
I 

 

The University of Sheffield 

 

 

Investigation of Novel Axial Flux Magnetically 

Geared Machine 

 

 

Mohammed F. Hamad Khatab 
 

 

 

A thesis submitted for the degree of Doctor of Philosophy (PhD) 

Department of Electronic and Electrical Engineering 

The University of Sheffield, UK 

 

March 2019 

 

 



I 

 

ABSTRACT 

As axial flux permanent magnet (AFPM) machines are currently the most appropriate topologies 

for limited axial space applications, a novel axial flux magnetically geared permanent magnet 

(AFMGPM) machine is investigated in this thesis. Based on a yokeless and segmented YASA 

machine, a new AFMGPM topology was designed and studied. The proposed AFMGPM machine 

consists of stator segments equipped with concentrated windings and two PM rotors with different 

pole-pair numbers: a high speed rotor (HSR) and low speed rotor (LSR). The proposed AFMGPM 

offers the merit of simple mechanical structure and is suitable for applications with limited axial 

space.  

Two possible rotor pole combinations were selected and designed with the same stator segments: 

MG12/5-7 with HSR pole pairs of 5 and LSR pole pairs of 7, and MG12/4-8 with HSR pole pairs 

of 4 and LSR pole pairs of 8. These were optimised for maximum torque capability. Performance 

comparisons at no-load and on-load conditions using 3D-finite element analysis (FEM) reveal that 

the machine torque performance is sensitive to the PM dimensions and better performance can be 

obtained with the MG12/5-7 topology.  

It is demonstrated that the MG machines are a valid alternative to the conventional planetary gear 

function in HEVs. Combining the conventional PM machine with the MG machine has made it 

possible to replace the power split components using only one electrical device. Additionally, the 

proposed machine can work as a conventional magnetic gear (MG) and a generator. It is shown 

that the new AFMGPM machine can realise the function of power split devices in conventional 

HEVs, as a mechanical planetary gear, motor and generator. It is further shown that the rotor 

manufacturing tolerance has a significant effect in terms of stator/LSR misalignment on the no-

load and on-load performances of the machine. 

Finally, a performance comparison between the novel machine and the conventional axial flux 

YASA machine is performed. To validate the predicted results of finite element analysis, a 

prototype of the new topology and a conventional YASA machine are manufactured and tested. It 

has, showing that with the benefit of two rotors with different torques and speeds, the new 

AFMGPM machine has a superior performance at all load conditions. 
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NOMENCLATURE 

 ὃ  Coil area mm2 

 Ὧ  Packing factor  

ᶮ  Air -gap flux Wb 

Ὤ  Magnet thickness mm 

Ὤ Stator slot width mm 

ὄ Air -gap flux density T 

ὄ  PM maximum flux density T 

ὅ Cogging torque factor  

Ὀ  Average diameter mm 

Ὀ Inner diameter mm 

Ὀ  Outer diameter mm 

Ὁ  High speed rotor EMF amplitude V 

Ὁ  Low speed rotor EMF amplitude V 

Ὁ  Total EMF amplitude V 

Ὂ  Axial pull force N 

Ὃ Air -gap axial length mm 

Ὃ  Maximum air-gap axial length mm 

Ὃ  Minimum air-gap axial length mm 

Ὃ Gear ratio  

Ὅ  RMS phase current A 

ὑ  Distribution factor  

ὑ  Pitch factor  

ὑ  Winding factor  

 ὑ  Torque constant Nm/Amp. 

ὒ  Total axial length mm 

ὒ Coil active length mm 

ὒ Rotor axial thickness mm 

ὒ Stator axial length mm 



IV 

 

ὔ  Number of  turns per phase  

ὔ Least (smallest) common multiple  

ὖ Hysteresis loss W 

ὖ  Copper loss W 

ὖ Eddy current loss W 

Ὑ  Phase resistance Ý 

Ὑ  Outer radius mm 

Ὓ  Magnet surface area mm2 

Ὓ  Number of slots per pole per phase  

Ὕ   Torque ripple % 

Ὕ Cogging torque Nm 

Ὕ  Average torque Nm 

Ὕ  Maximum torque Nm 

Ὕ  Minimum torque Nm 

Ὕ Output torque Nm 

ὠ Element volume m3 

ὡὬ Hysteresis loss for each element W 

ὡ  Element Joule loss W 

ὲ Number of coils per phase  

ὲ Number of  stator poles  

ὲὩ Number of elements  

ὴ Number of high speed rotor pole pairs  

ὴ Number of  low speed rotor pole pairs  

ύ  Stator slot depth mm 

‌  Magnet surface area to air-gap area ratio  

—  Angular position of high speed rotor mech. deg. 

— Angular position of low speed rotor mech. deg. 

—  Magnet arc angle mech. deg. 

— Rotor angular position elec. deg. 

— Rotor initial position elec. deg. 



V 

 

‘ Relative permeability H.m-1 

†  Rotor pole pitch mech. deg. 

† Stator pole pitch mech. deg. 

‫  High speed rotor rotation speed rad/sec 

Low speed rotor rotation speed rad/sec ‫ 

‫  Rotor speed rad/sec 

Modulator speed rad/sec ‫ 

Angular frequency rad/sec ‫ 

Ὑ Air -gap reluctance AT/Ý 

Ὡ Phase back EMF V 

Ὢ Frequency Hz 

ά Number of phases  

ὴ Rotor pole pairs  

ὸ Greatest common divisor   

‌ Phase shift of total EMF waveform elec. deg. 

‍ Current angle elec. deg. 

 .Load angle (relative angle) elec. deg ‏

 Maxwell stress tensor N/mm2 ‏

” Copper resistivity at room temperature Ý.m 

„ Skin depth m 
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ABBREVIATIONS 

2D-FEA Two dimensional finite element analysis 

3D-FEA Three dimensional finite element analysis 

AC Alternating current 

AF Axial flux 

AFHE Axial Flux machine with hybrid excitation 

AFMG Axial flux magnetically geared 

AFMGPM Axial flux magnetically geared permanent magnet 

AFPM Axial flux permanent magnet 

AFPS-SFPM Axial flux partitioned stator switching flux PM 

AFSFPM Axial flux switching flux PM 

DC Direct current 

DRAF-FSPM Dual rotor axial flux - flux switching PM 

FFT Fast Fourier Transformation 

GCD Greatest common divisor 

HEV Hybrid electric vehicle 

HSR High speed rotor 

ICE Internal composite engine 

LCM Smallest common multiple 

LSR Low speed rotor 

MFM-BDRM Magnetic field modulated brushless double rotor motor 

MG Magnetic gear 

MMF Magneto-motive force 

PM Permanent magnet 

RFPM Radial flux permanent magnet 

SMC Soft magnetic composite 

SPM Surface mounted permanent magnet 

UMF Unbalanced magnetic force 
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GENERAL INTRODUCTION 

 Introduction  

The current demand for high performance electrical machines for many applications has led to 

permanent magnet (PM) machines providing the best opportunity for meeting the necessary 

requirements. The progress in development of power electronics and PM materials has given a 

strong boost to PM machine innovations. PM machines have thus attracted considerable interest 

among researchers. Axial field permanent magnet (AFPM) machines have attracted significant 

research attention thanks to their unique advantages over radial flux PM (RFPM) machines, such 

as high torque density, low rotor losses, and high efficiency [AYD04]. The main difference 

between axial and radial machines is in the flux direction. In axial flux machines, the flux passes 

axially from the stator to the rotor, while in radial flux machines the flux flow passes radially 

from the stator towards the rotor. In fact, each kind of AFPM machine has its RFPM counterparts. 

Moreover, the disc type shape of the machine makes it suitable for limited axial space 

applications. The machine can also potentially be developed for many different topologies due to 

its axial air-gap.  

In many industrial applications, mechanical gears are widely used for delivering torque and speed 

from the prime-mover to other rotating components [HES80]. However, due to the physical 

contact, frequent maintenance, high fraction losses and large vibration and noise are inevitable. 

Therefore, due to being contactless, magnetic gears (MGs) are currently being developed in an 

attempt to replace mechanical gears [ATA01] . The development of MG topologies in which 

modulation rings are located between the two rotors has encouraged researchers to create new 

types of cascaded electrical machines (i.e. magnetically geared machines) which are permanent 

magnet machines with MGs integrated into the same frame [TLA14]. 

