost the same optimal 

split ratio and maximum iron flux density, although their maximum torques are slightly 

different, with the highest torque in the 3- and 6-slot/2-pole HSPM motors.  

 

Fig. 2.3. Model of 6-slot/2-pole HSPM motor with toroidal windings. 

 

Fig. 2.4. Variation of average torque with stator loss for 2-pole HSPM motors with different 

slot numbers. 

TABLE 2.2 

Optimized Design Parameters for Four 2-Pole HSPM Motors 

 3-slot 6-slot 9-slot 12-slot 

Stator outer diameter Do, mm 54 

Stator active length la, mm 9.1 

Air-gap length lg, mm 1.25 

Shaft radius Rshaft, mm 2.5 
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Sleeve thickness, mm 0.3 

Number of series turns per phase, Ns 36 

Outer tooth height ho, mm 3.3 

Current density, Js, A/mm2 12 

Rated speed, krpm 110 

Split ratio 0.3 

Maximum stator iron flux density Bfe, T 1.0 

Stator yoke height hy, mm 6.3 6.3 6.3 6.1 

Inner tooth width wt, mm 12.5 6.3 4.1 3.2 

Iron loss, Pfe W 8.17 8.17 8.09 8.16 

Copper loss, Pcu, W 10.21 10.22 10.38 10.23 

Rotor loss, W 12.69 8.74 8.16 7.97 

Torque, mNm 48.72 48.72 47.53 45.81 

Torque ripple, % 12.79 13.23 14.49 12.33 

2.5 Analysis of Electromagnetic Performance  

In this section, the influence of slot number on electromagnetic performance is investigated by 

FE method, including air-gap flux density, open-circuit flux linkage, back EMF, stator and 

rotor losses, frame losses, winding inductances, and unbalanced magnetic force (UMF). 

2.5.1 Air-gap flux density  

Figs. 2.4 and 2.5 show the open-circuit flux distributions and equal potential distributions of 2-

pole motors with different slot numbers. It can be seen that they have the same maximum stator 

iron flux density, except for tooth corners due to local magnetic saturation. Fig. 2.6 shows the 

air-gap flux density waveforms and spectra of 2-pole motors with different slot numbers. It 

shows the open-circuit air-gap flux density waveforms are all sinusoidal due to 2-pole magnet 

with parallel magnetization. The slot number affects the harmonic contents, but does not 

change the fundamental amplitude since high-speed PM motors generally employ large air-gap 

length. The MMF generated by the 2-pole PM can be calculated as [EDE01] 

( , ) cos( )PM PMF t F t   
 

(2.8) 

where θ is the air-gap circumferential position. 
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However, due to slotting effect, there are extra slot harmonics in the air-gap magnetic field. 

The air-gap permeance distribution of the motor accounting for stator slotting effect can be 

expressed as: 

0 0

1

( ) cos( ( ))
slotk N slot

k

P P P kN  




  
 

(2.9) 

where P0 is the DC component of permeance, PkNslot is the amplitude of Fourier coefficient, 

Nslot is the stator slot number, k is the harmonics index. θ0 represents the phase difference. 

According to (2.8) and (2.9), the open-circuit air-gap flux density can be expressed as 
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(2.10) 

Therefore, the air-gap flux density has the (k𝑁𝑠+1)th and (k𝑁𝑠-1)th spatial harmonics.  

Consequently, the spatial harmonic orders in the air-gap field are 2, 4, 5, 7,… for the 3-slot 

motor; 5, 7, 11, 13, …for the 6-slot motor; 8, 10, …for the 9-slot motor; and 11, 13, … for  the 

12-slot motor. The analytical predictions agree well with the FE results, Fig. 2.6.  

  

(a) 3-slot (b) 6-slot 
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(c) 9-slot (d) 12-slot 

Fig. 2.4. Open-circuit flux distributions of high-speed 2-pole motors with toroidal windings. 

(Rotor positions are chosen for maximum core back flux) 

  

(a) 3-slot (b) 6-slot 

  

(c) 9-slot (d) 12-slot 

 

Fig. 2.5. Open-circuit equal potential of high-speed 2-pole motors with toroidal windings.  

0.0 2.01.50.5 1.0

B (T)
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(a) Waveforms 

 

(b) Harmonics 

Fig. 2.6. Open-circuit air-gap flux density distributions. 

2.5.2 Open-circuit flux linkage 

The open-circuit flux linkage waveforms of 3-, 6-, 9- and 12-slot HSPM motors with toroidal 

windings are shown in Fig. 2.7. The difference in amplitudes for four motors can be mainly 

attributed to the different fundamental winding factors, Table 2.1, which are 0.5, 0.5, 0.48 and 

0.48 for 3-, 6-, 9-, 12-slot/ 2-pole motors, respectively.  
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(a) Waveforms 

 

(b) Harmonics 

Fig. 2.7. Flux linkages of motors with different slot numbers. 

It is worth noting that only the 3-slot motor has the 3rd harmonic in the flux linkage. For toroidal 

windings, the conductors in outer slot cannot link the flux and thus have no flux linkage, which 

can be confirmed by the comparison of toroidal and tooth-coil windings. Fig. 2.8 shows 

different flux linkage waveforms of 3-slot motors with tooth-coil and toroidal windings. 

However, it still cannot explain the results clearly. Therefore, the investigation of two 

conductors (A1, A2) in one coil of the motors with toroidal and tooth-coil windings is necessary, 

Fig. 2.9. The flux linkage waveforms of A1 and A2 conductors are shown in Fig. 2.10. The 3rd 

harmonic of tooth-coil windings is eventually eliminated by the addition of two conductors due 

to the same amplitude and opposite phase angle. However, toroidal windings only have one 

conductor in one coil to link the flux and thus the 3rd harmonic cannot be eliminated. In addition, 

other topologies with different slot numbers have more than one coils per phase can link the 

flux and thus the 3rd harmonic can be eliminated. 
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(a) Waveforms 

 

(b) Harmonics 

Fig. 2.8. Flux linkages of 3-slot motors with toroidal and tooth-coil windings. 

  

(a) Tooth-coil windings (b) Toroidal windings 

Fig. 2.9. Cross sections of 3-slot motors with tooth-coil and toroidal windings. 
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(a) Waveforms 

 

(b) Harmonics 

Fig. 2.10. Flux linkages of A1 and A2 coils of 3-slot motors with toroidal (TO) and tooth-coil 

(TC) windings. 

However, when employing linear material for stator lamination, the 3rd harmonic in the 3-slot 

motor with toroidal windings is disappeared, Fig. 2.11. Therefore, the main reason for the 

existence of the 3rd harmonic in the 3-slot motor with toroidal windings is the magnetic 

saturation in the stator core. 
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(a) Waveforms 

 

(b) Harmonics 

Fig. 2.11. Flux linkages of 3-slot motors employing nonlinear and linear material for stator 

lamination.  

2.5.3 Back-EMF 

The back-EMFs of four motors with different slot numbers are compared in Fig. 2.12. Since 

the back-EMF is proportional to the flux linkage, there are the 3rd and 9th harmonics in the 

phase back-EMF of the 3-slot motor with toroidal windings although it will disappear in the 

line back-EMF waveform and do not contribute to the torque.  
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(a) Waveforms 

 

(b) Harmonics 

Fig. 2.12. Back-EMFs of 2-pole motors with different slot numbers.  

2.5.4 Cogging torque and electromagnetic torque 

Fig.2.13 shows the cogging torque and electromagnetic torque waveforms of four 2-pole 

motors under ideal brushless DC drive 120-degree square wave current for idealised high-speed 

operation. Brushless DC drive operation is suitable since (1) the corresponding torque ripple 

caused by sinusoidal back-EMF waveform and square phase current waveform is less critical 

for high-speed operation, and (2) sinusoidal air-gap field is beneficial for reducing the iron loss 

which is important for high-speed operation. Cogging torques in four motors are almost zero 

due to sinusoidal air-gap field. 
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Fig. 2.13. Cogging torques and electromagnetic torques of 2-pole motors with different slot 

numbers. 

 

2.5.5 Winding inductances 

High speed motors normally have relatively small winding inductances for senseless control. 

The influence of different slot numbers on winding inductances is investigated in this part. The 

winding inductances are calculated by FEA when only one phase is excited (Ia=1A, Ib=0A, 

Ic=0A). Fig. 2.14 shows the magnetic field distributions when only phase A is excited. It shows 

that for 3-slot and 9-slot motors, almost all fluxes pass across the stator yoke, and thus the self- 

and mutual-inductances are significantly large and both are positive. For 6-slot and 12-slot 

motors, the mutual-inductance is small and negative, which leads to larger phase inductance 

compared with 3-slot and 9-slot motors, Table 2.3 

  

(a) 3-slot (b) 6-slot 
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(c) 9-slot (d) 12-slot 

Fig. 2.14. Flux distributions when only phase A winding is excited in 2-pole motors with 

different slot numbers. 

Table 2.3 

Inductances for Four 2-Pole HSPM Motors (μH) 

 3-slot 6-slot 9-slot 12-slot 

Self-inductance  2027.14 17.83 720.20 17.17 

Mutual-inductance 2011.48 -1.87 702.84 -2.05 

Phase inductance  15.66 19.7 17.36 19.22 

2.5.6 Loss analysis 

Since the maximum open-circuit flux densities of four optimized motors are the same, the 

influence of armature reaction is small and the iron volume are similar, and the iron losses of 

four motors are almost the same, as shown in Fig. 2.15.  

Rotor loss is important for PM motors since the generated heat is very difficult to be dissipated. 

Thus, the rotor temperature rise resulted from the rotor eddy current loss may lead to thermal 

issues and irreversible demagnetization of PMs. It is even more critical for HSPM motors due 

to small size and high power density. Therefore, the influence of slot number on the rotor loss 

of 2-pole motors should be investigated. 

In this section, the rotor loss includes eddy current loss in sleeve, PMs, and shaft. Fig. 2.15 

shows that the rotor losses decrease with the increase of the slot number, and the 3-slot motor 

has the largest eddy current losses due to the largest space harmonics. For the fundamental 

current, the rotor eddy current losses are significantly reduced, Fig. 2.15, since the fundamental 

field produced by the fundamental armature reaction is in synchronous rotation with the rotor. 

In another word, the time harmonics of the ideal brushless DC (BLDC) drive 120-degree square 
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wave current affect the magnetic field significantly, which increases the rotor eddy current loss. 

Meanwhile, the slot opening effect also induces rotor eddy current losses, particularly for the 

3-slot motor which has relatively large slot opening, i.e. large space harmonics.  

The copper loss in high-speed PM motors includes DC loss and AC loss due to skin effect and 

proximity effect. In this section, the skin depth at rated speed is 1.54mm [UZH14], which is 

larger than the conductor diameter, and thus the skin effect can be neglected. With high 

frequency, the magnetic field caused by PMs and phase current lead to the proximity effect. In 

literature [WRO10], the influence of proximity effect on the AC loss of the end-windings is 

smaller than that of the active length of the conductors. Therefore, the joule losses of four 

motors with different slot numbers under different frequencies and same phase current are 

shown in Table 2.4, neglecting end-winding. It shows that the ratios of AC to DC resistance in 

four motors are almost the same, 1.3 to 1.5, which means the AC loss caused by proximity 

effect should be considered.  

Table 2.4 

Joule Losses without End-windings (W) 

 3-slot 6-slot 9-slot 12-slot 

DC loss 4.81 4.81 4.81 4.81 

Joule loss (50Hz) 4.93 4.84 5.46 5.98 

Joule loss (1.83kHz) 7.38 7.62 7.22 7.71 

The losses in the frame are taken into consideration since the toroidal windings have high 

external leakage caused by the outer windings, which will inevitably induce eddy currents in 

neighboring conductive bodies [BOR14]. The material of frame is aluminum for its electrical 

conductivity and cooling activity. When the frame thickness is less than 3mm, the frame eddy 

current loss increases sharply, while after that the frame loss remains unchanged due to the skin 

depth of frame is 2.1mm, Fig. 2.16. In addition, there is almost no influence of slot number on 

the frame loss.  
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Fig. 2.15. Losses of 2-pole motors with different slot numbers and toroidal windings. 

 

Fig. 2.16. Variation of loss with frame thickness of different slot numbers. 

2.5.7 Unbalanced magnetic force 

The UMF significantly affects vibration, noise level, and life of bearings, which should be 

considered carefully in high-speed motors. Fig. 2.17 shows the UMF of 2-pole motors with 

different slot numbers. It can be seen that the 3-slot motor has the largest UMF whilst the 9-

slot motor has smaller UMF due to its smaller 2nd order harmonic in the armature reaction. 

However, 6-slot and 12-slot motors have no UMF due to the symmetrical stator topology and 

balanced winding distribution. Therefore, for high-speed application, 6-slot/2-pole and 12-

slot/2-pole motors are preferred since they do not have UMF. 
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Fig. 2.17. UMF of 2-pole motors with different slot numbers. 

2.6 Experimental Validation 

In this section, a 6s/2p HSPM motor is manufactured by Midea and tested. Fig. 2.18 shows the 

prototype motor with toroidal windings, the rotor-bearing-blade system, and the house structure. 

The phase resistance and winding inductance of the prototype are measured by a LCR meter 

under 120Hz and 1000 Hz, Table 2.5. It shows that the analytical prediction of resistance is 

smaller than the measured results due to neglecting the influence of frequency. Under high 

frequency (1kHz), the measured phase resistance is significantly larger than that under low 

frequency (120Hz), which means the AC copper loss should be considered in toroidal windings. 

The FE predicted winding inductance in 2D-FE model is ideal inductance and is slightly larger 

than the measured inductance under 120Hz due to neglecting end-winding, Table 2.5. With the 

increase of frequency, the measured inductance decreases. Overall, the measured phase 

resistance and inductance agree well with analytical and FE predictions. 

Fig. 2.19 shows a test rig for the measurement of on-load static torque [ZHU09]. With the phase 

currents of IA = -IB = 5 A, IC = 0A, FE predicted and measured static torques of the 6s/2p HSPM 

motor have a good agreement at different rotor positions, Fig. 2.20. The maximum static torque 

increases with the increase of phase current linearly, and the measured static torques are smaller 

than the FE calculations due to end effect and friction, Fig. 2.21. The comparison of the FE 

prediction and measurement of three phase back-EMF waveforms is shown in Fig. 2.22, and 

they have a good agreement. In literature, several high-speed PM motors have been 

manufactured and tested under high-speed operation but with no measured torque results 

[PFI10][ZHA16][UZH16][KAZ16][DUG20] since it is very difficult to measure the torque 

under the high-speed operation. In our case, the rotor shaft of the motor is directly coupled with 
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the blade which provides the load, as shown in Fig. 2.18(c). Hence, the direct measurement of 

torque is not possible. Therefore, in this Chapter, the measured back-EMF, phase current, and 

terminal voltage waveforms of the 6s/2p motor with toroidal windings at the rated speed of 110 

krpm are provided in Fig. 2.22(a) and Fig. 2.23. The motor speed is very high so that there are 

only around 10 PWM waves in each electrical cycle, which makes the current ripple serious 

and obvious. In addition, small winding inductance will cause current ripple as well. 

  

(a) Prototype (b) Stator with toroidal windings 

  

(c) Rotor-bearing-blade system (d) House structure 

Fig. 2.18. Prototype of the 6s/2p HSPM motor with toroidal windings.. 

 

Table 2.5 

Predicted and Measured Winding Resistances and Inductances 

Resistance (m) Inductance (μH) 

ANA 
Measured 

(0Hz) 

Measured 

(120Hz) 

Measured 

(1kHz) 
FEM 

Measured 

(120Hz) 

Measured 

(1kHz) 

36.3 52.6 54.8 74.0 19.5 25.0 23.4 
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Fig. 2.19. Test rig for static torque measurement. 

 

Fig. 2.20. Measured and FE predicted open-circuit and on-load static torques under the phase 

currents of IA = -IB = 5 A, IC=0A. 

 

Fig. 2.21. Maximum measured and FE predicted static torques with various phase currents. 
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(a) Waveforms 

 

(b) Spectra 

Fig. 2.22. FE predicted and measured three phase back-EMF waveforms of the 6s/2p HSPM 

motor at 110 krpm.  