Because of their high efficiency, fuel economy and low emission, hybrid electric vehicles (HEVs) 

have been regarded as the most realistic substitute for conventional fuel vehicles [MIL06] . In 

HEVs, a mechanical planetary gear is normally used to transmit and split the power produced by 

an internal combustion engine (ICE). However, planetary gears exhibit the same problems as 

conventional mechanical gears, namely, lubrication and mechanical loss [NIU13a]. To overcome 

these drawbacks, magnetically geared machines have been introduced to realise a power split 

function.  
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To study power split application to the HEV, this thesis develops a novel axial flux magnetically 

geared PM (AFMGPM) machine from the conventional yokeless and segmented armature YASA 

machine. The novel topology with different rotor pole combinations is comparatively studied with 

the conventional YASA machine. It is useful first to provide a definition of power split application 

and the configuration of AFPM machines as well as a review of the literature of the existing 

topologies of axial flux magnetic gear and magnetically geared machine topologies. 

 Power split application in HEVs 

The requirements for environmental protection and energy saving have led to significant 

improvements in high performance electric machines and hence their Powertrain application. 

Among the motivation technologies, the HEV, a vehicle driven by a battery powered electric motor 

in addition to the conventional engine, has great potential in terms of energy saving and 

environmental protection since it has the merits of fuel economy, low carbon emission and energy 

efficiency. The HEV uses two power systems: a conventional internal combustion engine (ICE) 

and electric motor/generator set [EHS07]. In other words, additional power sources are added to 

the conventional power source of the vehicle, such as an electrical motor, a generator and a battery, 

and the vehicle is driven through linking these components [BOR09]. Different hybrid power 

configurations have been proposed according to the ways in which these components are combined, 

for example, series, parallel and series parallel (Power split). In series drive train applications, a 

motor is used to drive the wheels, fed by either a generator or a battery as depicted in Fig. 1.1(a). 

In this type of application, the generator is driven by the ICE and the electric motor can be either 

connected to a mechanical gear or be part of the vehicle wheel itself (in-wheel motor).  Meanwhile, 

in a parallel configuration the drive wheels are driven by both the ICE and the motor individually 

and simultaneously, as shown in Fig. 1.1(b). Different configurations result in different drive train 

performance and operating characteristics. However, combining the series and parallel 

configurations results in a unique performance configuration known as power split whereby the 

ICE is decoupled from the drive wheels. 
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(a) Series hybrid configuration 

 

(b) Parallel hybrid configuration 

Fig. 1.1. Drive train configurations in HEVs. 

Significant improvements have been made to the series/parallel or power split drive train 

configuration. Recently a specific mechanical gear device known as planetary gear has been used 

in order to split the power obtained from the ICE between the generator and the wheels. This 

mechanical power splitting device was initially invented by Toyota and has recently been 

incorporated into commercial HEVs [SAS98]. Fig. 1.2 shows the planetary gear device 

construction, which consists of three components, the ring gear set, the carrier with planet gear set, 

and the sun gear set. The sun gear is located in the centre of the device and surrounded by a set of 

revolving planet gears which are linked together by a movable carrier. The ring gear is located in 

the outer side of the planet gears. The gear parts work at different speeds and the system has 

different operation modes depending on what component is connected to what part of the power 

split device [GOU11], [DU10]. 
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 Fig. 1.2. Planetary gear configuration. 

Fig. 1.3 depicts the power split scheme used in HEVs, in which the planetary gear unit functions to 

split the ICE input power into two output parts. When the carrier gear is connected to the ICE, the 

sun gear is used to drive the generator and the motor to the ring gear which is connected to the 

wheels. Alternatively, the generator can also work as a motor to deliver mechanical power to the 

conventional gear box and then to the wheels. Moreover, when the ICE is in high efficiency mode, 

the mechanical transmission drives the wheels directly, whereas in power split mode, a part of the 

ICE power must be delivered as electrical power by the generator which operates to charge the 

battery [YAN12].  

 

Fig. 1.3. Planetary gear function of power split in HEVs [YAN 12]. 

Planetary gear can offer high power density, smooth torque transmission and the flexibility to 

drive the vehicle efficiently. In addition, the power split system minimises fuel consumption, 

while the incorporation of an electric traction system gives the vehicle high performance and 

quick acceleration [BOR09]. Furthermore, it can be independently operated at different speeds 

and torques regardless of the wheel speed. However, planetary gear has a large bearing load since 

it has several rotating gear sets [GOU11]. Moreover, due to the physical contact of the planetary 

components, lubrication and regular maintenance are required [HES80].  
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 Axial flux PM machine configurations 

Improvements to AFPM synchronous machines have led them to becoming an appropriate choice 

in the direct drive system for numerous applications. It has been confirmed that when the axial 

length is short, higher torque density can be produced by axial flux machines than by radial 

machines. These machines offer unique design features of short axial length, small magnet 

volume and easily adjustable air-gap, in addition to their merits of high torque density, smooth 

torque, and greater efficiency due to reduced rotor loss compared with the conventional RFPM 

machines [AYD02] [GIU12]. However, development of this machine has increased only 

gradually compared to that of RFPM machines because of fabrication difficulties with the stator 

lamination as well as the attraction force between stator and PM rotor [KAH14], [HUA14a]. The 

AFPM machine topologies can be classified with regard to their configuration as detailed in Fig. 

1.4. 

 

Fig. 1.4. AFPM machine topologies. 

AFPM machines can in general be classified into four main types according to the machine stator 

and rotor numbers [AYD04]. Moreover, the different types can be with or without stator core, 

with or without stator slots, and can be classified with respect to the stator windings type, whereby 

the winding distribution is determined with regard to the flux direction through the stator core. 

The main types of AFPM machine topologies can be briefly described as follows. 

 Single-sided AFPM machine topology 

This type, also known as the single stator ï single rotor or disc type machine, has the simplest 

structure of all the AFPM machines. The topology, as seen in Fig.1.5, consists of a single iron 
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disc stator core with windings which are either wound axially around the stator core or fitted and 

embedded in slots. The rotor is formed from iron steel disc with PMs located in the rotorôs inner 

surface, facing the stator windings [AYD04] . In other stator topologies the windings may be 

embedded in the stator slots, in what is called the slotted stator, Fig.1.5(a), or located on the 

surface of the stator, in what is known as the slotless stator single sided machine topology as 

illustrated in Fig.1.5(b). Further possible variations include concentrated or non-overlapping 

windings and distributed windings [KAH14].  

 

(a) Slotted stator with concentrated windings  

 

(b) Slotless stator with ring windings 

Fig.1.5. Single sided AFPM machine structure [KAH14]. 

Nevertheless, despite the advantages of this topology and its applications in electromechanical 

drives and transportation, the machine has several drawbacks that include the large and unequal 

axial force exerted in the stator due to the rotor magnet, which may result in twisting of the 

machine structure. Moreover, although a complex bearing arrangement can be used to address 

this issue, this results in an increase in the machine manufacturing cost [CHE03][COL08]. 

 Double stator- single rotor AFPM machine topologies 

The double stator or interior rotor AFPM machine has one permanent magnet rotor disc, and two 

stators located on two sides of the rotor. The PMs can be located inside or on the surface of the 

rotor core, facing two stators. The machine stators can be slotted, in which case the windings are 
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embedded in the slots, (Fig. 1.6(a)), or slotless, where the windings are wound around the stator 

core as shown in Fig. 1.6(b). However, for slotless topologies, the torque is produced by the inner 

winding conductors facing the rotor PMs, while the conductors on the outer stator side will not 

contribute for torque production. On the other hand, in the slotless stator the end windings are fairly 

long, which leads to more copper loss, and consequently, lower efficiency compared to the slotted 

stator [KAH14]. 

 

 (a) Slotted interior PM motor configuration 

                       

(b) Slotless interior PM motor configuration 

Fig. 1.6. Interior rotor AFPM machine structure [HUA02]. 

The interior rotor axial flux topologies can also differ in terms of the PM location. The PMs can be 

fitted inside the rotor core where there is more space available in the air-gap for the stator winding. 

Moreover, since the main flux flows axially through the rotor, a non- ferromagnetic material is used 

for the rotor core, which provides rigidity of the rotor and significantly eliminates iron losses in the 

rotor. Nevertheless, despite the rotor being coreless, the stator iron loss and the copper loss are 

significantly high, since this topology utilises a double stator with armature windings [AYD06]. In 

fact, numerous topologies have been invented for interior rotor AFPM machine topology. In 

addition to the interior PM rotor, an axial flux switching flux PM (AFSFPM) topology has been 

presented in [MIN11]. The stator has armature windings and PMs, whereas the rotor is completely 

passive, which is preferable for high speed applications, as shown in Fig. 1.7. In addition, to achieve 

more winding space and thus more torque density, a modified topology known as axial flux 

partitioned stator switching flux PM (AFPS-SFPM) topology has been developed and analysed in 
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[ZHU15c] [KHA15]. The machine has two stators, each with different excitation, with one stator 

using armature winding and the other using magnets, as indicated in Fig. 1.8. 