 

Fig. 2.23. Measured phase current and terminal voltage waveforms of the 6s/2p motor with 

toroidal windings at the rated speed of 110 krpm, i.e. f=1.83kHz, with speed control 

(10.0V/div; 20.0A/div; Udc =25.2V). 
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2.7 Conclusion 

In this chapter, the 3-/6-/9-/12-slot, 2-pole low-power small size high-speed PM motors with 

toroidal windings are optimized and their open-circuit and on-load electromagnetic 

performances are investigated and compared, including winding factor, air-gap flux density, 

back-EMF, cogging torque, electromagnetic torque, winding inductances, unbalanced 

magnetic force (UMF), and various loss components. It shows that the slot number has 

negligible influence on the optimal split ratio when fixing the current density and allowed 

maximum stator iron and copper losses. In addition, 6-slot and 12-slot motors are more suitable 

than 3-slot and 9-slot motors for high-speed application due to non-existence of UMF. 

Compared with the 12-slot motor, the 6-slot motor has less iron loss and larger torque due to 

larger winding factor, which is a better choice for high-speed application. 

It is worth noting that the 2-pole toroidal winding motors have relatively low winding factor 

(0.5), which is almost the same as that of a 6s/2p tooth-coil motor (0.5), and all lower than 

that of a 3s/2p tooth-coil motor (0.866). However, a 3s/2p motor exhibits unbalanced magnetic 

force which is critical for high-speed operation, while both 6s/2p tooth-coil and toroidal 

winding motors have no unbalanced magnetic force. 
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CHAPTER 3 

SPLIT RATIO OPTIMIZATION FOR 6-SLOT/2-POLE 

HIGH-SPEED PERMANENT MAGNET MOTOR WITH 

TOROIDAL WINDINGS 

Split ratio, i.e. the ratio of stator inner diameter to outer diameter, has a close relationship with 

electromagnetic performance of permanent magnet (PM) motors. In this chapter, the toroidal 

windings with short end-winding axial length are employed in the 6-slot/2-pole PM motor for 

high-speed applications. The split ratio is optimized together with the ratio of inner slot area to 

total slot area, i.e. slot ratio, considering stator total loss of stator iron loss and copper loss. In 

addition, the influence of maximum stator iron flux density and tooth-tips on the optimal split 

ratio, slot ratio, and average torque is investigated. The analytical predictions show that when 

the slot ratio is 0.5, the maximum torque can be achieved, and the optimal split ratio increases 

with the decrease of slot ratio, as confirmed by the finite element (FE) analyses. Finally, some 

of predicted results are verified by the measured results on a 6s/2p prototype motor with 0.5 

slot ratio. 

3.1 Introduction 

High-speed permanent magnet (HSPM) motors have advantages of high power density and 

high efficiency. They are widely employed in many industrial applications, such as electric 

turbochargers, automotive m superchargers, micro gas turbines, compressors, blowers, pumps, 

hybrid electric vehicles, turbo-molecular pumps, and machine tool spindle drives [BIA05] 

[GER14] [TEN14] [SHE18] [DUG20] [JAN11] [KOL11] [ISM18]. For domestic appliances, 

e.g. vacuum cleaners, small size low power HSPM motors offer advantages in high power 

density and high efficiency which are desirable and attractive [ZHU97]. There are different 

slot/pole combinations has been employed in this area, such as 3-slot/2-pole (3s/2p) PM motor 

with non-overlapping windings [ZHU97] [HES87], 6-slot/2-pole (6s/2p) PM motors with non-

overlapping/overlapping windings [TEN14] [SHI04] [NOG05].  

In literature, [HES87] designs a 3s/2p HSPM motor for hand piece tool. The rotor with a solid 

PM together with stainless steel shaft is designed to improve the mechanical strength for high-

speed operation (150 krpm). In [ZHU97], a 20 krpm, a 3s/2p HSPM motor is designed for 
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friction welding unit. It shows that compared with conventional motors, a high-speed motor 

with high frequency results in large stator iron loss, which cannot be neglected in the 

optimization of high speed motor. 3s/2p PM motors with inherent unbalanced magnetic force 

(UMF) may lead to vibration and noise, and thus, a 6s/2p PM motor with no UMF is more 

attractive for high speed applications. In [SHI04], a 6s/2p HSPM motor with tooth-coil 

windings is designed and analyzed. The Inconel material (Inconel-718) for magnet protection 

covers the rotor surface and the magnets are magnetized radially. The differences between 

3s/2p and 6s/2p HSPM motors with tooth-coil windings are compared in [NOG05]. The results 

show that the 6s/2p motor has less rotor eddy current loss since a 3-slot motor has richer spatial 

harmonics caused by slotting effect, which is desirable for high-speed application. However, 

the 6s/2p HSPM motor with non-overlapping windings has relatively low winding factor (0.5). 

Therefore, a 6s/2p HSPM with two slot-pitch windings is proposed to increase the output torque 

and torque density since it has large winding factor (0.866) and short axial length [HET21]. 

As another kind of non-overlapping windings, toroidal windings with short end-winding axial 

length can be beneficial for better rotor mechanical stiffness under high speed rotation, which 

have been employed for several applications, such as micro turbine, gas turbine, and air 

compressor [WAN03] [ZWY05] [BOR14]. [WAN03] and [ZWY05] design a 6s/2p HSPM 

generator for micro turbines and for mesoscale gas turbine, respectively. In [BOR14], three 

6s/2p HSPM motors with different rated speeds (150 W at 200 krpm, 42 W at 90 krpm, 3.7 kW 

at 240 krpm) are designed. It is found that the high external leakage of the armature field of 

toroidal windings will lead to eddy current losses in the housing, which may account for 50% 

of total motor loss and should be considered. [XUF21] investigates the effect of slot number 

on the electromagnetic performances of 2-pole HSPM motors with toroidal windings, 

accounting for back electromotive forces (back-EMF), cogging torque, electromagnetic torque, 

different loss components including losses in the housing, winding inductance, and UMF. 

Overall, toroidal windings have advantages of short end-winding axial length, simple structure, 

easy manufacturing process, and modular design  

In general, when the stator outer diameter is fixed, the design of stator inner diameter, i.e. split 

ratio SR, has a great effect on motor torque, power capability and overall manufacturing cost 

[HES87] [CHA94] [CHA00]. In literature, the optimal SR has been investigated under different 

design considerations and restrictions [ISM18] [EDE01] [PAN06] [WAN18] [MAJ19] 

[REI13]. For low- and moderate-speed PM motors with overlapping and non-overlapping 

windings, the optimal SR has been investigated comprehensively in [PAN06]. Moreover, the 
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influences of operation mode, air-gap flux density distributions, tooth-tips and end-windings 

on optimal SR are discussed. For HSPM motors, [ISM18] analyses the optimal SR and optimal 

flux density ratio by analytical method. Considering the stator iron loss, [EDE01] optimizes 

the SR for the highest efficiency. [WAN18] considers the stator iron loss and mechanical 

constraints for optimal SR in 6s/4p HSPM motor. [MAJ19] derives an analytical expression of 

the optimal SR accounting for both stator and rotor loss limitations in small size HSPM motors. 

For HSPM motors with toroidal windings, [XUF21] uses finite element (FE) method to 

optimize the SR for maximum torque with fixed current density and stator thermal limitation. 

However, the outer slots of motors with toroidal windings can be used as the cooling channels 

to improve the heat dissipation capability under the forced-air cooling. Therefore, different 

outer and inner slot areas may affect the optimal SR, which has not been investigated before. 

In this paper, the effect of the slot ratio, i.e. the ratio inner slot area to total slot area, on the 

optimal SR of the 6s/2p HSPM motor with toroidal windings (TWHSPM) will be investigated 

considering the stator total loss.  

In section 3.2, the motor topology including end-winding model are described. The optimal SR 

for maximum torque with fixed stator total loss is investigated analytically in section 3.3. The 

influence of different design parameters on the optimal SR, including slot ratio, maximum 

stator iron flux density, and tooth-tips are illustrated in Section 3.4. A porotype motor is 

manufactured and tested in section 3.5. Section 3.6 is the conclusion.  

3.2 Motor Topology 

The cross section of a 6s/2p TWHSPM motor is shown in Fig. 3.1. The slot is divided into 

inner and outer slots by stator yoke due to toroidal winding configuration. The toroidal 

windings mean the winding is wound on the stator yoke, one side of the coil is located in the 

outer slot and the other side is located in the inner slot. It is worth noting that the connection 

polarities of the coils A1 and A2 for the same phase in the inner slot are opposite, Fig. 3.1. 

Under high-speed operation, a 2-pole ring magnet with diametric magnetization is adopted to 

reduce the operating frequency and also reduce the iron loss due to sinusoidal air-gap field. 

The rotor magnet is protected by a stainless steel sleeve, and a magnetic shaft is adopted to 

improve the output torque. In addition, the straight tooth without tooth-tips is employed for 

simplifying manufacture process. Table 3.1 shows the basic parameters of the motor. 
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For motor with toroidal winding, only conductors in the inner slot of winding can effectively 

link the flux and produce the back-EMF, the rest conductors, i.e. the conductors in the outer 

slot only form the current circuit loop. Therefore, the winding factor (kw) of the 6s/2p 

combination is 0.5 as the winding in the outer slot can be treated as a part of end-winding 

[XUF21]. Fig. 3.2 shows the end-winding model includes two end parts linking the outside and 

inside conductors which are assumed to be semi-circular. The total end-winding length (le) of 

one coil can be calculated as 

2 2 ( ) 4
2 2

out in
e er a y ex a

h h
l l l h l l

  
      

   

(3.1) 

where hout, hin and hy depict the outer tooth height, the inner tooth heights, and the stator yoke 

height, respectively. ler and la are the radial end-winding length and the stator active length, 

respectively. In addition, based on the manufactory process the extra part of end-winding length 

(lex) is variable and considered in this paper.  

 

Fig. 3.1. Cross section of the 6s/2p TWHSPM motor.  

 

(a) Model 1 
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(b) Model 2 

Fig. 3.2. End-winding model of the motor with toroidal windings. 

Table 3.1 

Basic Parameters of TWHSPM Motor 

Rated speed (krpm) 110 Shaft diameter (mm) 5 

Stator outer radius (mm) 27 Remanence (T) 1.3 

Stator active length (mm) 9.1 Magnetization Parallel 

Air-gap length (mm) 1.55 
Number of series turns per 

phase 
37 

3.3 Design and Optimization 

In this section, the SR of the 6s/2p TWHSPM motor is optimized for maximum average torque 

by analytical method. It is assumed that the inner slot area equals to outer slot area, and the 

outer tooth and inner tooth have the same width although the outer teeth are only used for 

mechanical supporting. In HSPM motors, high frequency will result in large stator iron loss. 

Therefore, the optimal SR of the HSPM motor takes both stator iron loss and copper loss into 

account. The stator iron loss are calculated by the Bertotti module [BER88] 

fe fe feP m W
 

(3.2) 

1.5 1.5 2 2

fe hy fe ex fe ec feW k fB k f B k f B  
 

(3.3) 

where Wfe represents the iron loss density, khy, kex, and kec depicts the hysteresis coefficient, the 

eddy current coefficient, and the excess loss coefficient. f and Bfe depicts the fundamental 

frequency and the maximum stator iron flux density. mfe is the stator mass 
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where pfe and Di depict the iron mass density and the stator inner diameter, Asin is the inner slot 

area, Afe is the stator iron area without the area of outer slot teeth since there are no flux in outer 

slot teeth and their iron flux densities are equal to almost zero. 

In order to limit the motor operating temperature, the optimization employs a fixed stator loss, 

which counts for stator iron loss and copper loss. In this case, under forced-air cooling, the 

stator thermal limitation can be derived as [BIA05] [BIA04] 

limit m s aP hv D l
 

(3.5) 

where Ds is the stator outer diameter. h is the overall heat transfer coefficient of 100 W/(°C  

m2). Accounting for ‘E’ insulation class, the winding hotspot temperature must be lower than 

the maximum allowed temperature vm of 120 degrees for slotted structure. As mentioned in 

section II, the coils are wound toroidally, and thus, the length of end-winding is not negligible. 

In general, HSPM motors are designed under 120° electrical brushless DC operation mode. 

Therefore, the copper loss is given by 

2 ( )
2 a e s

cu a cu

cond

l l N
P I

A





 

(3.6) 

where Ia, ρcu, Ns and Acond depict the amplitude of phase current, the resistivity of copper; the 

number of series turns per phase and the cross section area of conductors, respectively. Since 

the copper loss equals to (Plimit - Pfe), the amplitude of phase current is given by 

( )

2 ( )

limit fe cond

a

cu a e s

P P A
I

l l N





 

(3.7) 

and the electromagnetic torque (Tem)is obtained as 

( )3 3 3 3
( )

2 ( )

limit fe cond

em g a s w g a g i g a s w

cu a e s

P P A
T D l N k B I B D l l N k

l l N  


  


 

(3.8) 

where lg and Bg depict the air-gap length and the maximum air-gap flux density. Dg is the 

diameter of middle of the equivalent air-gap. Bg can be calculated by (3.9) 
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(3.9) 

where Br and μr are the remanence and relative recoil permeability of the magnet. Ri, Rm, and 

Rr denote the stator inner radius, the rotor outer radius, and the shaft outer radius, respectively.  

As mentioned before, equation (3.3), the frequency and Bfe, are the main factors to the 

calculation of the stator iron loss. According to equation (3.2), stator iron loss also depends on 

stator core volume, which can be calculated by  

g g m mB A B A
 

(3.10) 

m m fe feB A B A
 

(3.11) 

where Ag and Am are the air-gap area and the permanent magnet area, respectively.  

For the 6s/2p PM motor, the stator tooth width is the same as the stator yoke height [PAN06]. 

Therefore, the stator tooth width (wt) and the stator yoke height (ht) can be calculated by Bg and 

Bfe according to (3.10) and (3.11) 
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Then, with a fixed packing factor and the same inner and outer slot areas, the cross section area 

of conductors (Acond) can be calculated. Therefore, the electromagnetic torque can be presented 

as a function of the split ratio (λ) and Bfe, and equation (3.8) can be rewritten by 

1
2 ( , )
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where  
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(3.14) 
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For a given Bfe, the optimal SR for the maximum average torque can be obtained by 

( )
0

( )

f 






  

(3.15) 

Fig. 3.3 depicts the effects of SR and Bfe on the average torque. It can be observed that for each 

Bfe, the torque increases at first and then drops with the increase of SR. The same trend can be 

observed for the relationship between the maximum average torque and Bfe. Therefore, with an 

optimal combination of SR and Bfe, the maximum average torque can be achieved. Fig. 3.4 

shows the variations of FE and analytically predicted average torques with SR under the 

optimal Bfe (1.2T). The results predicted by FE and analytical methods have a good agreement 

in optimal SR and only a slight difference exhibited in the average torque. 

As mentioned before, the stator iron loss is considerably large due to high frequency, and thus 

the effects of the considered stator iron loss on the optimal SR is analyzed in this section. Fig. 

3.5 depicts the effect on average torque with SR by considering and neglecting stator iron loss. 

It is clear that compared with considering copper loss only, the considered stator iron loss 

decreases not only the optimal SR but also the maximum average torque. With the fixed stator 

loss, the considered stator iron loss leads to the reduced copper loss, thus the reduced electric 

loading and maximum average torque. In addition, the influence of stator iron loss on the 

optimal SR can also be verified by FE method, Fig. 3.4, and the analytical and FE predicted 

torques have a good agreement. Table 3.2 shows the optimized design of the 6s/2p TWHSPM 

motor. 

Table 3.2 

Optimized Parameters of Motor with Toroidal Windings 

Optimal split ratio 0.3 Inner tooth width (mm) 5.4 

Maximum iron flux density (T) 1.2 Inner tooth height (mm) 10 

Stator inner radius (mm) 8.1 Stator yoke height (mm) 5.4 

Magnet thickness (mm) 4.1 Average torque (mNm) 50.9 
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Fig. 3.3. Relationship between average torque and SR with different Bfe. 

 

Fig. 3.4. Variation of FE and analytically predicted average torques with SR (Bfe=1.2T). 

 

Fig. 3.5. Variation of average torque with SR by analytical and FE methods (Bfe=1.2T). 

  



75 

 

3.4 Influence of Design Parameters on Optimal Split Ratio 

3.4.1 Influence of slot ratio 

In section 3.3, the inner and outer slot areas are assumed to be the same. However, the outer 

slot area usually is designed to be larger than the inner slot area for the forced-air cooling 

requirement. Thus, the slot ratio (Ka), i.e. the ratio inner slot to total slot is introduced to 

determine the influence of the unequal inner and outer slot areas on the optimal SR, Fig. 3.6. It 

should be noted that during the variation of the slot ratio, different inner and outer slot areas 

lead to different packing factors. Since the packing factor in the smaller slot area is larger than 

that in the larger slot area, the required packing factor is employed in the slot with smaller area 

and the packing factor in the slot with larger area can subsequently be calculated. 

 

Fig. 3.6. Inner and outer slot areas of 6s/2p TWHSPM motor. 

Slot ratio should be taken into consideration since it affects the stator iron volume, which will 

influence the calculation of stator iron loss. Although different slot ratios lead to different end-

winding radial lengths, the influence of the copper loss of end-winding radial lengths on the 

optimal SR is very small considering stator iron loss. Therefore, the torque calculation can be 

rewritten as 

3 3 1
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2
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where 
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With the given Bfe and Ka, the optimal SR can be obtained by 

( )
0

( )
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(3.19) 

It is assumed that the Bfe is fixed as 1.2T, which is the optimal value when the slot ratio is 0.5. 

Fig. 3.7 shows the variation of average torque with SR under different slot ratios. It can be seen 

that for each given slot ratio, the average torque increase at first and then drops with the SR 

increases, which means the optimal SR for maximum torque can be achieved. Fig. 3.8 depicts 

the effect of slot ratio on the maximum average torque and optimal SR. It shows that with a 

fixed Bfe, the increased slot ratio decreases the optimal SR linearly and the maximum average 

torque can be achieved when the slot ratio is 0.5. The results can be explained by the active 

slot area, as shown in Figs. 3.9 and 3.10. The motor with Ka=0.5 has the largest active slot area 

and thus it has the largest average torque, Fig. 3.9. For the optimal SR, the differentials of 

active slot area curves against SR are shown in the Fig. 3.10. It depicts that the differential 

values increase when the slot ratio increases, and thus the motor with larger slot ratio has 

smaller optimal SR. It must be noted that the slot ratio also affects the total slot area, which 

leads to the different active slot areas between Ka=0.1/0.9, 0.3/0.7, Fig. 3.11. 

 

Fig. 3.7. Relationship between average torque and SR under different slot ratios (Bfe =1.2T). 
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Fig. 3.8. Relationship between average torque and optimal SR with slot ratio Ka (Bfe =1.2T). 

 

Fig. 3.9. Influence of SR on active slot area under different slot ratio Ka. (Bfe =1.2T). 

 

Fig. 3.10. Variation of differential active slot area curves against SR under different Ka (Bfe 

=1.2T). 
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Fig. 3.11. Variation of total slot area with slot ratio Ka under different SR (Bfe =1.2T). 

3.4.2 Influence of maximum stator iron flux density 

As stated in Section 3.3, the maximum stator iron flux density Bfe  has important influence on 

the stator iron loss, which affects the optimal SR with fixed stator loss. In order to investigate 

the effect of Bfe on the relationship between optimal SR and slot ratio, different Bfe are selected. 

Figs. 3.12 and 3.13 show the variation of average torque with SR under different slot ratios 

when Bfe is 0.9 T and 1.5T, respectively. It is clear that the maximum average torque can also 

be achieved when the slot ratio is 0.5. Fig. 3.14 depicts the influence of Bfe and slot ratio on 

optimal SR. It shows that for any given Bfe, the optimal SR drops with the increase of slot ratio. 

When Bfe is larger than 1, the influence of Ka on the optimal SR is significantly large, i.e. large 

variation range of optimal SR. When Bfe is less than 1, the influence of Ka on the optimal SR 

is relatively small, i.e. small variation range of optimal SR, Fig. 3.14. Therefore, the optimal 

SR of the case of Bfe larger than 1 is sensitive to the slot ratio, and that of the case of Bfe less 

than 1 is relatively insensitive. Fig. 3.15 depicts the relationship between maximum average 

torque and slot ratio under different Bfe. It indicates that for any given Bfe, the peak value of the 

maximum torque can be achieved when the slot ratio is 0.5. In addition, the maximum torque 

difference between different Bfe decreases with the increase of slot ratio, when it is larger than 

0.5. However, when the slot ratio is smaller than 0.5, the optimal Bfe for the maximum torque 

rises with the decreases of slot ratio. Therefore, considering the design of forced-air cooling 

channel, i.e. the slot ratio less than 0.5, the relatively large Bfe can be selected for enhancing 

the torque capacity. 
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Fig. 3.12. Relationship between average torque and SR (Bfe=0.9T). 

 

Fig. 3.13. Relationship between average torque and SR (Bfe=1.5T). 

 

Fig. 3.14. Influence of Ka on optimal SR under different Bfe. 
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Fig. 3.15. Relationship between Ka and maximum average torque with different Bfe. 

3.4.3 Influence of tooth-tips 

In the foregoing analyses, the motor employs straight tooth without tooth-tips for simplifying 

manufacturing process. However, the tooth-tips can reduce the leakage flux and increase the 

phase inductance. Therefore, in this section, the influence of tooth-tips on the maximum torque 

and optimal SR will be investigated. The cross section of the 6s/2p TWHSPM motor with tooth-

tips is illustrated in Fig. 3.15. The active slot area considering the tooth-tips can be given by 
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(3.20) 

where htt is the tooth-tip height. 

Fig. 3.17 depicts when the slot ratio is 0.5, the effect of SR under different Bfe with 1mm tooth-

tip thickness on average torque. The analytical and FE-predicted torques with and without 

tooth-tips have a good agreement, Fig. 3.18. For a given Bfe, tooth-tips have almost no influence 

on the variations of maximum torque and optimal SR with slot ratio, as shown in Figs. 3.19 

and 3.20.  

https://www.youdao.com/w/leakage%20flux/#keyfrom=E2Ctranslation
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Fig. 3.16. Cross section of 6s/2p TWHSPM motor with tooth-tips. 

 

Fig. 3.17. Variation of average torque with SR and Bfe with tooth-tip (Ka =0.5, htt=1mm). 

 

Fig. 3.18. Variation of FE and analytically predicted average torques with SR (Bfe=1.2T). 
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Fig. 3.19. Influence of Ka and tooth-tip thickness on maximum average torque (Bfe =1.2T). 

 

Fig. 3.20. Influence of Ka and tooth-tip thickness optimal SR (Bfe =1.2T). 
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3.5 Experimental Validation 

In this section, some of predicted results are verified by the measured results on a 6s/2p 

TWHSPM prototype motor with 0.5 slot ratio manufactured by Midea. Fig. 3.21 indicates the 

stator structure of the prototype motor, the shaft-bearing-blade system, the forced-air cooling 

system, and the house structure. 

Table 3.3 provides the values of phase resistance and winding inductance of the prototype, 

which are measured by a LCR meter. Due to manual winding, the extra end-winding length 

(lex) is set to be 1.5mm, the analytically predicted resistance has good agreement with the 

measured result (1Hz). It is should be noted that the measured resistance under high frequency 

(1833Hz) is substantially larger than that under low frequency (1Hz), this means the AC copper 

loss of toroidal windings is large under high frequency. However, it can be avoided by using 

Litz-wires and is ignored in the previous analysis. In Table 3.3, since the 2D-FE model provides 

an ideal winding inductance which neglects end-winding inductance, the FE predicted winding 

inductance is smaller than the measured result. Due to skin effect, the measured inductance 

drops when the frequency increases due to skin effect. 

Fig. 3.22 shows the analytically predicted, FE computed, and measured back-EMFs of phase 

A in the prototype motor at 11 krpm. It can be seen that the FE predicted and measured results 

have a good agreement but the analytical prediction is slightly larger due to neglecting the flux 

leakage caused by straight tooth without tooth-tips. The static torque is measured by a test rig 

in this paper since it is difficult to measure the torque under high speed operation in general 

[ZHU09], Fig. 3.23. The test results show that the measured open-circuit static torque, i.e. 

cogging torque, is almost zero, which is the same as the predicted result. The measured on-load 

static torque has a good agreement with the FE predicted result, Fig. 3.24. With the phase 

current rises, the maximum static torque increases linearly, and the measured maximum static 

torques have an excellent agreement with the FE calculations, Fig. 3.25. The measured phase 

current and terminal voltage waveforms of the prototype motor at 110 krpm are shown in Fig. 

3.26. In addition, Fig. 3.27 shows the prototype motor operates at 120 krpm which is above the 

rated speed. 
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(a) Stator (b) Shaft-bearing-blade system 

  

(c) Forced air cooling system  (d) House 

Fig. 3.21. Prototype of the 6s/2p TWHSPM motor. 

Table 3.3 

Predicted and Measured Winding Resistances and Inductances 

Resistance (m) Inductance (μH) 

Predicted 
Measured 

(1Hz) 

Measured 

(1.83 kHz) 
Predicted 

Measured 

(1Hz) 

Measured 

(1.83kHz) 

40.05 44.16 72.80 19.5 26.32 23.16 
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(b) Spectra 

Fig. 3.22. Back-EMF of phase A of FE calculated, analytically predicted, and measured in the 

6s/2p TWHSPM motor at 110 krpm.  

 

Fig. 3.23. Static torque test rig. 

 

Fig. 3.24. Measurement and FE predicted open-circuit and on-load static torques under the 

phase currents of IA = -IB = 5 A, IC=0A. 
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Fig. 3.25. Maximum measurement and FE predicted static torques with various phase 

currents. 

 

Fig. 3.26. Measured phase current and terminal voltage waveforms of the 6s/2p TWHSPM 

motor at 110 krpm, i.e. f=1.83 kHz, with speed control (10.0V/div; 20.0A/div; Udc =25.2V). 

 

Fig. 3.27. Measured phase current and terminal voltage waveforms of the 6s/2p TWHSPM 

motor at 120 krpm, i.e. f=2.00 kHz, with speed control (10.0V/div; 20.0A/div; Udc =25.2V). 
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3.6 Conclusion 

In this paper, the optimal split raito of the 6s/2p TWHSPM motor has been investigated by 

analytical method considering stator copper loss and iron loss, and validated by FE method. 

Meanwhile, the influences of slot ratio, Bfe, and tooth-tips on optimal SR are investigated. It 

depicts that the maximum torque can be achieved when the inner slot area is equal to the outer 

slot area, i.e. slot ratio is 0.5. When the slot ratio increases the optimal SR decreases, and the 

results are affected by Bfe. Some of the analytical predictions have been validated by FE method 

and experiments. 
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CHAPTER 4 

INFLUENCE OF STATOR GAP ON 

ELECTROMAGNETIC PERFORMANCE OF 6-

SLOT/2-POLE MODULAR PERMANENT MAGNET 

MOTOR WITH TOROIDAL WINDINGS 

The 6-slot/2-pole (6s/2p) permanent magnet motors with a diametrically magnetized PM rotor 

are popular for high-speed application. Meanwhile, toroidal winding can not only reduce end-

winding length but also eliminate unbalanced magnetic force for short axial length motors. 

Therefore, the electromagnetic performance of a 6s/2p HSPM motor with toroidal windings is 

firstly analyzed, including air-gap flux density, flux linkage, back-EMF, cogging torque and 

electromagnetic torque. Then, considering modular design for auto-manufacturing, the 

influence of stator gap and misalignment on the electromagnetic performance is investigated. 

It shows that the stator gap results in unbalanced three phase back-EMFs, not only amplitudes, 

but also phase angles. The stator gap increases the equivalent air-gap length and PM flux 

leakage, which leads to lower air-gap flux density, back-EMF, and average torque. Moreover, 

the stator gap results in asymmetric air-gap length, which results in large cogging torque. 

Further, it shows that the misalignment of two stator parts mainly affects the uneven equivalent 

air-gap length and symmetry of winding configuration, which leads to unbalanced three phase 

back-EMFs, especially phase angles, and self-/mutual-inductances, as well as rotor PM loss. 

Experimental results of a prototype motor with/without stator gap and/or misalignment are 

given to validate the finite element predicted analyses. 

This chapter is based on the paper published in: 

F. Xu, Z. Q. Zhu, T. R. He, Y. Wang, H. Bin, D. Wu, L. M. Gong, and J. T. Chen, “Influence 

of stator gap on electromagnetic performance of 6-slot/2-pole modular high-speed permanent 

magnet motors with toroidal windings,” in IEEE Access, vol. 9, no. 6, pp. 94470-94494, 2021.  

4.1 Introduction 

Permanent magnet (PM) motors have been widely used and become more and more popular in 

recent years. For small size, high-speed application, 6s/2p HSPM motors with concentrated 

tooth coil windings are employed widely due to short end-winding length and no unbalanced 

https://ieeexplore.ieee.org/author/37281370100
https://ieeexplore.ieee.org/author/37088546235
https://ieeexplore.ieee.org/author/37088546462
https://ieeexplore.ieee.org/author/37086924793
https://ieeexplore.ieee.org/author/37085362123
https://ieeexplore.ieee.org/author/37587256100
https://ieeexplore.ieee.org/author/37406646800
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magnetic force [NOG05]. In high-speed operation, high aspect ratio due to long motor axial 

length normally leads to a rotor dynamic issue and may cause the damage of the rotor [EDE01]. 

Hence, besides the tooth coil with short end-winding length, the toroidal winding also becomes 

a popular design alternative for high speed application which demands a short motor axial 

length [NOG05] [ZWY05] [GIL16] [SCH17]. They are widely adopted in low-power 

application whilst the operating speed normally exceeds 100krpm. In [ZWY05], a 100W, 500 

krpm PM slotless machine with toroidal winding for gas turbines was designed and tested. The 

slotless toroidal winding is adopted to eliminate the rotor eddy-current loss due to no slotting 

effect. Such combination of slotless stator and toroidal winding can also be found in [GIL16]. 

In [GIL16], the 6s/2p HSPM motor with slotted tooth-coil winding and the 6s/2p HSPM 

slotless motor with toroidal winding were compared. It shows that slotless motor with toroidal 

winding has the highest efficiency and torque density when operating at 150 000 rpm. In 

addition, this paper shows that the slotted motor has higher thermal capability and larger heat 

transfer coefficient. A 160 000 rpm millimeter-scale slotless bearingless motor is presented in 

[SCH17] to overcome the limitation of conventional ball bearings for high-speed spindle 

applications.  

Besides, compared with conventional distributed windings, toroidal windings are widely 

adopted to shorten end-winding and motor total axial length for high-power high-speed 

application [CHE11] [WAN09] [DON14] [ZHA16]. Another merit of such toroidal windings 

is higher thermal dissipation capability due to the presence of extra air-duct.  

On the other hand, the modular design is widely employed for manufacture automation. For 

tooth-coil windings, there are several modular designs have been researched. The influence on 

electromagnetic performance of modular stator has been investigated in [ZHU06] [ZHU18] such 

as stator tooth segments and back-iron segments. Different segmented stator core and 

manufacturing methods of motors with concentrated windings have been investigated in [LIB06]. 

[CHE95] [SPO96] [SPO96a] [SPO98] have proposed a modular flux concentrating machine with 

segmented stator and rotor. In [ZHU18], the modularity techniques in PM machines with tooth-

coil winding were comprehensively reviewed. In [LIG14] [LIG15] [ZHU12], the influence of 

modularity on the machine performance has been investigated and analyzed. Although several 

modularity techniques can be employed in toroidally-wound motors, the influence of modular 

design on the performance of motors with toroidal windings has never been investigated in 

literature and will be analyzed in this chapter. 
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In this chapter, the motor topology, winding factor and end-winding model of the 6s/2p HSPM 

motor with toroidal windings are illustrated in section 4.2. In section 4.3, the electromagnetic 

performances of the motor without stator gap are analyzed, including air-gap flux density, flux 

linkage, back-EMF, cogging torque and electromagnetic torque. Section 4.4 investigates the 

influence of the stator gap on the performance of the 6s/2p HSPM toroidally-wound motor. 

Sections 4.5 and 4.6 further investigate the influence of misalignment, as well as mixed stator 

gap and misalignment. Section 4.7 illustrates the potential influence of tooth tip. Section 4.8 

provides extensive experimental results for a prototype motor with/without stator gap and/or 

misalignment to validate the finite element predicted results. Finally, the conclusion is given in 

section 4.9. 