 

Fig. 1.7. AFSFPM machine topology [MIN 11]. 

    

Fig. 1.8. AFPS-SFPM machine topology [ZHU15c]. 

 Single stator-double rotor AFPM machine topologies. 

This may be called the interior stator AFPM machine as it has a double sided stator sandwiched 

between two PM rotor discs. The stator may be either slotted with embedded winding or slotless 

with coils wound around the stator core. Identical disc shaped rotors face the two stator sides, each 

rotor having surface mounted PMs. 

Several high performance interior stator AFPM machine topologies have been developed and 

analysed. Moreover, based on the presented topologies, these AFPM machines with internal stator 

configuration are inherently suited to drive train applications and have hence been widely 

developed and investigated. For example, a double-sided AFPM model with an internal ring shape 

stator core, known as the TORUS toroidal slotless stator machine, has been developed as a DC 

machine [SPO92]. Toroidal rectangular windings are wound on the surface of the core of the stator 

with air-gap portions between the windings filled with epoxy resin. However, a large PM volume 

is always required for this machine to produce a certain flux density in the air-gap. It has a relatively 

large air-gap since the windings are directly located on the stator sides (Fig. 1.9). Therefore, in the 

slotless TORUS topology, sectors or pie- shaped windings provide superior stator core utilisation 
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and less air-gap thickness, as can be seen in Fig. 1.9(b), [AYD06]. Moreover, because the machine 

has a slotless stator, there is practically no cogging torque. Following the concept of TORUS 

toroidal topology, a further slotted stator with windings sandwiched between surface mounted PM 

rotors has been presented in [HUA01]. The machine has two main topologies which depend on the 

arrangement of the PM polarity, and hence, the flux direction. The first type is TORUS NN, in 

which the arrangement of PMs allows the flux to pass axially from where the rotor enters the stator 

and pass circumferentially along the stator iron core. It then returns to the rotor core through the 

opposite polarity pole (Fig. 1.10). In this topology, large yoke thickness is employed to fit the flux 

entering from both rotors, which increases the iron losses and the end windings. However, in the 

phase winding layout, the same method of winding around the stator core can be used as in the 

toroidal rectangular stator winding topology. Therefore, due to the large windings fill factor, the 

copper loss is reduced, improving the efficiency of the machine.  

                            

(a) Slotless rectangular stator windings TORUS topology 

                               

(b) Slotless pie-shaped stator windings TORUS topology 

Fig. 1.9. TORUS toroidal slotless stator machine model [HUA02]. 
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Fig. 1.10 TORUS NN topology [HUA01]. 

Fig. 1.11 shows the second topology of the TORUS-NS type machine. Either three phase 

distributed windings or concentrated windings can be employed for this topology. The magnets on 

the two rotors facing each other on either side of the stator are arranged to be N and S of PM poles. 

Therefore, the flux path passes axially through the stator and both air-gaps to the other rotor. Since 

the flux path passes axially instead of circumferentially through the stator core, the stator yoke is 

eliminated compared to the TORUS NN type. The design differences between TORUS NN and NS 

topologies are the thickness of the stator core and the arrangement of the PM polarity and windings. 

Moreover, TORUS NS topology has lower cogging torque and higher torque quality, whereas the 

torque ripple is low compared to TORUS NN topology [HUA01] [AYD06].  

         

Fig. 1.11  NS machine structure [HUA01]. 

In addition, this topology has been designed having two PM rotors and proposed for HEVs 

application in [TUT12]. The topology has the same structure as the NS machine shown in Fig. 1.11. 

However, it consists of two surface mounted PM rotors with different numbers of poles, i.e. 10 and 

14 poles. Both rotors are totally independent in which, one rotor is connected to the ICE and the 

other connected to the drive wheels. A stator with 12 slots is located between the two rotors. The 

windings of each stator side are used to control each rotor individually. Both rotors are 
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independently controlled by different frequency controllers. In other words, the machine is a 

combination of two single sided axial flux topologies sharing the same stator back iron, and hence 

different operations of the two electric machines could be achieved. One stator side can be used to 

drive the rotor which is connected to the load, while the winding on the other side is used as a 

generator. A method of coupling both rotors mechanically utilising magnetic clutch when the load 

is driven by the ICE is also presented.  

Fig. 1.12 shows an additional topology which can be created from the TORUS-NS type, known as 

coreless or yokeless TORUS topology. The NS type has no stator core; instead, the stator structure 

contains windings wound around non-magnetic material sandwiched between two rotor discs 

with surface mounted PMs. Whilst either concentrated windings or distributed windings can be 

used for coreless TORUS topology, it has been verified that concentrated winding is the most 

beneficial in this application due to its shorter end windings [XIA15]. Furthermore, the absence 

of the stator core loss enhances the efficiency of yokeless topology. Moreover, the cogging torque 

as well as the torque ripple are negligible. However, since the windings are directly placed in the 

air-gap and exposed to the magnetic flux produced by the PMs on two rotors, significant eddy 

current loss in the stator windings may occur when operating at relatively high frequencies. 

               

 Fig. 1.12 Coreless NS machine structure [KAH14] . 

Additionally, an Axial Flux machine with Hybrid Excitation (AFHE) has been recently presented 

in [CAP14]. The machine has a single stator in which toroidal windings are placed around the stator 

core. With this machine two different rotor topologies are employed (Fig. 1.13). The first rotor is a 

disc core with surface mounted PMs. The second is a wound rotor with slip rings and brushes. The 

machine has three operation modes. In the first mode the rotor coil excitation current is zero in 

which the wound rotor is not contribute to the flux production and the PM flux linkage circulates 

between the PM rotor and the stator core. Meanwhile, in the second operation mode the positive 

excitation current is injected into the wound rotor coils and the PM and the rotor coil fluxes are 
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combined in the stator core. In this case, the no-load flux linkage of the stator winding increases to 

its maximum value since both the PM and the wound rotor are contributing to the stator flux 

linkage. This operation mode is magnetically equivalent to the TORUS machine shown in Fig. 

1.10. The last operation mode involves the inversion of the excitation current. The rotor flux and 

the PM flux have the same direction and the stator flux linkage decreases to approximately zero 

value since the PM flux is totally short-circuited through the wound rotor. In terms of the 

performance, AFHE can be operated at speeds above the rated speed due to the possibility of wide 

stator flux linkage regulation capability. It can be obtained by controlling the excitation current and 

hence the back EMF produced by the wound rotor to compensate the rise of the PM EMF due to 

the increase of the speed. This strategy can achieve a constant power generation at different rotor 

speeds. However, this topology may suffer from copper loss since in addition to the armature 

reaction windings, more copper has to be used in the excitation rotor. Moreover, AFPM topologies 

with passive dual rotors have also been proposed; for example, a dual rotor axial flux - flux 

switching PM (DRAF-FSPM) that is presented in [HAO12] is illustrated in Fig. 1.14. 

    

Fig. 1.13. Axial flux hybrid excitation synchronous machine [CAP14]. 

                           

Fig. 1.14. DRAF-FSPM machine topology [HAO12]. 

It has been confirmed that dual PM rotor topologies have consistently high torque density and 

efficiency compared to the other AFPM topologies since they have low rotor loss and higher air-

gap flux density. In addition, yokeless and segmented armature (YASA) topology, designed for 
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drive train applications, is an internal stator AFPM machine topology which has motivated the 

work of many researchers. This has been found to be the most suitable candidate yet for the 

application of soft magnetic composite (SMC) material. Description of the structure, optimisation 

and analysis of the YASA machine will be presented in Chapter 2.   

 Multi rotor - multi stator AFPM machine 

A multistage axial field PM machine can be built using a combination of either interior rotor or 

interior stator topologies. The multistage structure of the machine has n stator and n+1 PM rotor 

where n is the number of machine stators, as shown in Fig. 1.15. The multi rotors are connected 

to the same shaft; additionally, the stator windings can be connected either in a series or parallel. 

In a coreless rotor structure, only the outer rotors are made from ferromagnetic material since 

they handle the machine main flux [AYD04]. 

Because torque production is a function of the outer diameter of the machine, this topology is 

used when more torque is needed with limitation of the outer diameter. When multi stators and 

multi rotors are employed, more power and torque can be achieved without increasing the 

diameter of the machine. Moreover, multistage AFPM machines may be built using slotted or 

slotless stators, iron or ironless rotors, and the arrangement of PMs is the same as for the single 

sided structure.  

 

Fig. 1.15. Multi stage PM machine [KAH 14]. 