4.2 Topologies of HSPM Motors with Toroidal Windings  

The cross-sections of 6s/2p HSPM toroidally-wound motors without and with stator gap are 

presented in Fig. 4.1. The stator gap is located between the windings of phase A and phase C, 

which divides stator into two halves which can ease the automated winding. To simplify the 

production, this 6-slot motor with straight teeth has no tooth tip, whose influence will also be 

investigated later in this chapter. It is assumed that the sum of split teeth width in Fig. 4.1 (b) is 

the same as that of one un-split tooth. The 2-pole rotor consists of two parts including N45SH 

parallel magnetized magnet ring (or cylinder) and SUS430 magnetic shaft. The main parameters 

of 6s/2p HSPM motors without stator gap are given in Table 4.1. 

Table 4.1 

Main Parameters of 6/2 HSPM Motor without Stator Gap  

Rated current density (A/mm2) 10 Air-gap length (mm) 1.55 

Rated speed (krpm) 180 Rotor outer radius (mm) 5.25 

Stator outer radius (mm) 27 Magnet thickness (mm) 2.75 

Stator active length (mm) 8.6 Remanence (T) 1.3 

Stator inner radius (mm) 6.8 Magnetization Parallel 

Stator yoke height (mm) 4.6 Number of turns per phase 32 
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(a) Without gap (b) With gap 

Fig. 4.1. 6s/2p HSPM toroidal motors without and with stator gap. 

4.2.1 Winding factor 

For the toroidal winding, the calculation of winding factor is different from the conventional 

formulae for tooth-wound winding. The winding factor of a 6s/2p PM motor with toroidal 

windings is only 0.5, which results from the product of pitch factor (=0.5) and distribution factor 

(=1) [XUF21]. Both 6s/2p PM motors with tooth-wound and toroidal windings have no 

unbalanced magnetic force and the same winding factor (0.5), which is lower than that of 3s/2p 

tooth-wound windings (0.866) which has significant unbalanced magnetic force. 

4.2.2 End-winding 

The end-winding of the toroidally-wound motor is special. The outside conductors form the 

current loop, and can be treated as a part of end-winding length. In addition, the end-winding 

length also includes the axial part links the outside and inside conductors. In this chapter, a semi-

circular end-winding model is employed, Fig. 4.2. The total end-winding length (le) of one coil 

can be calculated by [PAN06]. 

2 ( )
2 2

out in
e y a

h h
l h l

  
   

   

(4.1) 

where hout and hin mean the outer and inner tooth heights, respectively. hy is the yoke height. la is 

the stator active length. 
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Fig.4.2. End-winding model. 

4.3 Electromagnetic Performance without Stator Gap 

In this section, the electromagnetic performances of the 6s/2p motor without stator gap are 

analyzed, including air-gap flux density, flux linkage, back-EMF, cogging torque and 

electromagnetic torque. Fig. 4.3 shows the equal potential and flux density distributions of the 

motor without stator gap by the finite element analysis (FEA). It can be seen that there is almost 

no flux linking with the outside conductors (and this is why this part of conductors can be treated 

as a part of the end windings). Fig. 4.4 shows the air-gap flux density waveform and spectrum. 

The air-gap flux density of the motor without stator gap is essentially sinusoidal due to 

diametrically magnetized PM. Meanwhile, the air-gap flux density also exists the 5th, 7th, 11th, 

13th,… order harmonics due to slotting effect. The flux linkage and back-EMF of the motor 

without stator gap are shown in Fig. 4.5 and Fig. 4.6. The waveforms are all sinusoidal and have 

negligible harmonics. Due to opposite connection polarities of the inside parts of coil A1 and coil 

A2, the harmonics are almost eliminated.  

 

Fig. 4.3 Flux distribution and equal potential of the 6s/2p HSPM toroidal motor without 

stator gap. 
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(a) Waveform 

 

(b) Harmonics 

Fig. 4.4. Open-circuit air-gap flux density of the motor without stator gap.  

 

(a) Waveform 
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(b) Harmonics 

Fig. 4.5. Flux linkage of phase A of the motor without stator gap.  

 

(a) Waveform 

 

(b) Harmonics 

Fig. 4.6. Back-EMF of phase A of the motor without stator gap. 
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(a) Waveforms 

 

(b) Harmonics 

Fig. 4.7. Flux linkages of coil A1 and coil A2 of the motor without stator gap. 

 

(a) Waveforms 
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(b) Harmonics 

Fig. 4.8. Back-EMFs of coil A1 and coil A2 of the motor without stator gap. 

Under brushless direct current (BLDC) operation which is common for high speed operation, the 

ideal square BLDC current waveforms with the rated current density of 10 A/mm2 are illustrated 

in Fig. 4.9. Meanwhile, the electromagnetic torque and cogging torque waveforms are presented 

in Fig. 4.10. The results show that the motor without stator gap has almost no cogging torque, 

but has relatively large torque ripple, which results from the product of square BLDC currents 

and almost sinusoidal back-EMF waveforms. 

 

Fig. 4.9. Ideal square phase current waveforms. 
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(a) Electromagnetic torque 

 

(b) Cogging torque 

Fig. 4.10. Torque of the motor without stator gap. 

4.4 Electromagnetic Performance with Stator Gap 

To realize the modularity for automated winding, the stator is split into two parts. However, the 

modular design inevitably introduces the gaps in the stator, in Fig. 4.1(b). Generally, the presence 

of air-gap in the stator teeth increases the equivalent air-gap length of the motor thus making an 

impact on the electromagnetic performance. On the other hand, the actual slot number changes 

from six to eight due to the presence of two extra air gaps. The stator can be treated as a virtually 

whole stator with eight slot with uneven teeth and slot openings. Correspondingly, the stator 

slotting effect on the electromagnetic performance such as EMF and cogging torque may be 

significantly changed. Therefore, the influence of the stator gap on the electromagnetic 

performances will be comprehensively investigated in this section. 
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4.4.1 Air-gap flux density 

The gap between split stators not only enlarges the equivalent air-gap but also results in uniform 

air-gap distribution of motor. Fig. 4.11 shows the open-circuit equal potential distributions of the 

motors with different stator gaps, i.e. 0, 1, 2, and 3 mm, although the stator gap is a bit 

exaggerated in order to reveal and appreciate its influence. Fig. 4.12 shows that the fundamental 

amplitude of air-gap flux density decreases with the increase of stator gap. This results from the 

increased average stator reluctance with the enlarged stator gaps. Meanwhile, amplitudes of the 

5th, 7th, 11th, 13th order harmonics due to slotting effect decrease with the stator gap, as shown in 

Fig. 4.12. The stator gap changes the slot number from 6 to 8, which means the field harmonics 

of the order (mp±8) occur, e.g., the 3rd, 9th, etc., as shown in Fig. 4.12(b).  

  

(a) 0mm (b) 0.5mm 

  

(c) 1mm (d) 3mm 

Fig. 4.11. Open-circuit equal potential distributions of 6s/2p HSPM toroidal wound motors 

with different stator gap. 
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(a) Waveforms 

 

(b) Harmonics 

Fig. 4.12. Air-gap flux density distributions of the motor with different stator gaps on circular 

path away from rotor by 0.775 mm. 

4.4.2 Flux linkage  

As mentioned in section 4.2, the stator gap increases the leakage flux due to the increase of 

equivalent air-gap length. Therefore, the fundamental amplitude of flux linkage decreases with 

the increase length of stator gap. The introduction of stator gaps introduces almost no extra 

harmonics in the flux linkage, although the rotor positions where the amplitudes of flux linkage 

reach maximum and minimum are significantly altered, Fig. 4.13. Fig. 4.14 indicates equal 

potential distribution of the motor with 1mm stator gap at the specific rotor position when the 

flux linkage of phase A or phase C reaches the maximum. Phase angle of phase A is retarded and 

that for phase C is leaded. Fig. 4.15 illustrates the variation of phase angle of flux linkage with 

the increase of stator gap. The phase angle of phase B remains the same when the stator gap 

increases. The reason is that the stator gap is located between phase A and phase C, and both 
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coils of phase B are symmetrical. The variations of phase angles for phase A and phase C are 

opposite. 

 

(a) Waveforms 

 

(b) Harmonics 

Fig. 4.13. Flux linkage of phase A with different stator gaps. 

  

(a) Phase A (b) Phase C 

Fig. 4.14. Equal flux potential distributions with the specific rotor positions for maximum 

flux linkage. (Stator gap=1mm). 
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(a) Phase angle 

 

(b) Offset phase angle 

Fig. 4.15. Influence of stator gap on phase angle of flux linkage. 

4.4.3 Back-EMF 

The back-EMF exhibits a similar trend with the flux linkage. As shown in Fig. 4.16, the stator 

gap decreases the amplitude of fundamental back-EMF, but does not introduce extra harmonic 

contents. More importantly, the stator gap affects the phase angle of three phase back-EMFs, 

which leads to the unbalanced three phase back-EMFs. In Fig. 4.17, when the stator gap is 3 mm, 

the phase angles of three phase back-EMFs do not differ by 120 electrical degrees. Compared 

with the motor without stator gap, phase A and phase C of the motor with stator gap have the 

lead and retard angles, but phase B keeps the same phase angle due to the stator gap location 

between phase A and phase C. Fig. 4.17 shows the influence of stator gap on the phase lead and 

retard angles. As mentioned before, the variation trends of back EMFs of phase A and phase C 

are opposite but the offset value remains the same.  
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(a) Waveforms 

 

(b) Harmonics 

Fig. 4.16. Back-EMFs of phase A with different stator gaps. 

 

(a) Phase angle 
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(b) Offset phase angle 

Fig. 4.17. Influence of stator gap on phase angle of back EMF. 

4.4.4 Cogging torque 

Cogging torque is generated from the interaction between stator slots and rotor PM poles. 

Generally, the 6s/2p PM motor with parallel magnetized rotor should have negligible cogging 

torque. Significant cogging torque is produced due to the presence of stator gap. Fig. 4.18 and 

Fig. 4.19 show that the peak cogging torque rises with the increase of stator gap before reaching 

the maximum value and then drops afterwards. The maximum peak cogging torque can be 

achieved when the stator gap is 4.8 mm. 

 

(a) Waveforms 
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(b) Harmonics 

Fig. 4.18. Cogging torque of the motor with different stator gaps. 

 

Fig. 4.19. Influence of the stator gap on the peak cogging torque. 

4.4.5 On-load torque 

The influence of different stator gaps on the on-load torque of the motor with rated current density 

(10A/mm2), Fig. 4.20. It can be seen that the torque ripples increase significantly with the 

increase of the stator gap due to the increase of cogging torque. When the stator gap is larger than 

3 mm, the on-load torque has negative values at several rotor positions, as shown in Figs. 4.20 

and 4.21. Fig. 4.21 shows that when the stator gap is 3mm, the cogging torques are negative at 

several rotor positions, and the amplitudes of the negative cogging torque are larger than the 

electromagnetic torque at the same rotor position, which results in negative on-load torque. It is 

assumed that the influence of on-load condition on cogging torque is neglected. In addition, the 

stator gap affects not only the harmonic amplitudes, but also the harmonic contents, especially 

the 2nd harmonic which due to cogging torque, as shown in Fig. 4.20(b).  
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(a) Waveforms 

 

(b) Harmonics 

Fig. 4.20. Torque of the motor with different stator gaps (J = 10A/mm2). 

 

Fig. 4.21. Influence of stator gap on average torque. 
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Fig. 4.22. Relationship between cogging torque and on-load torque of the motor with 2mm 

stator gap.  

4.4.6 Inductance 

High speed motors normally have small winding inductances. Even though there is a slight 

change of inductance due to the stator gap, the influence could be significant. The inductance is 

calculated by FEA, when only one phase excited (Ia=1A, Ib=0A, Ic=0A). Since the stator gap is 

located between phase A and phase C, the self-inductance of phase B remains the same with the 

stator gap, but the self-inductances of phase A and phase C decrease, as shown in Fig. 4.23. The 

mutual-inductances between phase B, phase A and C decrease when the stator gap increases. 

However, the mutual-inductances of phase A to phase C increases. 

 

(a) Self-inductance 
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(b) Mutual-inductance 

Fig. 4.23.  Inductances of the motor with different stator gaps. 

4.4.7 Losses 

Stator iron loss will be affected due to non-uniformed air-gap because of the gap between the 

stator. In this section, the current density is fixed and the ac effect on the copper loss is neglected. 

In high speed motor, due to the poor thermal dissipation capability, the rotor temperature rise 

caused by the rotor eddy current loss should be considered. High rotor temperature may result in 

irreversible demagnetization and damage the rotor bearing system. With the increase of stator 

gap, dc copper loss keeps the same, the stator iron loss decreases and the rotor PM loss increases, 

Fig. 4.24. It can conclude that the stator gap below 1mm has almost no effect on the losses. 

 

Fig. 4.24. Loss of the motor with different stator gaps (J=10A/mm2, 180krpm). 

1). Stator Iron Loss 

Generally, the iron loss can be calculated using the Bertotti model [BER88] [ATA92]: 

1.5 2 2 2( )fe fe hy fe ex fe ec feP m k fB k f B e k f B  
 

(4.2) 
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where mfe is the stator mass, khy, kex and kec are the hysteresis coefficient, eddy current coefficient 

and excess loss coefficient respectively. f denotes the fundamental frequency and Bfe represents 

the peak value of the stator iron flux density.  

Fig. 4.25 compares the no-load and on-load stator iron losses of the motors with different stator 

gaps. It can be seem that the no-load and on-load stator iron losses all decrease with the increase 

of gap, and the on-load stator iron loss is larger than no-load stator iron loss for each gap. 

Therefore, the influence of armature reaction on the stator iron loss cannot be neglected.  

Fig. 4.26 shows the stator iron loss distributions of the motors with different gaps. It can be 

clearly observed that the stator iron losses in the split stator teeth are increased and in other parts 

are decreased with stator gap. For further investigation, by way of example as shown in Fig. 4.27, 

point A is chosen in the middle of yoke between two teeth, and point B is chosen in the middle 

of the tooth to compare the variation of stator iron flux density with different gaps [MAJ17].  

 

Fig. 4.25. Comparison of stator iron losses under no-load and on-load condition with 

variation of stator gap. 
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0mm 0mm 

  

0.5mm 0.5mm 

 
 

1mm 1mm 

 
 

2mm 2mm 

(a) Open-circuit (b) On-load (J=10A/mm2, 180krpm) 
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Fig. 4.26. Stator iron loss distributions with different stator gap. 

 

Fig. 4.27. Point A (middle of yoke), B (middle of tooth), C (middle of North pole), D (middle 

between north and south poles). 

The flux densities of points A and B of the motors with 0mm and 1mm stator gaps are compared 

under on-load condition, as shown in Fig. 4.28. It can be seen that compared with 0mm stator 

gap, the points A and B of the motor with 1mm stator gap have smaller amplitudes of 

fundamental flux densities. The amplitudes of fundamental flux density of points A and B 

decrease linearly when the stator gap increases, Fig. 4.29, which results in the decreased stator 

iron loss.  

 

(a) Waveforms 
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(b) Harmonics 

Fig. 4.28. Comparison of flux densities at points A and B with 1mm and without stator gap 

(J=10A/mm2, 180krpm). 

 

Fig. 4.29. Variation of fundamental value of stator flux density of the motor with 1mm and 

without stator gap (J=10A/mm2, 180krpm). 

2). Rotor Loss 

The effect of stator gap mainly reflects on the non-uniformed air-gap. This will result in more 

harmonics of air-gap flux density. The variation of shaft and PM eddy current losses, in addition 

the variation of rotor total loss with the gap is shown in Fig. 4.30. Due to the shielding effect of 

PM, the shaft loss is small. Fig. 4.31 shows the rotor loss distributions of the motors with different 

stator gaps, including magnet ring and shaft. The eddy current loss of the magnet ring increases 

when the stator gap increased. The shaft of this motor employs magnetic material, i.e. SUS430.  
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Fig. 4.30. Loss of the motor with different stator gaps (J=10A/mm2, 180krpm). 

  
0mm 0.5mm 

  
1mm 2mm 

 

Fig. 4.31. Rotor loss distributions with different stator gap (J=10A/mm2, 180krpm). 