In conclusion, numerous AFPM machine topologies have recently been employed for various 

applications, for example, in HEVs [MAL14]. In particular, aspects of HEVs such as torque, 

speed and electric machine space are currently being considered by many researchers in order to 

meet the requirements of this application. Hence, axial flux magnetic gear and magnetically 

geared machines have been proposed for electrical machine applications, due to the additional 

features they bring to such as the machine structure. These topologies are further discussed in the 

following section. 
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 Axial flux magnetic gear and magnetically geared machine topologies 

The idea of magnetic gears (MGs) has been discussed since the beginning of the 20th century. In 

fact, early magnetic gear topologies were designed according to their equivalent mechanical 

counterparts as indicated in Fig. 1.16. This can be achieved by replacing the slots and teeth of 

mechanical gears with N-poles and S-poles of PM arrangements. MGs can in general be classified 

into two configurations: converted topologies and field modulated topologies [NEV14], 

[TLA14]. A simple converted type was initially presented in [KIK93]. However, the torque 

densities of these MGs were poor compared to those of mechanical gears, a failing attributed to 

the poor performance of available PM materials as well as the utilisation of PMs [RAS03]. The 

second configuration, field modulated topology, has also been studied recently and design 

improvements have been made. Due to the advent of high energy density PMs, for example, 

neodymium iron boron (NdFeB), increasing attention has been paid to flux modulated MGs and 

these are currently being developed to replace conventional mechanical gears in various 

electromechanical systems [NEV14]. A significant improvement in this technology occurred with 

the development of a high performance radial field concentric MG topology presented in 

[ATA01]. In addition, rare- earth magnets have been employed for this topology. The set-up 

consists of two surface mounted PM rotors, which are rotated at different speeds according to 

their pole numbers, with ferromagnetic pole pieces interposed between the two rotors as can be 

seen in Fig. 1.17. This topology has a torque density of approximately 100 kNm/m3. Following 

the same basic design for the radial MG, many other topologies have since proposed and 

developed.  

                  
(a) External spur gear 

                                 
(b) Internal spur gear 

Fig. 1.16. Magnetic gears and corresponding mechanical topologies. 
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Fig. 1.17. Radial field concentric MG [ATA01].  

 Axial flux magnetic gear topologies 

Since, as was stated earlier, axial flux topologies offer the advantage of high torque density 

compared to their radial counterparts, numerous axial flux MG topologies have been devised. An 

axial modulated flux magnetic gear was initially presented in [MEZ06]. The topology has the 

same structure as its radial counterpart shown in Fig. 1.17, consisting of two surface mounted 

PM rotors with different pole-pairs. A ferromagnetic modulator is arranged axially between the 

two rotors as can be seen in Fig. 1.18.  The results show that a torque density of 70 kNm/m3 can 

be gained by using this optimised topology. A flux focusing axial flux MG topology has been 

presented in [ACH13]. The machine has two spoke type parts comprising ferrite magnets 

separated by steel poles that are magnetised, which forces the flux to pass through the steel poles. 

A modulator with ferromagnetic material pieces is axially arranged between both spoke type parts 

as shown in Fig. 1.19. The simulation results state that at optimal dimensions of the topology, a 

torque density of 66 kNm/m3 can be obtained. Moreover, the torque density of this topology is 

improved to 257 kNm/m3 when using NdFeB magnets instead of ferrite magnets as presented in 

[ACH14]. Furthermore, with the same spoke type parts, an axial transverse flux MG topology 

with a modulator located on the outer diameter of the axial rotors is presented in [BOM14] as 

shown in Fig. 1.20. With the same machine volume, the topology was compared with a radial 

MG with different magnetisation directions of its PMs, and axial MG counterparts in [CHE14]. 

The comparison indicates that this topology suffers from a significantly low torque density and 

that radial flux MG has a higher torque density when the size limit is not considered, whereas 

axial flux MG topology has the highest torque density when the axial length limit is considered. 

Based on spoke arranged magnets topology, a hybrid flux axial MG is presented in [PEN14]. Fig. 

1.21 shows the structure of this MG which comprises two high and low speed rotors with magnets 

that are axially arranged. The machine has a set of stationary radially magnetised magnets 

separated by iron segments. These are circumferentially arranged and located at the outer radius 
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of both rotors. The machine also has stationary iron segments with axially magnetised magnets 

located between the two rotors. Despite this topology having a complex structure as well as high 

PM volume usage, according to the obtained simulation results, a torque density of approximately 

181 kNm/m3 was obtained. 

                        

Fig. 1.18. MG machine topology presented in [MEZ06]. 

 

Fig. 1.19. MG machine topology presented in [ACH13]. 

          

Fig. 1.20. MG machine topology presented in [BOM14]. 
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Fig. 1.21. MG machine topology presented in [PEN14]. 

In addition, with the aim of increasing the torque density of the spoke type axial flux MG 

topology, a topology with L ï type modulator is proposed in [TSA15]. As can be seen in Fig. 

1.22, the machine has two spoke type rotors separated by a moderator consisting of stationary 

ferromagnetic pieces. The pieces have a unique L- shape to increase the effective area of the 

modulator and to eliminate the leakage flux. The experimental results indicate that by utilising 

NdFeB magnets, a torque density of approximately 70 kNm/m3 was achieved by the prototype of 

axial MG. Moreover, the flux density of the spoke type axial flux MG has been further increased 

by using the T- shape modulator made of soft magnetic material which is presented in [YAN15]. 

The machine, which is shown in Fig. 1.23, was analysed and the results indicated that it can 

obtain a significantly high torque density of 282.56 kNm/m3. 

                                       

                       Low speed rotor     Modulator      High speed rotor 

Fig. 1.22. MG machine topology presented in [TSA15]. 
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              Low speed rotor              Modulator            High speed rotor 

Fig. 1.23. MG machine topology presented in [YIN15]. 

 Axial flux magnetically geared machine topologies 

The integration of MGs into a conventional PM machine has resulted in development of a new 

machine category (i.e. magnetically geared machine) which has greatly broadened the scope of 

machine topologies. Numerous radial magnetically geared machines have been introduced for 

various applications such as HEVs [ATA04], [JIA10] and wind power generation [JIA09], 

[JIA11]. Fig. 1.24 and Fig. 1.25 show early examples of radial magnetically geared topologies. 

 

Fig. 1.24. Pseudo direct drive machine presented in [ATA04]. 

 

Fig. 1.25. Wound modulator magnetic geared machine presented in [JIA11]. 

However, axial flux magnetically geared machines have not attracted as much research attention 

as their radial counterparts [JOH17]. The axial flux magnetically geared machine was first 



19 

presented in [NIG12a]. The machine consists of a stator with embedded 3-phase windings, a high-

speed rotor composed of a carbon steel yoke with 8 surface mounted PMs, and a low-speed rotor 

constructed of 20 iron pieces as shown in Fig. 1.26. Its operating principle can be analytically 

explained using the sub-domain method. The simulation results show that the machine suffers 

from a high cogging torque and inherently low torque density of approximately 15 kNm/m3.  

                             

Fig. 1.26. Magnetic geared machine presented in [NIG12a]. 

In addition, several other AFMG topologies have been proposed and analysed. A disc type 

magnetically geared topology with 3 air-gaps for wind generation applications was presented and 

prototyped in [WAN13]. The machine has a stationary stator with windings and stationary 

modulator segments. The high-speed rotor is made of solid iron with PMs arranged on both rotor 

sides and is located between the modulator and the stator. The lowïspeed rotor is made of iron 

with surface mounted PMs as shown in Fig. 1.27. The machine has a relatively high torque 

density of 100 kNm/m3. In addition to its complex structure, the prototype test results reveal that 

the machine has low efficiency due to high core loss in the low-speed rotor. In [ZAY14], an axial 

flux magnetic gear with electric power output is presented for wind power generation. As Fig. 

1.28 illustrates, this machine has two axially arranged high- and low-speed PM rotors. A 

modulator of 9 pieces is located between the two rotors, with 9-phase coils embedded around 

each modulator piece. The simulation result shows that the machine can achieve the function of 

the MG concept and generate the output power through the electric power port. However, the 

machine has a non-sinusoidal back EMF and an axial force is exerted on the modulator as the 

electrical load increases.  

It is worth mentioning that the topology presented in [ZAY14] has approximately the same 

structure to that to be presented in this thesis. However, for the machine in [ZAY14], a high axial 

force exerted on the modulator since a modulator with 9 pieces is employed and a high axial force 
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is applied to the stator as the winding current increases. Moreover, the windings used as electric 

power port are located without mechanical support, i.e. tooth tips. Furthermore, it can only work 

as MG and generator in which motoring mode was not presented. Therefore, as will be described 

later, in this thesis, a 3-phase concentrated winding employed for the new machine stator is based 

on the YASA machine design. Moreover, the new machine has stator tooth tips and different 

operating modes can be obtained by this new topology. Furthermore, in addition to the delivered 

MG torque, the output torque capability can be improved by the armature current torque with the 

aid of current angle control at motoring operating mode. 

                    

Fig. 1.27. Magnetic geared machine presented in [WAN13]. 

                                  

Fig. 1.28. Magnetic geared machine presented in [ZAY14]. 

For power split applications in wind power generation, an axial flux doubly fed stator and dual-

rotor topology is presented in [NIU14]. The machine shown in Fig 1.29 contains primary and 

secondary PM rotors. The stator consists of two different windings; distributed windings 

(primary) and concentrated windings (secondary), with the primary winding controlling the 

secondary rotor to rotate at a constant speed to maintain a constant secondary winding frequency. 

The machine has superb performance in operations of variable speed and constant frequency wind 
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power application. However, it has a complex structure as well as flux distribution. In [JOH17], 

an axial flux PM machine is combined with an axial MG machine. The resulting machine consists 

of a single sided AFPM machine located in the radial bore of an axial MG. The rotor of the axial 

flux machine and the high-speed rotor of the MG are connected together by the same rotor core, 

while the modulation pieces are located between the high and low-speed rotors. The presented 

topology was designed and prototyped. The combined machine provides good space utilisation; 

however, the prototype has a low torque density of 7.8 kNm/m3.  

                             

Fig. 1.29. Magnetic geared machine presented in [NIU14]. 

                                         

Fig. 1.30. Magnetic geared machine presented in [JOH17]. 

Several further topologies have also been introduced for HEV applications. An axial flux 

magnetically geared machine known as the magnetic field modulated brushless double rotor 

(MFM-BDRM) machine is presented in [TON14]. It utilises double stators with distributed 

windings. Additionally, a dual modulating ring rotor and one PM rotor are located between the 

two stators as indicated in Fig. 1.31. The simulation results confirm that the machine can realise 

the power split function in HEVs. However, the machine has complex structure and low power 

factor under the generating and motoring modes. In [LAI16], another axial flux magnetically 
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geared machine with dual stators and dual rotors has been presented for power split application 

in HEVs. The topology is a conventional AFPM machine axially arranged with a flux modulated 

machine as shown in Fig. 1.32. It consists of a modulating segment rotor and PM rotor located 

between two stator cores with different winding distribution. One stator has concentrated 

windings and the other has distributed windings. Investigation of the machine performance at 

different gear ratios indicated that its performance is sensitive to the gear ratio. Moreover, 

different operation modes can be obtained for such applications and it is capable of decoupling 

the input power obtained by the prime- mover and the output power connected to the load. 

However, despite of most axial flux MG topologies being based on flux focusing rotor structure, 

only one axial flux magnetically geared machine topology with flux focusing rotor has been 

proposed.  

                               

Fig. 1.31. Magnetic geared machine presented in [TON14]. 

                                      

Fig. 1.32. Magnetic geared machine presented in [LAI16]. 

An axial flux MG machine with flux focusing magnets and integrated radial outer stator has been 

proposed in [KOU17]. The machine has approximately the same rotor structure as the MG 

obtained in Fig. 1.19. However, a radial stator with distributed windings is placed at the outer 

radius of the high speed rotor, as can be seen in Fig. 1.33. The machine was analysed utilising 

3D-FEA and compared to the measured results obtained by the prototyped machine. According 
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to the obtained simulation results, a torque density of 127 kNm/m3 is achieved by this machine 

when the low speed modulator is assumed as output torque. 

                           

Fig. 1.33. Magnetic geared machine presented in [KOU17]. 

 Research scope, objectives and contributions 

 Research scope and objectives 

The research in this thesis focuses on a study of axial flux magnetically geared (AFMG) PM 

topologies. Based on the literature review of AFMG topologies, it reveals that the existing 

topologies have complex structures. The industry requirement for high performance machine 

with low manufacturing cost is critical for selecting the appropriate machine topology for the 

specific applications. The design of a magnetically geared topology involves the design of two 

different transferred torque components: magnetic gearing and conventional electrical machine 

torques. For interior stator magnetically geared topologies, a distributed winding is always 

utilised for the stator armature. The armature windings are directly inserted in the air gaps 

between the pieces as presented in [JIA11]. The pole pair number of the windings is designed to 

be the same as the pole pair number of the output rotor PMs since the fundamental harmonic is , 

working harmonic. Thus, the electromechanical energy conversion can be obtained by the flux 

interaction between the armature winding and the output rotor PMs only. When an external torque 

is applied to the input rotor and the machine operates in motoring mode, the output PM rotor is 

driven by both the armature field and the MG effect. Because of the different pole-pair numbers 

of the windings and the input rotor PMs, the input rotor will have slight impact on the generated 

electric power as well as armature winding torque. However, when a concentrated winding is 

utilised for interior stator magnetically geared machines, both rotors will be affected by the 

armature winding torque since the armature flux contains many harmonics. In general, the torque 

for concentrated winding always contributed by the armature flux density harmonic which has 
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the same order as the number of rotor pole-pairs (pth). (i.e. the 5th harmonic, when the rotor has 5 

pole pairs). The proposed AFMGPM topology is based on the conventional YASA machine 

topology by employing different PM rotors. It has a simple structure since it is the same as YASA 

machine structure. However, the machine has a concentrated winding stator between the two 

rotors. Therefore, when the machine has two different rotor pole pairs, both input and output 

rotors will be affected by the armature flux.  

The first objective of this work is to design the proposed AFMGPM machine with a concentrated 

winding stator and explore the possibility of using concentrated windings for this kind of 

machines. This study focuses on the electromagnetic performance of the proposed machine, and 

therefore, the mechanical and thermal aspects will not be considered. The electromagnetic 

performance with different rotor pole combinations are analysed. The project investigates the 

proposed machine design, optimisation and finite element simulation. The impact of design 

parameters on the machine torque is investigated. The machine performances at MG and 

generation modes are studied.  

The second objective of the study is to investigate the machine performance under motoring 

mode. Since interior stator axial flux magnetically geared topology with concentrated windings 

has not be investigated under motoring mode, the methodology of matching the armature current 

torque with the output MG torque will be discussed. The third objective is the application of the 

proposed machine. It is proposed as a power split device for hybrid vehicle applications. Thus, 

the proposed machine is studied at different operating modes. Finally, the machine performance 

is compared with that of the conventional YASA machine and the principle of the axial flux 

magnetically geared machine is experimentally validated by constructing and testing the 

prototype machine. The study of the novel machine topology in this thesis is summarised in Fig. 

1.34.  
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Fig. 1.34. Schematic diagram of research structure and research methods. 

¶ Chapter 1 

The thesis begins with a general review of the constructions and topologies of conventional 

AFPM machines. In addition, the chapter discusses the construction of the axial flux MG and 

magnetically geared topologies previously presented and developed. 

¶ Chapter 2 

In this chapter, a conventional YASA machine is designed and then constructed. To maximise 

the machine torque, the topology is optimised by means of three-dimensional finite element 

analysis (3D-FEA). The electromagnetic performance for different pole combinations is then 

analysed and compared. 
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¶ Chapter 3 

The design for a novel topology of the proposed AFMGPM machine is described. The machine 

is optimised for optimal output torque. The principle of operation for MG and magnetically 

geared machine is explained. A comparative study of the possible rotor pole combinations is 

performed. Then, the electromagnetic performance is compared with the performance of YASA 

machine counterparts. 

¶ Chapter 4 

The proposed AFMGPM machine is analysed for power split application. The system is 

described, and the machine performance is analysed and investigated under different operation 

modes. The torques and axial forces obtained by both machine rotors are calculated at different 

load conditions. In addition, the loss and the efficiency of the proposed pole combinations are 

investigated and compared. 

¶ Chapter 5 

Since a prototype of the proposed machine will be built, this chapter investigates the 

manufacturing tolerance for such a machine. Rotor/stator axis and angular misalignments for the 

low speed rotor of the proposed machine are analysed. The performance of the machine at 

different load conditions under rotor/stator misalignments is analysed with reference to the 

normal condition. 

¶ Chapter 6 

The prototypes of the proposed AFMGPM machine and YASA machine are designed and built. 

Machine performance aspects such as cogging torque, no-load back EMF and static torque are 

measured and validated with 3D-FEA results. The measured performances of the two prototype 

machines are then compared. 

¶ Chapter 7 

In this chapter, the most important findings and the contributions of this thesis are summarised. 

The main outcomes of the research are highlighted, and some recommended future research work 

is also proposed. This includes considering design aspects such as the rotor geometry of the 

machine, in addition to performance aspects such as the machine performance for real drive cycle. 