In order to verify that the increase of magnet eddy current loss is due to the increase of spatial 

harmonics, the on-load air-gap flux density distributions of the motors with 0mm and 1mm stator 

gap are shown in Fig. 4.32. The variation of each harmonic is shown in Fig. 4.33. Under on-load 

condition, with the increased stator gap, the 3rd and 9th harmonics are appeared and increased, 

while the 5th and 7th harmonics are decreased.  
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(a) Waveforms 

 

(b) Harmonics 

Fig. 4.32. Air-gap flux densities of the motor with 1mm stator gap and no stator gap 

(J=10A/mm2, 180krpm). 

 

Fig. 4.33. Variation of harmonics of air-gap flux density with stator gap (J=10A/mm2, 

180krpm). 
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For further investigation, Fig. 4.34 shows the variation of magnet eddy current loss due to 

armature reaction only and PM only with stator gap. It can be seen that the rotor PM loss due to 

armature reaction only is significantly larger than that due to PM only. In addition, with the 

increase of stator gap, the rotor PM loss due to armature reaction only decreases, but that due to 

PM only increases significantly. Fig. 4.35 shows the influence of stator gap on the air-gap field 

due to armature reaction only. It shows that the stator gap decreases the amplitudes of 

fundamental, 5th, 7th, and 11th order harmonics caused by armature reaction. Fig. 4.12 shows 

the influence of stator gap on the air-gap field due to PM only. 

 

Fig. 4.34. Variation of rotor total loss due to PM only and armature reaction only 

(J=10A/mm2, 180krpm). 

 

(a) Waveforms 
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(b) Harmonics 

Fig. 4.35. Air-gap flux density due to armature reaction only (J=10A/mm2, 180krpm). 

Since the PM eddy current loss has direct relationship with the flux density produced by the 

magnet, the influence of stator gap on the flux density of magnet will be investigated in this part. 

Point C is chosen in the middle of north pole and point D is chosen in the middle between south 

and north pole, as shown in Fig. 4.27. Figs. 4.36 and 4.37 compare the flux densities at point C 

with 0mm and 1mm stator gap under on-load and no-load conditions, respectively. The amplitude 

of the 2nd order harmonic increases with the increase of stator gap no matter what is the condition, 

which results in the increase of the PM eddy current loss. Figs. 4.38 and 4.39 show almost the 

same results for point D. It is worth noting that under no-load condition, the flux density of point 

D exists the 4th order harmonic. 

 

(a) Waveforms 
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(b) Harmonics 

Fig. 4.36. Flux density of Point C with different stator gaps under on-load condition. 

 

(a) Waveforms 

 

(b) Harmonics 

Fig. 4.37. Flux density of Point C with different stator gaps under no-load condition. 
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(a) Waveforms 

 

(b) Harmonics 

Fig. 4.38. Flux density of Point D with different stator gaps under on-load condition. 

 

(a) Waveforms 
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(b) Harmonics 

Fig. 4.39. Flux density of Point D with different stator gaps under no-load condition. 

4.5 Electromagnetic Performance with Misaligned Stator 

Structure 

Another potential manufacturing tolerance of the completed assembly is shown in Fig. 4.40. For 

simplicity, assuming one stator split part is assembled with uniform air-gap distribution but the 

other part is assembled with unbalanced air-gap distribution. The offset value is defined as m in 

Fig. 4.40. In this section, the influence of the misaligned stator structure on the electromagnetic 

performance is investigated, including air-gap field, back-EMF, cogging torque, torque, and 

various loss components. 

 

Fig. 4.40 6s/2p HSPM toroidal motor with misaligned stator structure. 

4.5.1 Air-gap flux density 

The open-circuit equal potential distributions of motors with different offset values, i.e. 0, 0.5 

and 0.7 mm are presented in Fig. 4.41. Fig. 4.42 shows that there exists a pulsation in the air-gap 
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flux density waveform due to the sudden change of the equivalent air-gap, and the magnitude of 

pulsation increases with the increase of offset value. The spectra show that the misaligned 

assembly leads to the 2nd, 3rd, and 4th order harmonics of air-gap flux density, and the magnitudes 

of those additional harmonicas increase with the increased offset value. However, the misaligned 

assembly has almost no influence on the fundamental amplitude of air-gap flux density.  

   
(a) No offset (b) m=0.5mm (c) m=0.7mm 

Fig. 4.41. Equal potential distributions of motors with misaligned assembly. 

 

(a) Waveforms 

 

(b) Harmonics 
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Fig. 4.42. Air-gap flux density distributions of the motor with different offset values on 

circular path away from rotor by 0.775 mm. 

4.5.2 Flux linkage 

Fig. 4.43 shows the influence of misaligned assembly on the flux linkage. In terms of phase angle, 

phase B is retarded, and the offset phase angle of the flux linkage in phase B increases with the 

increase of offset value. The variation of winding B1 has the biggest change, Fig. 4.44. This is 

because of the asymmetric position of phase B. Besides, phase A and phase C have not much 

influence as Phase B. 

 

(a) Waveforms 

 

(b) Harmonics 

Fig. 4.43. Flux linkage of phase A with different offset values. 
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Fig. 4.44. Flux linkage waveforms of motor with 0 and 0.7mm offset values. 

 

(a) Phase angle 

 

(b) Offset phase angle 

Fig. 4.45. Influence of misaligned offset value on phase angle of flux linkage. 
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(a) Phase angle 

 

(b) Offset phase angle. 

Fig. 4.46. Influence of misaligned offset value on winding angle of flux linkage. 

4.5.3 Back-EMF 

Fig. 4.47 shows that the increased misaligned offset value has almost no effect on the amplitude 

of fundamental back-EMF and does not change the harmonic contents. With the same result of 

flux linkage, the misaligned offset value affects the phase angle of three phase back-EMFs, which 

leads to the unbalanced three phase back-EMFs. Fig. 4.48 shows the variation of the phase angles 

and offset phase angles of three phase back-EMFs with misaligned offset value. It can be seen 

that the offset phase angles of phase A and Phase B increases with the offset value, but phase C 

remains the same. Since the misaligned assembly is located between phase A and phase C, phase 

B suffers most serious asymmetric and thus has the largest offset phase angle.  
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Fig. 4.47. Back EMF waveforms of motors with different offset values. 

 

Fig. 4.48. Back EMF harmonics of Phase A with different offset values. 

 

(a) Phase angle 
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(b) Offset phase angle 

Fig. 4.49. Influence of misaligned offset value on phase angle of back EMF. 

 

4.5.4 Cogging torque 

Generally, the 6s/2p PM motor with diametrically-magnetized magnet has negligible cogging 

torque. Significant cogging torque is produced due to the misaligned assembly. Figs. 4.50 and 

4.51 show that the peak cogging torque rises with the increase of misaligned offset values. 

 

(a) Waveforms 
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(b) Harmonics 

Fig. 4.50. Cogging torque of the motors with different misaligned offset value. 

 

Fig. 4.51. Influence of misaligned offset values on peak cogging torque. 

4.5.5 Electromagnetic torque 

The influence of different misaligned offset values on the electromagnetic torque is shown in 

Fig. 4.52. It can be seen that the torque ripples rise with the increase of the misaligned offset 

value due to the increase of peak cogging torque. The spectra show that the misaligned assembly 

does not change the magnitudes of the fundamental and the 6th order harmonic, but leads to the 

2nd order harmonic, which results from the cogging torque. It is assumed that the influence of on-

load condition on cogging torque is neglected. Fig. 4.53 shows that the misaligned assembly has 

negligible influence on the average torque. 
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(a) Waveforms 

 

(b) Harmonics 

Fig. 4.52. Torque of motors with different misaligned offset value (J=10A/mm2). 

 

Fig. 4.53. Influence of misaligned offset value on output torque.  

4.5.6 Inductance 
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High speed motors normally have small winding inductances. Even though there is a slight 

change of inductance due to the stator misaligned, the influence could be significant. The 

inductance is calculated by FEA, when only one phase excited (Ia=1A, Ib=0A, Ic=0A). Fig. 4.54 

shows that the influence of misaligned assembly has small influence on the self- and mutual- 

inductances. 

 

(a) Self-inductance 

 

(b) Mutual-inductance. 

Fig. 4.54. Inductances of the motors with different misaligned offset values. 

4.5.7 Loss 

As mentioned before, the gap between the stator segments affects the stator iron loss due to the 

spatial harmonics in MMF. The misaligned assembly has negligible influence on MMF, and thus 

the stator iron loss remains unchanged with the offset values, Fig. 4.55. In this part, the ac effect 

on the copper loss is again neglected. Thus, only dc copper loss is considered and it remains 

unchanged with the misaligned offset value. Misaligned assembly leads to non-uniformed air-
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gap and thus increases the rotor PM loss, as shown in Fig. 4.55. In summary, with the increase 

of misaligned offset value, the total motor losses increase due to the increased rotor PM loss.  

 

Fig. 4.55. Variation of various loss components of the motors with different misaligned offset 

values (J=10A/mm2, 180krpm). 

4.6 Influence of Both Gap and Misalignment 

Fig. 4.56 shows the cross-sections of 6s/2p HSPM toroidally-wound motors with stator gap and 

misaligned assembly. The stator gap is located between the windings of phase A and phase C, 

which divides the stator into two halves. The misaligned assembly also occurs between the 

windings of phase A and phase C. 

  

Fig. 4.56. 6s/2p HSPM toroidal motors with stator gap and misaligned assembly. 

4.6.1 Air-gap flux density 

Fig. 4.57 compares open-circuit equal potential distributions of motors with both gap of 0.5 mm 

and offset values of 0.5 mm. Fig. 4.58 shows that there exists a pulsation in the air-gap flux 
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density waveform due to the sudden change of the equivalent air-gap length, and the magnitude 

of pulsation increases with the increase of offset value. The spectra show the misaligned 

assembly leads to the 2nd, 3rd, and 4th order harmonics of air-gap flux density, and the magnitudes 

of those additional harmonicas increase with the increased offset value. However, the misaligned 

assembly has almost no influence on the fundamental amplitude of air-gap flux density.  

  

(a) Gap=0mm, m=0mm (b) Gap=0.5mm, m=0.5mm 

Fig. 4.57. Equal potential distributions of 6s/2p HSPM toroidal motors.  

 

(a) Waveforms 
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(b) Harmonics 

Fig. 4.58. Comparison of air-gap flux density distributions of the motor with gap=0mm, 

m=0mm and the motor with gap=0.5mm, m=0.5mm on circular path away from rotor by 

0.775 mm.  

4.6.2 Flux linkage  

Fig. 4.59 shows the influence of misaligned assembly on the flux linkage. It can be seen that 

misaligned mainly affect the phase angle of phase B. Gap affects both the amplitudes of 

fundamental and phase angles of phase A and phase C. 

 

(a) Waveform 
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(b) Harmonics 

Fig. 4.59. Comparison of flux linkages of the motor with gap=0mm, m=0mm and the motor 

with gap=0.5mm, m=0.5mm of phase A. 

4.6.3 Back-EMF 

The comparison of no gap and misaligned with 0.5mm gap and misaligned off-set value is shown 

in Fig. 4.60. It can be seen that both the amplitude of fundamental back-EMF and the harmonic 

contents changed. With the same result of flux linkage, the misaligned offset value affects the 

phase angles of three phase back-EMFs, which leads to the unbalanced three phase back-EMFs. 

 

(a) Waveforms 
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(b) Harmonics 

Fig. 4.60. Comparison of flux linkages of the motor with gap=0mm, m=0mm and the motor 

with gap=0.5mm, m=0.5mm of phase A. 

4.6.4 Cogging torque 

Cogging torque has been affected significantly by either gap or misalignment. Fig. 4.61 shows 

with 0.5mm gap and misaligned off-set value, cogging torque is significantly changed due to 

asymmetric and non-uniform structure. 

 

(a) Waveforms 
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(b) Harmonics 

Fig. 4.61. Comparison of cogging torques of the motor with gap=0mm, m=0mm and the 

motor with gap=0.5mm, m=0.5mm.  

4.6.5 Electromagnetic torque 

Comparison of the motor with no gap and misalignment and the motor with 0.5mm gap length 

and misaligned off-set value is shown in Fig. 4.62. It can be seen that the torque ripples rise when 

the misaligned offset value increases due to the increase of peak cogging torque. The spectra 

show that the misaligned assembly does not change the magnitudes of the fundamental and the 

6th order harmonic, but leads to the 2nd order harmonic, which is resulted from the cogging torque.  

 

(a) Waveforms 
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(b) Harmonics 

Fig. 4.62. Comparison of on-load torques of the motor with gap=0mm, m=0mm and the 

motor with gap=0.5mm, m=0.5mm (J=10A/mm2). 

4.6.6 Inductance 

The inductance is calculated by FEA when only one phase excited (Ia=1A, Ib=0A, Ic=0A). Fig. 

4.63 shows that the influence of misaligned assembly has negligible influence on the self- and 

mutual- inductances. 

 

Fig. 4.63. Comparison of inductances of the motor with gap=0mm, m=0mm and the motor 

with gap=0.5mm, m=0.5mm. 

4.6.7 Losses 

As mentioned in section 4.4, the gap between the stator segments affects the stator iron loss due 

to spatial harmonics in MMF. The misaligned assembly has small influence on MMF, and thus 

the stator iron loss remains unchanged when the offset values increases, in Fig. 4.55. In this part, 

the ac effect on the copper loss is again neglected. Thus, only dc copper loss is considered and it 
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remains unchanged with either the gap or the misaligned offset value. Misaligned assembly leads 

to non-uniformed air-gap and thus increases the rotor PM loss, as shown in Fig. 4.64. In 

summary, compared with the motor without gap and misalignment, the stator iron loss is reduced, 

the rotor PM loss is increased, and total loss is increased.  

 

Fig. 4.64. Comparison of losses of the motor with gap=0mm, m=0mm and motor with 

gap=0.5mm, m=0.5mm. 

 

4.7 Influence of Tooth Tip 

The influence of tooth tip is investigated in this section. Fig. 4.65 shows the influence of tooth 

tip on the equal potential distribution of the motor with 0mm and 1mm stator gap length. The 

slot opening of the motor with tooth tip is 1mm compared with 2.5mm of motor without tooth 

tip. Compared with motor without tooth tip, the motor with tooth tip has similar flux distribution. 

Fig. 4.66 shows the motor with tooth tip and 0mm gap has the highest fundamental amplitude 

and less harmonic contents of air-gap flux density than the motor without tooth tip. 

 
 

(a) Gap=0mm with tooth tip (b) Gap=0mm without tooth tip 
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(c) Gap=1mm with tooth tip and 1mm gap (d) Gap=1mm without tooth tip 

Fig. 4.65. Equal potential distributions of 6s/2p HSPM toroidal motors. 

 

(a) Waveforms 

 

(b) Harmonics 

Fig. 4.66. Comparison of air-gap flux density distributions of the motor with gap=0mm and 

gap=1mm with and without tooth tip (TT) on circular path away from rotor by 0.775 mm. 
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Fig. 4.67 and Fig. 4.68 show the influence of tooth tip on the flux linkage and back EMF of the 

motor with 0mm and 1mm stator gap, respectively. It can be seen that the tooth tip has small 

influence on the flux linkage and back EMF. In addition, the influence of stator gap length on 

phase angles of motor with tooth tip has the same trend as the motor without tooth tip. Fig. 4.69 

shows the cogging torque waveforms of the 0mm and 1mm stator gap motors with and without 

tooth tip. It shows the tooth tip has almost no influence on the cogging torque of the motor with 

1mm stator gap. Therefore, for 6s/2p HSPM motor with 1mm stator gap length, the tooth tip only 

affects the air-gap flux density, and it reduces the fundamental amplitude and harmonic contents. 

 

(a) Waveforms 

 

(b) Harmonics 
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(c) Phase angles 

Fig. 4.67. Flux linkage of motor with gap=0mm and gap=1mm with and without tooth tip 

(TT). 

 

(a) Waveforms 

 

(b) Harmonics 
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(c) Phase angles 

Fig. 4.68. Back EMF of motor with gap=0mm and gap=1mm with and without tooth tip (TT). 

 

Fig. 4.69. Cogging torque of motor with gap=0mm and gap=1mm with and without tooth tip 

(TT). 

 

Fig. 4.70. On-load torque of the motor with gap=0mm and gap=1mm with and without tooth 

tip (TT). (J=10A/mm2, 180krpm).  
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Fig. 4.71 shows the influence of tooth tip on the inductance of the motor with 0mm and 1mm 

stator gap. The inductances are calculated by FEA. It shows that the tooth tip has large influence 

on the self-inductance of the motor with and without stator gap. The reason is that tooth tip can 

increase flux leakage in the slot opening significantly.  

Fig. 4.72 compares the loss of motor with and without tooth tip with 0mm and 1mm stator gap 

when the current density is 10 A/mm2 at the speed of 180 krpm. It shows that tooth tip results in 

larger iron loss but lower rotor PM loss. With the increased gap, the rotor loss is decreased. 

 

Fig. 4.71. Comparison of inductances of motor with gap=0mm and gap=1mm with and 

without tooth tip (TT). 

 

Fig. 4.72. Comparison of losses of motor with gap=0mm and gap=1mm with and without 

tooth tip (TT) (J=10A/mm2, 180krpm). 
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4.8 Experimental Validation 

In this section, the back-EMF and on-load static torque waveforms of 6-slot/2-slot PM motors 

with and without stator gap are measured to validate the FE predictions. Fig. 4.73 shows the 

prototypes of the 6s/2p HSPM motors without and with stator gap and misalignment. Fig. 4.74 

shows the modular stator lamination structure, the rotor-bearing system, and the frame structures 

without and with 1mm stator gap. For supporting the modular stator structure with 1mm stator 

gap, a special frame is designed and manufactured by 3D printing. The frame has two teeth with 

1mm thickness to form a 1mm stator gap. In addition, there are four slots to fix four outer teeth 

and support the stator structure, Figs. 4.74 (c) and (d).  

   

(a) No stator gap & no 

misalignment 

(b) 1mm stator gap & no 

misalignment 

(c) 1mm stator gap & 1mm 

misalignment 

Fig. 4.73. Prototypes of the 6s/2p HSPM motor. 

    

(a) Modular stator 

lamination 

(b) Rotor-bearing 

system 

(c) Frame structure 

without stator gap 

(d) Frame structure 

with 1 mm stator gap 

Fig. 4.74. Stator lamination and frame structure. 
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4.8.1 Back-EMF 

Fig. 4.75 (I) shows the FE predicted and measured three phase back-EMF waveforms of 6s/2p 

motor with toroidal windings having no stator gap and misalignment. It can be seen that the 

measured results agree well with the FE predictions. For the motor with 1mm stator gap and no 

misalignment, the FE predicted three phase back-EMF waveforms are slightly smaller than the 

measured results, Fig. 4.75 (II). In addition, the stator gap changes the phase angles of three phase 

back-EMF waveforms, Fig. 4.75 (II-c). Fig. 4.75 (III) shows that when the stator gap is 1mm and 

the misaligned offset is 1mm, the test results are in good agreement with FE prediction, including 

the fundamental magnitudes and phase angles of three phase back-EMFs. Overall, the influence 

of stator gap and misalignment on the back-EMF is verified by the measured results. 

 

(I) No stator gap & no misalignment 

 

(II) 1mm stator gap & no misalignment 
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(III) 1mm stator gap & 1mm misalignment 

(a) Waveforms 

 

(I) No stator gap & no misalignment 

 

(II) 1mm stator gap & no misalignment 
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(III) 1mm stator gap & 1mm misalignment 

(b) Spectra 

 

(I) No stator gap & no misalignment 

 

(II) 1mm stator gap & no misalignment 
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(III) 1mm stator gap & 1mm misalignment 

(c) Phase angle 

Fig. 4.75. FE predicted and measured three phase back-EMF waveforms of 6s/2p motors 

without and with stator gap and misalignment. (b) Spectra 

4.8.2 Phase resistance and winding inductance 

The phase resistance and winding inductances are measured by a LCR meter under 0 Hz, 120Hz 

and 1000 Hz, Table 4.2 and 4.3. Since the analytical prediction is DC resistance and neglecting 

the influence of frequency, the measured phase resistance by an ohmmeter is almost the same as 

the prediction. Under 120Hz, the measured result is larger than the analytical result. The 

measured phase resistance under high frequency (1kHz) are significantly larger than that under 

low frequency (120Hz).  

For winding inductance, the FE predictions are ideal winding inductances and neglecting the 

influence of frequency, and thus the measured inductances are larger than the predicted results 

by FEA due to neglecting end-winding in 2D-FE model. With the increase of frequency, the 

measured inductance decreases. It is worth noting that the stator gap increases the inductance of 

phase B since the gap occurs between phases A and C. 

Table 4.2 

Winding Resistances (m) 

ANA Measured (0 Hz) Measured (120Hz) Measured (1000Hz) 

24.3 25.1 25.5 36.5 
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Table 4.3 

Winding Inductances(μH) 

 2-D FE Measured (120Hz) Measured (1000Hz) 

No stator gap 

A 14.45 24.1 23.47 

B 14.45 24.1 23.47 

C 14.45 24.1 23.47 

Stator 

gap=1mm 

A 14.50 35.93 35.40 

B 14.68 39.60 38.08 

C 14.50 35.93 35.40 

4.8.3 Static torque 

In literature [XUF20], a test rig is designed to measure the on-load static torque, Fig. 4.76. The 

cogging torque can be measured under open-circuit condition, and with the armature currents of 

IA= −IB =5A, IC =0A, the on-load static torques of the 6s/2p motor at different rotor positions 

can be measured. Without and with stator gap and misalignment, the FE predicted and measured 

cogging torques and on-load static torques have a good agreement, Figs. 4.77, 4.78, and 4.79. 

Fig. 4.80 shows that with the increase of phase current, the measured maximum static torques 

are in good agreement with FE predictions of 6s/2p motor without and with stator gap and 

misalignment.  

 

Fig. 4.76. Test rig for static torque measurement. 
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(a) Cogging torque 

 

(b) Static torque 

Fig. 4.77. FE predicted and measured cogging torques and static torques, No stator gap, no 

misalignment. 

 

(a) Cogging torque 
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(b) Static torque 

Fig. 4.78. FE predicted and measured cogging torques and static torques, 1 mm stator gap and 

no misalignment. 

 

(a) Cogging torque 

 

(b) Static torque 

Fig. 4.79. FE predicted and measured cogging torques and static torques, 1 mm stator gap and 

1 mm misalignment. 
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Fig. 4.80. Variation of FE predicted and measured peak static torques with phase current, 

without and with 1 mm stator gap (gap) and 1 mm misalignment (mis). 

4.9. Conclusion 

The influence of stator gap and misalignment due to manufacturing tolerances on the 

electromagnetic performance of 6s/2p HSPM motor with toroidal winding and diametrically 

magnetized PM rotor has been analyzed and experimentally validated.  

It can be seen that the stator gap mainly affects the equivalent air-gap length and magnetic 

reluctance, which decreases the fundamental magnitude of air-gap flux density, flux linkage, 

back-EMF and average on-load torque. Meanwhile, the stator gap changes the equivalent 

combination of slot and pole number, which increases the harmonic contents of air-gap flux 

density and peak cogging torque significantly. Due to the uneven equivalent air-gap distribution, 

stator gap leads to unbalanced three phase back-EMFs (both amplitudes and phase angles) and 

self- and mutual-inductances. In addition, the stator gap increases the total motor loss due to the 

increase of rotor PM loss. The results also show that the influence on total loss is small when the 

stator gap less than 1mm. The tooth tip mainly affects the self-inductance of the motor with 1mm 

stator gap.  

The influence of another manufacturing tolerance, i.e. misalignment of two split parts, on the 

electromagnetic performance of 6s/2p HSPM motor with toroidal winding and diametrically 

magnetized PM rotor has also been analyzed. It shows that the misalign of two stator parts mainly 

affects the uneven equivalent air-gap and symmetry of winding configuration, which leads to 

unbalanced three phase back-EMFs, especially phase angles, and self- and mutual-inductances. 

In addition, the misalignment increases the total motor loss due to the increase of rotor PM loss 

and has negligible influence on stator iron loss.   
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CHAPTER 5 

COMPARISON OF 2-POLE HIGH-SPEED 

PERMANENT MAGNET MOTOR WITH DIFFERENT 

STATOR STRUCTURES AND WINDING 

CONFIGURATIONS 

This chapter compares the electromagnetic performance of 2-pole slotted and slotless high-

speed permanent magnet (HSPM) motors with toroidal and tooth-coil windings, together with 

the influence of the tooth-tip. All HSPM motors are optimized for maximum torque by the 

global algorithm employing finite element method (FEM). It found that the slotless motor with 

6 coils toroidal windings has advantages of low stator iron loss and rotor eddy current loss due 

to no slotting effect, but has significantly high AC copper loss. Although slotted and slotless 

HSPM motors with toroidal windings have the same winding factor, the slotted motor with 6 

slots has higher torque, higher PM utilization, lower AC copper loss, and larger winding 

inductance. The comparison between slotted HSPM motor with toroidal and tooth-coil 

windings indicates the toroidal windings has the advantage of relatively large torque due to 

small stator iron loss under the thermal limitation. 

5.1 Introduction  

High-speed permanent magnet (HSPM) motors have been developed for decades to meet 

requirements from various applications, for example, hand tools, compressors, vacuum 

cleaners, automotive superchargers, and micro gas turbines due to their advantages of high 

efficiency and high power density [HES87] [ZHU97] [ZWY05] [NOG05] [GER14] [HON18] 

[SHE18] [HET22]. In general, small size low power HSPM motor requires short end-winding 

to improve the rotor mechanical strength [UZH16], therefore the non-overlapping 

configurations are widely employed, such us tooth-coil [SHI04] [BIA05] [HON13] and 

toroidal windings [ZWY05] [ISM18] [BOR14].  

Toroidal windings, which are also named gramme-ring windings [EVA83] [SPO91], as a kind 

of non-overlapping windings have advantages of high rotor mechanical stiffness due to short 

axial end-winding length [BOR14] [GIL16], and good cooling capability due to outside cooling 
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ducts under forced-air cooling. Therefore, toroidal windings are widely employed in slotted 

and slotless HSPM motors.  

Generally, for slotted motors, toroidal windings are mainly used in multiple-slot high-power 

large-size HSPM motors, such as a 24s/2p motor with 75kW at 60krpm [WAN09] [XIN10], a 

24s/2p motor with 15kW at 30krpm [CHE11], a 24s/2p motor with 75 kW at 36krpm [DON14], 

a 36s/2p motor with 117kW at 60krpm [LIW13]. [XIN10] compares the rotor loss of slotless, 

6-, 12-, 18-, and 24s/2p HSPM motors. It shows that the 24-slot motor has the lowest rotor loss 

compared to the other slotted motors. For minimal-slot low-power small-size motors, toroidal 

windings are rarely researched in literature. In [XUF21a], the influence of slot number on 

electromagnetic performance is investigated for 2-pole HSPM motors with toroidal windings. 

The results show the 6s/2p is attractive for high-speed operation due to no unbalanced magnetic 

force and relatively high torque. 

Slotless stator structure is very popular in low-power small-size HSPM motors because of its 

elimination of slotting effect and negligible cogging torque [CHE97]. In addition, without the 

slotting effect, the eddy current loss in rotor and stator iron would be reduced [ATA98] 

[CHE09]. For slotless HSPM motors, toroidal winding has been widely employed and 

investigated [EVA83] [SPO91] [ZWY05] [KOL13] [BOR14] [JUM14] [GIL16] [GIL17] 

[LEE17] [ISM18] [SNE18]. A 100W, 500 krpm slotless HSPM generator with toroidal 

windings is designed for mesoscale gas turbines in [ZWY05]. [KOL13] employs amorphous 

soft magnetic stator material for a 1kW 70 krpm slotless HSPM motor with toroidal windings. 

[BOR14] designs three slotless HSPM motors with toroidal windings: 1) A 150 W, 200 krpm 

micro-milling spindle motor; 2) A air compressor with 4.5 mNm torque and 30-50 krpm speed 

range; 3) A 3.7 kW, 240 krpm gas turbine generator. [JUM14] analyses rotor eddy current loss 

of 50 W, 100 krpm slotless motors with toroidal, concentrated, and helical windings. The 

results show that under the same torque, the slotless motor with concentrated windings (3 coils) 

has the highest rotor eddy current loss, and the motors with toroidal and helical windings have 

almost the same low rotor eddy current loss. [ISM18] designed a 123 W, 1.2 million rpm 

slotless motor with toroidal windings and Litz wires. It shows that under ultra-high-speed 

operation, the aerodynamic losses are dominated, which takes a large proportion in total motor 

losses, almost 84%. [GIL16] analyses three PM machine topologies for a 15 kW, 150 krpm 

electrically assisted turbocharger (EAT), including a slotless structure with toroidal windings, 

a 6-slot straight teeth structure with concentrated windings, and a 6 semi-closed slots structure 

with concentrated windings. The comparison shows the slotless motor with toroidal windings 
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has the highest efficiency but the lowest torque density. The slotted motor with concentrated 

windings has the best trade-off between efficiency and torque density, especially for the 6 semi-

closed slots structure. In [GIL17], a 6s/4p slotted motor with concentrated windings and a 2-

pole slotless motor with toroidal windings are compared in terms of noise and loss reduction. 

The results show that the slotless motor with toroidal windings has a lower noise level at the 

rated speed and lower on-load motor losses. It is worth noting that all the slotted motors in 

comparison use concentrated windings and the comparison between slotted and slotless HSPM 

motors with toroidal windings has not been mentioned, which will be investigated in this 

chapter.  

Tooth-coil windings are used widely in slotted HSPM motors [NOG05] [MAJ19b] [HON13], 

especially for 3s/2p and 6s/2p HSPM motors. Although 3s/2p PM motors with tooth-coil 

windings have relatively large winding factor (0.866) and high torque, the inherent unbalanced 

magnetic force (UMF) and high rotor eddy current loss are undesirable for high-speed 

applications. 6s/2p HSPM motors with tooth-coil windings have no UMF and low rotor loss, 

which also have the same winding factor as motors with toroidal windings. However, the 

comparison between those two different winding configurations in 6s/2p HSPM motors has 

not been investigated before, which will be researched in this chapter.  

This chapter is organized as follows. In section 5.2, firstly, the motor topologies of 2-pole 

slotted and slotless HSPM motors with toroidal windings are described. Secondly, two HSPM 

motors are optimized for maximum torque by the finite element method (FEM). Thirdly, the 

electromagnetic performances of the optimized slotted and slotless HSPM motors with toroidal 

windings are compared. In section 5.3, the comparison of the electromagnetic performances 

between 6s/2p HSPM motors with toroidal and tooth-coil are described. Section 5.4 is the 

conclusion.  

5.2 Comparison of Slotted and Slotless Motors with Toroidal 

Windings 

5.2.1 Toroidal winding motor topologies  

Fig. 5.1 shows the cross-sections of 2-pole HSPM toroidally-wound motors with 6-slot slotted 

and 6-coil slotless structures. For toroidal windings, coils are wound around the stator yoke 

and two opposite coils belong to the same phase. For the slotted motor, six coils are separated 

by stator teeth, which have no tooth-tip to ease manufacturing processes, Fig. 5.1(a). According 
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to [XUF21b], the influence of tooth-tip was found to be negligible, except for rotor loss and 

winding inductances, and thus the slotted motor with tooth-tip will be researched for these two 

items. In general, the width of outer tooth in the slotted motor for mechanical support may be 

different from the inner tooth width. However, they have been assumed to be the same for 

simplicity in this chapter. For the slotless motor without stator teeth, six coils span over the 60 

elec. Deg., Fig. 5.1 (b), and the similar outer teeth for mechanical support are neglected in this 

investigation [ZWY05] [JUM15] [GIL16] [GIL17]. The rotor consists of a diametrically 

magnetized magnet ring, a magnetic shaft, and a stainless steel sleeve. The magnetic shaft can 

improve the output torque and the sleeve can protect the PM from centrifugal force. The main 

parameters of 2-pole slotted and slotless HSPM motors with toroidal windings are given in 

Table 5.1.  

 
 

(a) Slotted (b) Slotless 

Fig. 5.1. Cross-sections of two 2-pole HSPM toroidal motors. 