¶ Appendix  

The appendix shows the principle of PM machines. Moreover, the research methodology such as 

2D and 3D FEA models, software setting, and mesh generation are explained in details. A 
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complete comparative performance study between the proposed AFMGPM machine and the 

YASA machine is conducted. The proposed machine rotor pole combination performances at no-

load and on-load are compared with their YASA machine counterparts. In addition, details of the 

machine iron material parameters such as magnetising curve and the loss characteristics at 

different frequencies are presented. Then, more details of the prototype machine dimensions and 

the fabrication processes are also described. 

 Research contributions 

The contribution of this thesis is the development and analysis of a novel AFMGPM machine for 

power split application in HEVs. The stator consists of iron slotted segments with concentrated 

windings and is located between two rotors with different poles. The new topology has a simple 

structure and a superior performance compared to the topologies which have been presented so 

far. The machine is designed and optimised for different rotor pole combinations, and 

comparatively analysed utilising 3D-FEA. In addition, different operation modes of the machine 

are identified for HEV applications. The torque performance at no-load and on-load of the new 

machine is studied by considering both rotors as output torques. Finally, a comparative study is 

conducted of the performance of the new machine and YASA machine. The results show that the 

machine has a superior performance which make it convenient for HEV applications in which 

output torque can be increased with the aid of adjustment of the armature current angle. 
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YOKELESS AND SEGMENTED ARMATURE (YASA) AXIAL  FIELD 

PM MACHINE 

 Introduction  

With the aim of improving the winding arrangements and eliminating the yoke iron so as to 

reduce the iron loss in the axial flux TORUS machine, a Yokeless and Segmented Armature 

(YASA) axial field permanent magnet machine was initially developed and prototyped for 

automotive applications in [WOO06]. The machine was formed by removing the stator yoke of 

the TORUS type since the flux of this topology passes axially through the stator poles. Compared 

to other axial flux machines, the YASA machine has the merits of short end windings, high 

efficiency, high torque density, high winding packing factor and easily fitted stator poles 

[WOO07] [VAN10]. However, since the stator is a combination of iron pieces, the mechanical 

design of the stator pole holder is still vitally important due to the axial force exerted between the 

stator and the rotors. This is the main drawback of double rotor axial flux machines [GIU12].  

Numerous studies have been devoted to the YASA machine performance analysis and 

manufacturing fabrication for different applications, for example wind generation and electric 

vehicles. It was first presented and prototyped for a sports vehicle in [WOO06] and [WOO07]. 

With torque density of 17.6 Nm/Kg, a 10-pole 12-stator segment prototype was developed, and 

SMC material used for the machine stator segments. For inïwheel direct drive traction 

applications, 10 poles and 12 stator segments, a 6 kW YASA machine was investigated in 

[FEI08]. In order to increase the efficiency of YASA machine presented in [WOO07], a simple 

laminated steel for the stator segments was developed instead of SMC material. An approximate 

structural model of the prototype stator segments was utilised. The machine model was examined 

via 3D-FEA. The results were obtained and validated and an efficiency of approximately 90 % 

for the prototype was measured. In [VAN10], to minimise the machineôs active mass and obtain 

maximum efficiency, a 16-pole and a 15-stator segment YASA generator was designed and 

prototyped. In order to simplify manufacturing, the stator poles were formed by overlapping two 

different lamination shapes made of grain-oriented material. The experimental results show that 

an efficiency of approximately 87% was obtained at rated speed. In other research, YASA 

machines were compared to the conventional RFPM and AFPM machines. In [VUN11], a 10-
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pole, 12-stator segment YASA machine was presented and analysed for megawatt scale wind 

turbine generation. In terms of torque density and torque per magnet weight, it was also compared 

to a RFPM machine and double sided slotted AFPM machine at different power rating. The 

comparative investigation found that the YASA machine has a significantly higher torque density 

as well as low active material weight.  

It can be concluded that internal stator AFPM machine topologies have been extensively developed 

and investigated for drive applications. Moreover, a YASA machine has superior performance 

amongst internal stator AFPM topologies. Furthermore, it has been found that based on a 

performance comparison of AFPM machine topologies, a YASA machine is inherently suited to 

direct drive application [WOO07], [STA15]. Therefore, in this chapter, since this machine has a 

unique topology, the machine performance will be investigated in order to provide a baseline of 

comparison for the subsequent proposed axial field machines. With 12 stator segments, the 

machine is designed and optimised with different rotor pole combinations. A performance 

comparison between YASA machine topologies at no-load and on-load conditions will be 

investigated. Moreover, the torque performance with respect to the current, current density and 

copper loss will be obtained and compared. 

 YASA machine configuration and principle of operation 

A YASA machine, as illustrated in Fig. 2.1, has double rotors with PMs mounted on two opposing 

rotor discs, and a single stator between both PM rotors.  

 

                  3-D view                                                            2-D view 

Fig. 2.1. YASA machine configuration. 
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The stator is individually segmented and stacked together with high strength material holder to 

form magnetically isolated stator poles. Moreover, fractional slot concentrated windings are 

wound around each of the individual stator poles and connected to form the stator phase windings. 

The magneto-motive force (MMF) produced by the currents applied to the windings contains a 

number of harmonics; however, the component that dominates the produced torque is the high 

harmonic component of the same order as the rotor pole pairs. 

For a given volume of PM machines and for a specific of phase number, the design is essentially 

based on obtaining a combination of the stator and rotor pole pairs. The phase number is selected 

as three in this study, and therefore, for double layer 3-phase windings of YASA machine, the 

number of stator segments must be a multiple of 3 and the phases are shifted by 120 elec. deg. 

Moreover, the stator segment numbers ὲ and the rotor pole-pair number ὴ combinations are 

expressed by: 

ὲ ςὴ Ὧȟ Ὧ ρȟςȟσȟȣ (2.1) 

Furthermore, it has been verified by [ISH05] and [WAN08] that a high winding factor, and hence, 

high flux can be obtained when ὲ and 2p are differ by the smallest possible integer (i.e. 1 and 

2). However, when Ὧ ρ, this results in unbalanced magnetic pall exhibited in such machines. 

Therefore, for balanced magnetic pall as well as high winding factor, the PM machine stator and 

rotor pole numbers should be related by  

ὲ ςὴ ς     (2.2) 

A 12 pole with concentrated windings has been chosen for the YASA machine stator. The coils 

are connected in series to form the stator phase windings.  

The selection of appropriate combination of slot and pole numbers should ensure the winding 

distribution balance in the machines. The number of slots per pole per phase (Sp) can be calculated 

by [CRO02]: 

Ὓ
ὲ

ςὴά
   (2.3) 

where m is the number of phases.  

Consequently, the most appropriate stator and rotor pole combination can be obtained by (2.1), 

when k is even. Table 2.1 lists the possible rotor pole combinations, their Ὓ  and the fundamental 
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winding factor Ὧ  for ὲ of 12 poles. The fundamental winding factor for double ï layer 

concentrated windings is calculated by: 

ὑ ὑ  ὑ  
(2.4) 

where ὑ  and ὑ  are the main harmonic distribution and pitch factors, respectively. These can 

be obtained according to the number of stator poles ὲ and the rotor pole pairs p by [BIA06]: 

ὑ      éif  Ὥί ὩὺὩὲȢ 

ὑ    ȣÉÆ  Ὥί έὨὨȢ 

(2.5) 

ὑ ÓÉÎ 
“ὴ

ὲ
 (2.6) 

where t is the greatest common divisor (GCD) of the number of stator segments, ὲ , and the 

number of pole pairs, p. It has been confirmed that high winding factor and balanced concentrated 

windings are normally adopted when 0.25 Ò Ὓ  Ò0.5, [CRO02]. The winding distribution 

whereby Ὓ  0.25 has a low fundamental winding factor causing a non-sinusoidal back EMF 

(i.e. 12/20, 12/22). Moreover, the pole combinations which have Ὓ  0.5, (i.e. 12/2, 12/4) and 

where Ὓ  is thus an integer must have distributed winding to obtain a high winding factor. In 

terms of the rotor pole combinations listed in Table 2.1, for YASA machine and due to the focus 

of this study, this chapter only explores YASA with 0.25 Ò Ὓ  Ò 0.5 in which a high winding 

factor is gained.  

Table 2.1 Rotor pole combinations for 12-slot, 3-phase concentrated windings 

Name ▬ Spp Kd1 Kp1 Kw 1 

YASA12/22 22 0.18 0.966 0.25 0.25 

YASA12/20 20 0.2 1 0.5 0.5 

YASA12/16 16 0.25 1 0.866 0.866 

YASA12/14 14 0.28 0.966 0.966 0.933 

YASA12/10 10 0.4 0.966 0.966 0.933 

YASA12/8 8 0.5 1 0.866 0.866 

YASA12/4 4 1 1 0.5 0.5 

YASA12/2 2 2 0.966 0.25 0.25 
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In fact, in AFPM machines, there are two types of stator slots and hence of the concentrated coil 

shape arrangements as indicated in Fig. 2.2. The first type employed when the stator slot is 

parallel, and therefore, the neighbouring coils at the same slot are parallel and are attached each 

other along the edge of the coils as indicated in Fig. 2.2(a). The second arrangement has 

unparalleled neighbouring coils since the slot sides is radially unparalleled, in which the coils in 

the same slot only touch each other at the stator inner radius as explained in Fig. 2.2(b). The first 

winding arrangement has the merit of a higher coil space and a higher teeth area compared to the 

second arrangement. It has been confirmed that since the coil band is wider, the first coil 

arrangement has a higher flux linkage than the second type at the same inner and outer diameters 

[AYD 07], [XIA15]. Therefore, the coil distribution of concentrated winding indicated in Fig. 

2.2(a) will be utilised for the design of all models. 

 

                    (a) Parallel slot                                                   (b) Radial slot 

Fig. 2.2. Coil arrangements of concentrated windings. 

For the selected rotor pole combinations, the distributions of the phase coils are determined by 

the induced back EMF phasor in each coil. The coils distributions for the proposed pole 

combination are illustrated in Fig. 2.3. Moreover, since the machine has 12 stator poles connected 

as a three-phase machine, each phase comprises four coils. Furthermore, for the topologies with 

0.5> Ὓ  >0.25 (i.e. YASA12/10, YASA12/14), two successive stator segments are wound with 

coils of the same phase. In this case, a high fundamental winding factor can be obtained. 

However, the topologies with Ὓ = 0.5 and 0.25, (i.e. YASA12/8, YASA12/16) have a relatively 

low fundamental winding factor of 0.866.  
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(a) YASA12/8 and YASA12/16 

                                   

                                          (b) YASA12/10 and YASA12/14   

Fig. 2.3. Coils arrangments and the EMF phasor for YASA machines with different slot/pole 

number combinations. 

 Optimisation of YASA machine. 

For axial flux machines, 3D-FEA is necessary for accurate modelling. Moreover, different 

analysis methods can be alternatively adopted to simplify the study. One of these methods is to 

conduct simulations utilising 2D-FEA [EGE12]. The method is based on taking a 2D plane of the 

geometry at a specific radius. The approximation of the 2D model used in this thesis is described 

in detail in Appendix A. 

With the aim of maximising the average torque of the machine, 2D-FEM of YASA machine 

topologies listed in Table 2.1, which have high winding factors, are designed and analysed. 

Additionally, for different rotor pole combinations, the optimisations were carried out with the 

same constraints as listed in Table 2.2.The variable dimensions are shown in Fig. 2.4 and their 
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definitions listed in Table 2.3. Meanwhile, the characteristics of the SMC material are provided 

in Appendix C. 

 

Fig. 2.4. Dimensional definitions of YASA topology. 

 

Table 2.2 YASA machine constant dimensions and parameters. 

Parameter Value 

Rated speed (rpm) 400 

Stator pole number (ns) 12 

Machine inner diameter (mm) 30 

Machine outer diameter (mm) 90 

Axial length (mm) 25 

Air -gap length (mm) 0.5 

Number of turns /phase 80 

Packing factor 0.5 

Copper loss (W) 30 

PM material NdFeB 

PM remanence Br (T) 1.2 

PM relative permeability (µr) 1.05 

Iron material GKN SMC 70H 
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Table 2.3 Variable Parameters of the YASA Machine. 

Parameter Symbol Definition  Restrictions 

Magnet angle ratio ὶͅ  
—

†
 [0.5-1] 

Magnet thickness ratio ὶͺ  
Ὤ

ὒ
 [0.3-0.8] 

Stator slot width ratio ίͺ  
Ὤ

ὒ
 [0.5-0.95] 

Stator slot depth ratio Ὓͺ  
ύ

†
 [0.1-0.35] 

Rotor thickness ratio Ὑͅ  
ὒ

ὒ
 [0.15-0.25] 

 

 Influence of critical parameters on machine performance 

In order to achieve a suitable prediction accuracy of the axial flux machineôs performance, a 3D 

FEA model is always superior than a 2D-FEA. The machine was thus designed using such a 

model and the influence of each parameter on the torque for different rotor pole combinations 

was studied. With the aim of examining the machine average torque, the thickness of the rotor 

for all topologies was obtained by 2D-FEA. Subsequently, the influence of each parameter (i.e. 

PM dimension, slot width and slot depth) on the torque was investigated.  

 Influence of PM dimensions 

The machine torques for different magnet angles and thicknesses were investigated for YASA 

machine with different rotor pole combinations and are illustrated in Fig. 2.5. It was found that, 

the torque is sensitive to the PM volume. It is also evident from the figure that the optimal torque 

for YASA12/8 and YASA12/16 can be achieved at a PM angle ratio ὶͅ  of approximately 

0.89 and 0.84 and at PM thickness ratios ὶͺ  of 0.37 and 0.52, respectively. It is also apparent 

that the torque is maximised for YASA12/10 when the PM arc equals the rotor pole pitch with a 

magnet thickness ratio ὶͺ  of approximately 0.4. In addition, the torque can reach its highest 

value for YASA12/14 when the magnet angle ratio ὶͅ   is approximately 0.9 and the magnet 

thickness ratio ὶͺ  is slightly above 0.45. It can be shown that the optimal magnet thickness 

increases with the rotor pole number at the same stator pole number and optimisation conditions. 

Moreover, when the rotor pole number is less than the stator pole number (i.e. YASA12/8), the 

average torque increases with the increase of the PM pole arc to reach its optimal value. However, 
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after this value, the torque decreases with the increase of the rotor pole angle due to the leakage 

flux (Fig. 2.5(a)). The flux per pole passing through the rotor yoke is higher for lower rotor pole 

number. This results in saturation of the rotor back iron at a low PM thickness since the space of 

the rotor yoke is limited. Moreover, for YASA12/10, since the stator and rotor pole numbers are 

close, the leakage flux and the saturation are lower, resulting in the ability for an optimal torque 

to be obtained at larger PM thickness and angle ratios compared with YASA12/8. On the other 

hand, when the rotor pole number is larger with respect to the stator pole number (i.e. YASA12/14 

and YASA12/16), the optimal magnet thickness is approximately half that of the rotor thickness. 

Meanwhile, the leakage flux is lower since the rotor pole arc is always less than the stator pole 

arc. Therefore, the optimal magnet thickness is larger compared to the other topologies: since the 

flux per pole is lower, more flux can be handled by the rotor yoke at larger thicknesses.  

 
 

(a) YASA12/8 (b) YASA12/10 

  

(c) YASA12/14 (d) YASA12/16 

Fig. 2.5. Influence of the rotor PM dimensions of YASA topologies on the torque 

performance. 
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 Influence of slot depth and slot width 

At optimal PM dimensions, the influences of slot depth and width on the machine torque 

performance for the proposed stator/rotor pole combinations are studied. It should be mentioned 

that for simplicity in the 3D model, the machine slot is assumed to be rectangular, which results 

in rectangular tooth tips, as indicated in Fig. 2.6. The phase winding resistance and the copper 

loss when the end winding is neglected are given by: 

Ὑ
ὲ ς” ὒὔ

 ὃ Ὧ
 (2.7) 

ὖ Ὅ σ Ὑ  (2.8) 

where ”  is the copper resistivity, ὒ is the coil active length, ὔ  is the number of winding turns 

per phase,  Ὧ  is the winding packing factor,  ὃ  is the coil area, and n is the number of coils per 

phase. Therefore, the rated current at a fixed copper loss of 30 W, can be calculated by: 

Ὅ 
ὖ

σ Ὑ

ὖ  ὃ Ὧ

σὲ ς” ὒὔ
 (2.9) 

where Ὅ  is the RMS phase current and ὖ  is the copper loss. Fig. 2.7 shows a comparison 

of the influence of the stator slot depth on the machine performance. It is obvious that the optimal 

average torque can be obtained when the slot depth ratio Ὓͺ  is just below 0.26 (4mm) for all 

stator / rotor pole combinations. The current capability increases as the slot depth increases. 