Table 5.1 

Main Parameters of 2-Pole HSPM Motors 

Rated speed (krpm) 110 Sleeve thickness (mm) 0.3 

Stator outer diameter (mm) 54 Shaft diameter (mm) 5 

Stator active length (mm) 9.1 Remanence (T) 1.3 

Air-gap length (mm) 1.55 Number of turns per phase 37 

5.2.2 Optimal designs  

In this section, 2-pole slotted and slotless HSPM motors with toroidal windings are optimized 

for maximum electromagnetic torque (Tem) by FEM. Meanwhile, the maximum stator loss 

(stator iron loss and copper loss) [BIA04] and the maximum current density [REI13] [HET21] 
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must be limited in order to avoid global and local overheating, respectively, which would lead 

to the destruction of the winding insulation and short circuit. 

According to [BIA04], the maximum allowed stator loss depends on stator thermal limit (Plimit), 

which can be derived as 

limit m s aP h D l 
 

(5.1) 

where la is the stator active length, h represents the overall heat transfer coefficient, which is 

100 W/( oCm2 ) for the slotted motor and 50 W/( oCm2 ) for the slotless motor [BIA04] with 

forced-air cooling. The maximum allowed temperature (νm) is 120°C since the insulation class 

is ‘E’. In general, the maximum allowed current density of high-speed motors is higher than 

that of conventional low- and medium-speed motors, and it is 12 A/mm2 for both slotted and 

slotless HSPM motors in this chapter. 

In this optimization, the shaft diameter is fixed by the manufacturing requirement, which 

depends on the standard bearing size. In addition, the stator outer diameter, air-gap length, and 

sleeve thickness are fixed. According to [PAN06a], 6s/2p PM motors have the same stator 

tooth width (wt) and stator yoke height (hy), Fig. 2. In addition, for the slotted motor, the inner 

and outer stator tooth widths are the same. It is worth noting that the inner winding areas are 

equal to the outer winding areas for maximum torque and thus the inner winding height can be 

calculated by geometric relationship. Therefore, only two variables are considered, i.e. outer 

winding height (ho) and stator yoke height (hy). With different combinations of outer winding 

height and stator yoke height, the stator loss and electromagnetic torque are computed by fixing 

current density. Then, the design with maximum torque is selected when its stator loss is under 

the maximum allowed stator loss. 

  

(a) (b) 

Fig. 5.2. Models of two 2-pole HSPM toroidal motors. (a) Slotted. (b) Slotless.  

Fig. 5.3 indicates the variation of average torque with stator loss. It can be seen that the average 

torques of 2-pole slotted and slotless HSPM motors increase with the increase of stator loss. 

Therefore, considering thermal limit, the maximum torque can be achieved at the maximum 
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stator loss and the slotted motor has higher average torque than the slotless motor. The variation 

of PM utilization, i.e. the average torque per PM volume, with the stator loss is shown in Fig. 

5.4. The PM utilization decreases with the increase of stator loss, which has the opposite trend 

to the average torque. The variations of maximum average torque with stator loss in slotted and 

slotless motors for different stator losses are shown in Fig. 5.5. It shows that without thermal 

limit, the slotless motor has higher torque than the slotted motor for each stator loss since the 

winding area of the slotless motor is larger than that of the slotted motor. However, considering 

thermal limit, the corresponding slotted motor has 16% higher maximum torque than the 

allowed slotless motor, Fig. 5.5. The variations of the maximum PM utilization with stator loss 

in slotless and slotted motors for different stator losses are shown in Fig. 5.6. It can be seen 

that the PM utilization in the slotted motor is more sensitive to stator loss than that in the 

slotless motor, and the corresponding slotted motor has 65% higher maximum PM utilization 

than the allowed slotless motor. Therefore, considering thermal limit, the optimized slotted 

motor has advantages of high torque and high PM utilization compared to the optimized slotless 

motor. The results of two optimized slotted and slotless motors are shown in Table II. 

 

(a) Slotted 
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(b) Slotless 

Fig. 5.3. Variation of average torque with stator loss. 

 

(a) Slotted 

 

(b) Slotless. 

Fig. 5.4. Variation of average torque per PM volume with stator loss. 
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Fig. 5.5. Variation of maximum average torque with stator loss. 

 

Fig. 5.6. Variation of maximum average torque per PM volume with stator loss.  

Table 5.2 

Optimized Design Parameters for Two 2-Pole HSPM Motors 

 Slotted Slotless 

Rated speed (krpm) 110 

Stator active length, la (mm) 9.1 

Stator outer diameter, Do (mm) 54 

Stator inner diameter Di, mm 8.9 10.2 

Outer winding height ho, mm 4.4 4.6 

Stator yoke height hy, mm 4.2 4.2 

PM thickness, mm 4.90 6.15 

Limited stator loss, W 18.53 9.26 

Stator iron loss, Pfe W 13.91 5.18 

DC copper loss, Pcu, W 3.37 4.02 

Rotor loss, W 15.59 1.73 

Torque, mNm 32.19 27.75 

Torque/PM volume, Nm/m3 23.42 14.16 
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5.2.3 Electromagnetic performance  

In this section, the comparison of electromagnetic performances between 2-pole slotted and 

slotless HSPM motors are investigated by FEM, including air-gap flux density, back 

electromotive force (back-EMF), cogging torque and electromagnetic torque, motor losses, 

winding inductances, and mechanical stress. 

1) Open-circuit air-gap flux density  

Fig. 5.7 shows the equal potential and air-gap flux density distributions of 2-pole slotted and 

slotless HSPM motors. It can be seen that the maximum stator iron flux densities of the slotted 

and slotless motors are 1.2T and 1.0T, respectively. Due to diametrically-magnetized, the air-

gap flux density waveform of the slotless motor is sinusoidal and there are no harmonic 

components due to no slotting effect, Fig. 5.8(a). For the slotted motor without tooth-tip and 

large slot opening, the air-gap flux density waveform is almost sinusoidal and the 5th and 7th 

order harmonics exist due to slotting effect, Fig. 5.8(b). Although no harmonic components, 

the slotless motor has a smaller fundamental magnitude than the slotted motor due to larger 

leakage flux. 

 
 

(a) 2-pole slotted motor (b) 2-pole slotless motor 

 

Fig. 5.7. Open-circuit equal potential and air-gap flux density distributions of two HSPM 

motors. 

0.0 2.01.50.5 1.0

B (T)
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(a) Waveforms 

 

(b) Harmonics 

Fig. 5.8. Open-circuit air-gap flux densities of 2-pole slotted and slotless motors. 

2) Back-EMF 

The back-EMFs of 2-pole slotted and slotless HSPM motors are compared in Fig. 5.9. The 

back-EMF waveforms of phase A of two motors are sinusoidal and the slotted motor has a 

larger fundamental magnitude of back-EMF than the slotless motor, which is the same as the 

air-gap flux density. 
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(a) Waveforms 

 

(b) Harmonics 

Fig. 5.9. Comparison of back-EMFs of phase A between slotted and slotless motors.  

3) Cogging torque and electromagnetic torque 

Fig. 5.10 shows the cogging torque and electromagnetic torque waveforms for slotted and 

slotless motors under ideal brushless DC drive 120-degree square wave current for high-speed 

operation, Fig. 5.11. It can be seen that the cogging torque of the slotted motor is larger than 

the slotless motor due to the large slot opening [ZHU92]. Compared to the slotless motor, the 

slotted motor carrying smaller phase currents has a higher electromagnetic torque. 
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Fig. 5.10. Cogging torques and electromagnetic torques of 2-pole slotless and slotted motors. 

(Js=12A/mm2) 

 

Fig. 5.11. Phase currents of 2-pole slotless and slotted motors under the same current density, 

phase A. 

4) Loss analysis 

A. Stator iron loss 

The no-load and on-load stator iron losses of slotted and slotless motors are calculated by FEM, 

Fig. 5.12. It can be seen that the armature reaction has negligible influence on the stator iron 

loss, the no-load and on-load stator iron losses are nearly the same. However, the slotted motor 

has larger stator iron loss than the slotless motor due to higher maximum stator iron flux density 

and larger stator iron volume, Fig. 5.7. The on-load stator iron loss distributions of slotted and 

slotless motors are shown in Fig. 5.13. 
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Fig. 5.12. Stator iron losses of slotted and slotless motors. 

 
 

(a) Slotted (b) Slotless 

 

Fig. 5.13. On-load stator iron loss distributions of slotted and slotless motors. 

B. Copper loss 

Generally, the copper loss consists of two parts, i.e. DC and AC copper losses. In high-speed 

motors, the AC copper losses due to skin effect and proximity effect may increase significantly 

and should be considered [LIS16]. To avoid the skin effect, the diameter of conductors should 

be less than the skin depth (δ) [UZH14], which can be calculated by  

cf




 
  （5.2） 
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where ρ is the resistivity of the conductor, f is the fundamental frequency, and μ is the 

permeability of the conductor. In this chapter, the skin depth is 1.6mm, and thus the skin effect 

can be neglected when the diameters of conductors in slotted and slotless motors are 0. 48mm 

and 0.52mm, respectively.  

Fig. 5.14 and Table 5.3 show the no-load and on-load Joule losses of two motors neglecting 

short end-winding. It can be seen that the slotted motor has relatively small AC loss but the 

slotless motor has significantly large AC loss, even under the no-load condition. For the slotted 

motor, the rotating magnetic field only affects the conductors near the slot opening but has 

negligible influence on the conductors at the bottom of the slot, Fig. 5.15(a). Therefore, the AC 

loss of the slotted motor mainly results from the proximity effect. For the slotless motor, the 

rotating magnetic field affects almost all the inner conductors, and the maximum flux density 

in conductors of the slotless motor is twice that of the slotted motor, Fig. 5.15(b). Therefore, 

the AC loss of the slotless motor mainly results from the field caused by the permanent magnet, 

and the proximity effect can be neglected since the inner conductors are all in the air-gap 

[ZWY05]. In general, for high-speed motors, the Litz wires are essential in order to avoid large 

AC copper loss [GIL17]. 

 

Fig. 5.14. Comparison of Joule losses of slotted and slotless motors under no-load and on-

load conditions. 
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(a) Slotted (b) Slotless 

Fig. 5.15. On-load flux density distributions of conductors in two motors.  

Table 5.3 

Joule Losses without End-winding (W) 

 Slotless Slotted 

 No-load On-load No-load On-load 

Joule losses  16.22 19.72 0.80 2.82 

DC loss - 1.43 - 1.15 

AC loss 16.22 18.29 0.80 1.67 

AC/Joule, %  - 92.7 - 59.2 

C. Rotor loss 

A stainless-steel sleeve is employed to retain the PMs from centrifugal force, and thus the rotor 

loss includes eddy current losses in sleeve, PMs, and shaft. Those eddy current loss not only 

affects the motor efficiency but also may result in irreversible demagnetization of PMs due to 

overheating [EDE01]. In general, the rotor eddy current loss is caused by the spatial harmonics 

as well as the time harmonics. Therefore, the slotted motor without tooth-tip (5mm slot-opening) 

has higher rotor loss than the slotless motor mainly due to the slotting effect, Fig. 5.16. 

However, the slotted motor with tooth-tip (1.5mm slot-opening), Fig. 5.17, has almost the same 

rotor loss as the slotless motor. Fig. 5.18 shows the rotor loss distributions of slotted and slotless 

motors. 
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Fig. 5.16. Comparison of rotor losses between slotted and slotless motors. 

 

Fig. 5.17. 2-pole slotted motor with tooth-tip. 

   

(a) Slotted without tooth-tip (b) Slotted with tooth-tip (c) Slotless 

 

Fig. 5.18. On-load rotor loss distribution of slotted and slotless motors.  

D. Frame loss 

The losses in the frame are taken into consideration since the toroidal windings have high 

external leakage caused by the outer windings, which will inevitably induce eddy currents in 

neighbouring conductive bodies [PAN06b] [BOR14]. The material of the frame is Aluminium 
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for its electrical conductivity and cooling activity. When the frame thickness is less than 1mm, 

the frame eddy current loss increases sharply, while after that the frame loss remains unchanged 

since the skin depth of the frame is 1.2 mm, Fig. 5.19. Figs. 5.20 and 5.21 show the eddy current 

density and eddy current loss distributions of the frames (1mm) in the slotted and slotless 

motors. In addition, the slotless motor has a larger frame loss than the slotted motor since the 

slotless motor has a larger rated phase current, Fig. 5.11. Overall, compared to other loss 

components, the frame loss is very small and can be neglected. 

 

Fig. 5.19. Variation of frame losses with frame thickness of slotted and slotless motors. 

  

 

(a) Slotted (b) Slotless 

Fig. 5.20. Eddy current density distributions of the frames (1mm) in slotted and slotless 

motors. 
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(a) Slotted (b) Slotless 

Fig. 5.21. Eddy current loss distributions of the frames (1mm) in slotted and slotless motors. 

5). Winding inductances 

In high-speed motors, winding inductances normally have a profound influence on sensorless 

control [ZHU01]. The winding inductances of slotted without tooth-tip, slotted with tooth-tip, 

and slotless motors are compared. The winding inductances are calculated by FEM when only 

phase A is excited (Ia=1A, Ib=0A, Ic=0A). Fig. 5.22 shows the flux distributions of three motors 

when only phase A is excited. It can be seen that the slotless motor has small leakage of 

armature field, and thus the phase inductance of the slotless motor is smaller than that of two 

slotted motor, Table 5.4. Since the tooth-tip can increase flux leakage significantly, Fig. 5.22 

(b), and reduce the slot effect, the winding inductances of the slotted motor with tooth-tip are 

the largest. It is worth noting that the end-winding inductance is neglected in this chapter due 

to short end-winding. In any case, the end-winding inductances in both slotted and slotless 

machines are similar. 
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(a) Slotted without tooth-tip (b) Slotted with tooth-tip (c) Slotless 

Fig. 5.22. Flux distributions of slotted and slotless motors when only phase A is excited 

(IA=1A, IB=IC=0A). 

Table 5.4 

Winding Inductances for HSPM Motors (μH) 

 Slotted Slotted with tooth-tip Slotless 

Self-inductance  12.66 22.80 4.75 

Mutual-inductance -1.80 -1.97 -1.57 

Phase inductance 14.46 24.77 6.32 

 

5.3 Comparison of Slotted Motor with Toroidal and Tooth-coil 

Windings 

5.3.1 Motor topologies 

The cross-sections of 6s/2p HSPM motor with toroidal and tooth-coil windings are shown in 

Fig. 5.23. The coils are wound around the stator yoke and separated by stator teeth for the 

toroidal windings. As for tooth-coil windings, the coils are wound around the stator teeth. The 

stators of both motors employ the stator teeth with tooth-tips to reduce the slotting effect, and 

the slot opening of each motor is 1.5 mm. The main parameters of both slotted motors are the 

same as that in Table 5.1. The tooth-coil windings have the same winding factor as toroidal 

windings [XUF21a]. In order to have the better electromagnetic performance the inner and 

outer slot areas are set to be the same for the toroidal windings as shown in chapter 3.  
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(a) Toroidal windings (b) Tooth-coil windings 

Fig. 5.23. Cross-sections of two 2-pole HSPM motor with different windings. 

5.3.2 Optimal designs 

In this section, 6s/2p HSPM motors with toroidal and tooth-coil winding are optimized for 

maximum electromagnetic torque (Tem) using the same method stated in 5.2.2. The shaft 

diameter, stator outer diameter, tooth-tip thickness, air-gap length, and sleeve thickness are 

fixed in this optimization. Since both motors have slotted stator structures, the overall heat 

transfer coefficient is 100 W/( oCm2 ). The maximum allowed current densities for both toroidal 

and tooth-coil motors are12 A/mm2 in this chapter.  

For 6s/2p HSPM motor with tooth-coil windings, the stator tooth width (wt) is the same as 

stator yoke height (hy) [PAN06]. Therefore, only two variables are considered in the 

optimization: stator yoke height (ht) and stator inner radius (Ri), Fig. 5.24(b). With different 

combinations of variables, outer winding height (ho) and stator yoke height (ht) for toroidal 

windings, and stator yoke height (ht) and stator inner radius (Ri) for tooth-coil windings, the 

stator loss and electromagnetic torque are computed by fixing current density. Then, the design 

with maximum torque is selected when its stator loss is under the maximum allowed stator loss. 

  

(a) Toroidal (b) Tooth-coil 

Fig. 5.24. Models of two 6s/2p HSPM motors with different windings. 
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Fig. 5.25 indicates the variation of average torque with stator loss. It can be seen that the 

average torques of 6s/2p HSPM motors with toroidal and tooth-coil windings increase with the 

increase of stator loss. Therefore, considering thermal limit, the maximum torque can be 

achieved at the maximum stator loss and the motor with toroidal windings has higher average 

torque than the motor with tooth-coil windings. The variation of PM utilization, i.e. the average 

torque per PM volume, with the stator loss is shown in Fig. 5.26. It is worth noting that the PM 

utilization of the motor with tooth-coil windings increases at first and then decreases with the 

increase of stator loss. The variations of maximum average torque with stator loss in toroidal 

and tooth-coil motors for different stator losses are shown in Fig. 5.27. It shows that the motor 

with toroidal windings has 26.1% higher torque than the motor with tooth-coil windings for 

different stator losses since the motor with tooth-coil windings has no outer slot area, and it has 

larger stator core than the motor with toroidal windings. The variations of the maximum PM 

utilization with stator loss in motors with toroidal and tooth-coil windings for different stator 

losses are shown in Fig. 5.28. When the thermal limitation is larger than almost 10W, the motor 

with tooth-coil windings higher maximum PM utilization than the motor with toroidal windings. 

It is worth noting that the maximum torque and maximum PM utilization cannot be achieved 

simultaneously. Therefore, considering thermal limit, the optimized motor with toroidal 

windings has advantages of high torque and large PM utilization compared to the optimized 

motor with tooth-coil windings. The results of two optimized motors are shown in Table 5.5. 

 

(a) Toroidal 
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(b) Tooth-coil 

Fig. 5.25. Variation of average torque with stator loss. 

 

(a) Toroidal 

 

(b) Tooth-coil 

Fig. 5.26. Variation of average torque per PM volume with stator loss. 
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Fig. 5.27. Variation of maximum average torque with stator loss. 

 

Fig. 5.28. Variation of maximum average torque per PM volume with stator loss. 

Table 5.5 

Optimized Design Parameters for Two 2-Pole HSPM Motors 

 Toroidal Tooth-coil 

Rated speed (krpm) 110 

Stator active length, la (mm) 9.1 

Stator outer diameter, Do (mm) 54 

Stator inner diameter Di, mm 16.4 15.6 

Outer winding height ho, mm 4.4 - 

Stator yoke height hy, mm 4.0 4.4 

PM thickness, mm 4.08 3.75 

Limited stator loss, W 18.53 18.53 

Stator iron loss, Pfe W 14.32 15.64 

DC copper loss, Pcu, W 3.31 2.74 

Rotor loss, W 3.24 2.28 

Torque, mNm 29.63 23.5 

Torque/PM volume, Nm/m3 27.92 25.05 
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5.3.3 Electromagnetic performances 

In this section, the comparison of electromagnetic performances between HSPM motors with 

toroidal windings and tooth-coil windings are investigated by FEM, including air-gap flux 

density, back electromotive force (back-EMF), cogging torque and electromagnetic torque, 

motor losses and winding inductances. 

1) Open-circuit Air-gap Flux Density  

Fig. 5.29 shows the equal potential and air-gap flux density distributions of HSPM motors with 

toroidal and tooth-coil windings. It can be seen that the optimized motors with toroidal and 

tooth-coil windings have almost the same maximum stator iron flux density, 1.5T. The air-gap 

flux density waveforms of both motors are almost sinusoidal due to diametrically-magnetized 

Fig. 5.30(a). However, with the slotting effect, the 5th and 7th order harmonics existed, Fig. 

5.30(b).  

  
(a) Open-circuit equal potential 

  
(b) Air-gap flux density distribution 

 
(I) Toroidal (II) Tooth-coil 

Fig. 5.29. Open-circuit equal potential and air-gap flux density distributions of two HSPM 

motors. 

0.0 2.01.50.5 1.0

B (T)
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(a) Waveforms 

 

(b) Harmonics 

Fig. 5.30. Open-circuit air-gap flux densities of HSPM motors with toroidal and tooth-coil 

windings.  

2) Back-EMF 

The back-EMFs of 6s/2p HSPM motors with toroidal windings and tooth-coil windings are 

compared in Fig. 5.31. The back-EMF waveforms of phase A of two motors are sinusoidal and 

the motor with toroidal windings has a slightly larger fundamental magnitude of back-EMF 

than the motor with tooth-coil windings, which is the same result as the air-gap flux density. 
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(a) Waveforms 

 

(b) Harmonics 

Fig. 5.31. Comparison of back-EMFs of phase A between HSPM motors with toroidal and 

tooth-coil windings. 

3) Cogging Torque and Electromagnetic Torque 

Fig. 5.32 shows the cogging torque and electromagnetic torque waveforms for HSPM motors 

with toroidal and tooth-coil windings under ideal brushless DC drive 120-degree square wave 

current for high-speed operation, Fig. 5.33. It can be seen that the cogging torques of both 

motors with toroidal and tooth-coil windings are almost zero and the motor with toroidal 

windings has larger electromagnetic torque. 
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Fig. 5.32. Cogging torques and electromagnetic torques of HSPM motors with toroidal and 

tooth-coil windings.  

 

Fig. 5.33. Phase currents of HSPM motors with toroidal and tooth-coil windings under the 

same current density, phase A. 

4) Loss Analysis 

In this section, the on-load losses of two optimized motors are calculated by FEM with the 

fixed current density, including stator iron loss, copper loss, rotor loss, Fig. 5.34. Overall, the 

motors with toroidal and tooth-coil windings have almost the same total loss.  
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Fig. 5.34. Losses of HSPM motors with toroidal and tooth-coil windings. 

A. Stator iron loss 

The stator iron losses motors with toroidal and tooth-coil windings are calculated by FEM, Fig. 

5.35. The armature reaction increases the stator iron loss, Fig. 5.35, and the toroidal wound 

motor has lower stator iron loss than the tooth-coil wound motor due to smaller stator active 

iron volume, which can be seen in Fig. 5.36. It is apparent that there is negligible iron loss in 

the outside tooth of toroidal wound motor. 

 

 

 

(a) Toroidal (b) Tooth-coil 

Fig. 5.35. On-load stator iron loss distributions of motors with toroidal and tooth-coil 

windings.  
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(a) Waveforms 

 

(b) Harmonics 

Fig. 5.36. Stator iron losses in toroidal and tooth-coil wound HSPM motors. 
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B. Copper loss 

As mentioned in Section 5.2.3, the AC loss due to skin effect are negligible for slotted motor 

and it is essential for HSPM motor to use Litz wires in order to avoid large AC loss. Therefore, 

only DC copper loss are compared in this section. Although the motor with toroidal windings 

has smaller resistance due to the small cooper wire diameter, it still has larger DC copper loss 

due to the larger current, Fig. 5.34.  

C. Rotor loss 

A stainless-steel sleeve is employed to retain the PMs from centrifugal force, and thus the rotor 

loss includes eddy current losses in sleeve, PMs, and shaft. Those eddy current loss not only 

affects the motor efficiency but also may result in irreversible demagnetization of PMs due to 

overheating [EDE01]. In general, the rotor eddy current loss is caused by the spatial harmonics 

as well as the time harmonics. Since both motors with toroidal and tooth-coil windings are 

employed the stator structure with tooth-tip, the rotor losses are almost the same. Fig. 5.36 

shows the rotor loss distributions of motor with toroidal and tooth-coil windings.  

  

(a) Toroidal (b) Tooth-coil 

 

Fig. 5.36. On-load rotor loss distributions of motors with toroidal and tooth-coil windings.  

D. Frame loss 

As stated in 5.2.3, the losses in the frame of the motor with toroidal windings are taken into 

consideration since the toroidal windings have high external leakage caused by the outer 

windings. The frame loss of the motor with tooth-coil windings are almost zero, Fig. 5.37. 

However, for the motor with toroidal windings, same as the result in 5.2.3, when the frame 

thickness is less than 1mm, the frame eddy current loss increases sharply, while after that the 

frame loss remains unchanged since the skin depth of the frame is 1.2 mm, Fig. 5.37. Overall, 

compared to other loss components, the frame loss is very small and can be neglected. 
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Fig. 5.37. Variation of frame losses with frame thickness of motors with toroidal and tooth-

coil windings. 

5). Winding inductances 

The comparison of winding inductances between motors with toroidal and tooth-coil windings 

is investigated. The winding inductances are calculated by FEM using the same method as 

section 5.2.3. It can be seen that the motor with tooth-coil windings has significantly larger 

self- and mutual-inductance than the motor with toroidal windings, Table 5.8, but has positive 

mutual-inductance since the two different phase conductors with the same connection polarity 

are located at the sides of the slot, Fig. 5.23(b). Since toroidal windings and tooth-coil windings 

have short end-winding, end-winding inductance is neglected in this chapter. 

Table 5.8 

Winding Inductances for HSPM Motors (μH) 

 Toroidal Tooth-coil 

Self-inductance  22.80 53.32 

Mutual-inductance -1.97 21.24 

Phase inductance 24.77 32.08 

5.4 Conclusion 

In this chapter, 2-pole slotted and slotless HSPM motors with toroidal windings are optimized 

by FEM, and their electromagnetic and mechanical performances are compared. The results 

show that the slotted motor has advantages of high torque and torque per PM volume, lower 

AC copper loss, and relatively suitable winding inductance. Although the slotless motor can 

offer advantages such as low stator iron loss and low rotor loss, its high AC copper loss and 

very small winding inductances should be considered carefully for high-speed applications. In 

addition, 6s/2p HSPM motor with toroidal and tooth-coil windings are optimized and compared 
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using the same method. Compared with tooth-coil windings, the 6s/2p HSPM motor with 

toroidal windings has higher torque and PM utilization, but smaller winding inductances.  
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CHAPTER 6 

GENERAL CONCLUSION AND FUTURE WORK 

In this thesis, small-size low-power slotted 2-pole toroidally wound HSPM motors have been 

designed and investigated in terms of electromagnetic performance. Toroidal windings with 

non-overlapping end-windings can not only reduce the end-winding axial length but also 

achieve the modular design.  

Table 6.1 

All Motor Topologies in This Thesis 

 
Stator 

structures 
Slot ratios 

Winding 

Configurations 

Cross-sections 

3-slot/2-pole Slotted 0.5 Toroidal 

 

6-slot/2-pole Slotted 

0.5 Toroidal 

 

- Tooth-coil 

 

< 0.5 Toroidal 
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> 0.5 

 

Slotless 0.5 Toroidal 

 

9-slot/2-pole Slotted 0.5 Toroidal 

 

12-slot/2-pole Slotted 0.5 Toroidal 

 

 

6.1 Motor Design and Comparison 

The influence of slot numbers on electromagnetic performance of 2-pole toroidally wound 

HSPM motors is investigated by FEM in Chapter 2. Fig. 6.1 shows four machine topologies of 

2-pole HSPM motors with slot numbers of 3, 6, 9, and 12, respectively. Then, Chapter 3 

analyses the optimal split ratio of 6s/2p HSPM motors with toroidal windings, considering the 

effect of slot ratio, maximum stator iron flux density, and tooth-tip. Three machine topologies 

of 6s/2p HSPM motors with different slot ratio are shown in Fig. 6.2. The 2-pole HSPM motors 

with slotless/slotted stator structures and tooth-coil/toroidal winding configurations is 

compared in Chapter 4, and their machine topologies are shown in Fig. 6.3.  
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(a) 3-slot (b) 6-slot 

  

(c) 9-slot (d) 12-slot 

Fig. 6.1. Cross-sections of 2-pole high-speed motors with toroidal windings. 

   

(a) Slot ratio=0.5 (b) Slot ratio>0.5 (c) Slot ratio<0.5 

Fig. 6.2. 6s/2p toroidally-wounded HSPM motors with different slot ratios. 
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(a) Slotted (b) Slotless 

  

(a) Toroidal  (b) Tooth-coil  

Fig. 6.3. Cross-sections of two 2-pole HSPM motors with different windings. 

Firstly, the winding configurations and winding factors of 2-pole toroidally-wounded HSPM 

motors with 3-, 6-, 9-, 12-slot stator structures are analysed and calculated, respectively. Fixing 

maximum current density and limiting stator loss, four motors have been optimised for 

maximum torque. Then, their electromagnetic performances are compared, including air-gap 

flux density, back-EMF, cogging torque, electromagnetic torque, winding inductances, UMF, 

and various loss components. The results show that compared with the 3-slot and 9-slot stator 

structures, 6-slot and 12-slot motors are more suitable for high-speed applications due to non-

existence of UMF and low rotor loss. Compared with the 12-slot motor, the 6-slot motor has 

less iron loss and larger torque due to larger winding factor, which is a better choice for high-

speed application.  

Secondly, the optimal split ratio of the 6s/2p HSPM motor with toroidal windings has been 

investigated by analytical method considering the stator iron loss. In addition, the influence of 
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slot ratio, i.e. the ratio of inner slot area to total slot area, maximum stator iron flux density, 

and tooth-tip is analysed. The results can be summarised as follow:  

 With the fixed stator loss, the considered stator iron loss leads to the decrease of 

maximum average torque and optimal split ratio due to the reduced copper loss and 

electric loading. 

 When the inner slot area equals to the outer slot area, the maximum average torque can 

be achieved under an optimal combination of split ratio and maximum stator iron flux 

density. 

 The optimal split ratio decreases with the increase of slot ratio, and the results are 

affected by the maximum stator iron flux density. 

 For a given iron flux density, tooth-tips have almost no influence on the variations of 

maximum torque and optimal split ratio with slot ratio. 

Thirdly, 2-pole slotted and slotless HSPM motors with toroidal windings are optimised for 

maximum torque and their electromagnetic performance are compared. It shows that the slotted 

motor has advantages of high torque and torque per PM volume, and lower AC copper loss. 

The slotless motor can offer advantages such as low stator iron loss and low rotor loss due to 

no slotting effect. However, the slotless motor has high AC copper loss and very small winding 

inductances, which should be considered carefully for high-speed applications. In addition, the 

6s/2p HSPM motors with toroidal and tooth-coil windings are compared. The results show that 

compared with tooth-coil windings, toroidal windings have higher torque and PM utilization, 

but smaller winding inductances.  

6.2 Manufacturing Tolerances  

The influence of stator segment gap and stator misaligned segments, which occur during 

modular manufactory process of 6s/2p HSPM motor with toroidal windings, on 

electromagnetic performance is investigated as shown in Fig. 6.4. The results are summarised 

as follows: 

 The stator gap mainly affects the equivalent air-gap length and magnetic reluctance, 

which decrease the fundamental magnitude of air-gap flux density, flux linkage, back-

EMF, and average on-load torque.  
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 The stator gap changes the equivalent combination of slot and pole numbers, which 

increases the harmonic contents of air-gap flux density and peak cogging torque 

significantly.  

 Due to uneven equivalent air-gap distribution, stator gap leads to unbalanced three 

phase back-EMFs (both amplitudes and phase angles) and self-/ mutual-inductances.  

 The stator gap increases the total motor loss due to the increase of rotor PM loss. 

 When the stator gap is less than 1mm, the influence of stator gap on total loss can be 

neglected.  

 The misaligned stator segments with gaps result in asymmetric air-gap length and 

winding configuration which affect the electromagnetic performance significantly. 

 The misalignment of two stator parts mainly affects the uneven equivalent air-gap and 

symmetry of winding configuration, which leads to unbalanced three phase back-EMFs, 

especially phase angles, and self- /mutual-inductances.  

 The misalignment increases the total motor loss due to the increase of rotor PM loss 

and has negligible influence on stator iron loss.  

  

(a) Stator gap (b) Stator misaligned 

Fig. 6.4 6s/2p HSPM motors with toroidal windings. 

6.3 Future Work 

In this thesis, the research only focuses on the electromagnetic performance of 2-pole toroidally 

wound HSPM motors. Therefore, multiphysics design and optimization can be investigated in 
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the future, including thermal field, mechanical stress, rotor dynamics, and vibration.  

In literature [BIA04], the overall heat transfer coefficient of the slotted motor is twice higher 

than that of the slotless motor with forced-air cooling, which can be verified by the thermal 

analyses of slotted and slotless 2-pole motors with forced-air cooling. In addition, different 

winding configurations also can be compared in terms of temperature rise. 

Since the 6s/2p HSPM motor with toroidal windings has small winding inductance, the 

influence of low winding inductance on the high-speed sensorless control can be investigated 

in the future, together with the electromagnetic torque and rotor loss.  
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