However, when the slot depth increases further, the stator pole active area decreases which results 

in the stator pole being saturated. Additionally, at optimal slot depth, the influence of the slot 

width ratio ίͺ  and the corresponding segment tip thickness for all topologies is obtained 

(see Fig. 2.8). The comparison shows that the average torque of YASA12/16 increases as the slot 

width ratio increases while YASA12/8 and YASA12/10 have optimal slot width before the torque 

tends to decrease with the rise of slot width. The average torques for YASA12/8, YASA12/10 

and YASA12/14 reach their maximum values when the slot width ratios are approximately 0.86, 

0.88 and 0.92, respectively. However, it can be clearly shown that the optimal average torque 

increases with the increase of rotor PM pole number. Even though YASA12/16 has lower 

winding factor compared with those in YASA12/10 and YASA12/14, the machine has higher 

torque at higher slot opening (without tips). This is clearly explained in detail in [LIU17], which 

states that, the torque of slotted PM machines has two components, the torque produced by the 

principle of conventional PM synchronous machines (the interaction between the fundamental 

harmonic component of the armature reaction flux and the PM flux fundamental harmonic), and 
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the torque produced by the magnetic gearing effect due to the slotting effect. The armature 

reaction torque decreases as the slot opening decreases due to the decrease of the air-gap 

permeance. This thus decreases the air-gap flux density. However, the gearing effect torque has 

a significant value since more harmonics are obtained and contribute to the torque production. 

Therefore, the reduction in the armature reaction torque is compensated by the gearing effect, 

because the gearing effect contributes more to the machine torque with a larger rotor pole number 

at the same number of stator poles. Consequently, as indicated in Fig. 2.8, the torque of 

YASA12/16 can be further increased when the stator pole tips are removed. However, since the 

tips are used for holding the stator winding, the maximum slot width ratio was identified as 0.93.  

 

Fig. 2.6. Stator segment geometry and dimension definitions. 

 

Fig. 2.7. Influence of slot depth on average torque of YASA topologies. 
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Fig. 2.8. Influence of slot width on average torque of YASA topologies. 

 Comparison of machine performance for different rotor pole combinations 

With the aim of comparing rotor pole combinations of YASA machine, the optimised machines 

were designed and analysed with the aid of JMAG 3-D FEA software. The optimal dimensions 

and the machine parameters are compared and listed in Table 2.4. The machine topologies were 

studied at no-load and on-load conditions, details of which can be found in the following sections.  

Table 2.4 YASA machine pole combination optimal dimensions and parameters 

Parameter 
YASA 

12/8 

YASA 

12/10 

YASA 

12/14 

YASA 

12/16 

Rated speed (RPM) 400 400 400 400 

Rotor pole no. (2p) 8 10 14 16 

Stator slot no. (ns) 12 12 12 12 

Machine inner diameter (mm) 30 30 30 30 

Machine outer diameter (mm) 90 90 90 90 

Axial length (mm) 25 25 25 25 

Air gap length (mm) 0.5 0.5 0.5 0.5 

Number of turns of armature coil/phase 80 80 80 80 

Packing factor 0.5 0.5 0.5 0.5 

Rotor pole pitch (degree) 45 36 25.7 22.5 

PM angle (degree) 38.7 36 22.8 18.9 

PM thickness (mm) 2.22 2.34 2.7 3 

Slot area (mm2) 48.8 48 52 52 

Armature stator axial length (mm) 14.2 13.66 14 14.3 

Tip thickness (mm) 1 0.75 0.5 0.5 

Rotor axial length (mm) 4.9 5.17 5 4.85 

Irms (A) 14.4 14.3 14.8 15 

PM volume (mm3) 13270.0 16587.6 16691.20 17509.13 
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 Cogging torque 

Cogging torque exists in PM machines because of the variation of the permeance of air-gap due 

to stator slots. Therefore, the interaction of the permeance harmonics and the magnet MMF 

harmonics results in unwanted torque harmonics and thus torque pulsating.  

The cogging torque was studied for the selected YASA machine topologies. Fig. 2.9 compares 

the cogging torques and the corresponding harmonics for YASA machine topologies. YASA12/8 

has the highest peak-peak cogging torque while YASA12/10 has the lowest cogging torque. The 

cogging torque level can be estimated for the slot and pole number combinations of PM machines 

by the cogging torque factor ὅ which can be expressed as indicated in [ZHU00] as: 

ὅ
ςὴ ὲ

ὔ 
 

(2.10) 

where: ὔ  is the least common multiple between the number of stator poles and the number of 

rotor pole. Higher ὅ value indicates higher cogging torque value. However, the minimum value 

for ὅ is unity, which constitutes a proper selection for rotor pole pair combination. For 

YASA12/8 and YASA12/16, the cogging torque factor is 4. It equals 2 for YASA12/10 and 

YASA12/14. 

 No-load flux density 

The no-load flux density produced by the PM is one of the most essential for analysing the PM 

machine performance. Fig. 2.10 shows the flux distribution of the stator and rotor of YASA 

topologies. Moreover, the axial component of the air-gap flux density waveform of YASA 

machine topologies was calculated and is indicated in Fig. 2.11. The flux density was calculated 

in the middle of the air-gap along the mean radius in mechanical degree. It can be seen that the 

topologies in which the rotor pole-arc is bigger than the stator pole-arc have a significant leakage 

flux since the effective magnet area is smaller than the full rotor pole-arc (i.e. YASA12/8), as 

indicated in Fig. 2.10(a). Moreover, the saturation in the back iron is higher in YASA12/8 

compared to the other topologies since the flux per pole is higher. The fundamental harmonic 

amplitudes of YASA12/8 and YASA12/10 are approximately 0.93 T and 0.94 T, respectively. 

Moreover, the fundamental harmonic order of the air-gap flux density for each model represents 

the number of rotor pole pairs. Furthermore, YASA12/14 has the highest fundamental harmonic 

amplitude of approximately 1.0 T. In this case, the rotor pole-arc is approximately the same as 

the stator pole-arc without tips. Thus, the leakage flux is minimised, and the flux passed through 
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the stator pole reaches its maximum value, as indicated in Fig. 2.10(c). YASA12/16 has a 

fundamental harmonic amplitude of approximately 0.97 as shown in Fig. 2.11(c). 

 

(a) Waveforms 

 

(b) Harmonic spectra 

Fig. 2.9. Comparison of cogging torques of YASA machine topologies. 
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(a) YASA12/8 

                                         
(b) YASA12/10 

 

                                         
(c) YASA12/14 

                                         
(d) YASA12/16 

Fig. 2.10. Stator and rotor flux density distributions of YASA machine topologies at initial 

position. 
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(a) YASA12/8 

  

(b) YASA12/10 

  

(c) YASA12/14 

  

(d) YASA12/16 

Fig. 2.11. Axial air-gap flux density waveforms and corresponding harmonic spectra of YASA 

machine topologies at mean radius of the air-gap. 
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 No-load flux linkage and back EMF 

The no-load phase flux linkages of YASA machine topologies are analysed and compared in Fig. 

2.12. It is clear that YASA12/8 followed by YASA12/10 have the largest flux linkage amplitude 

while YASA12/16 has the smallest flux linkage amplitude. However, YASA12/8 flux harmonics 

include certain odd order harmonics, such as 3rd, 5th, and 7th, which make the flux linkage 

nonsinusoidal compared to the other topologies. 

 
(a) Waveforms 

 
(b) Harmonic spectra 

Fig. 2.12. Comparison of phase flux linkages of YASA machine topologies. 

Moreover, the no-load phase back EMFs of the YASA machines are studied and compared at a 

rotor speed of 400 rpm. Fig. 2.13 shows the comparison of the back EMF and the corresponding 

harmonics for YASA topologies. YASA12/14 has the largest back EMF fundamental amplitude 

of approximately 4.26 V, whereas the EMF fundamental amplitude of YASA12/16 of 

approximately 4.25 V is just below YASA12/14. On the other hand, the amplitude of the 

fundamental harmonic of YASA12/10 is approximately 3.9 V, however, YASA12/8 has a non-
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sinusoidal waveform and contains odd order harmonics in which the amplitude of the 

fundamental component is approximately 3.3 V, as can be seen in Fig. 2.13 (b). 

 

(a) Waveforms 

 

(b) Harmonic spectra 

Fig. 2.13. Comparison of phase back EMFs of YASA machine topologies at 400 rpm. 

 Electromagnetic torque 

The electromagnetic torque is studied and compared at rated current and the same machine speed. 

Fig. 2.14 shows a comparison between YASA topologies in terms of the electromagnetic torque 

and the current angle relation at rated current, and Fig. 2.15 compares the electromagnetic torque 

for YASA machines with different pole combinations. It is clear that, YASA12/16 and 

YASA12/14 have nearly the same highest torque while YASA12/8 has the lowest torque in which 

the leakage flux is high due to the magnet pitch being much bigger than the slot pole pitch. On 

the other hand, as can be seen in Fig. 2.15(b), YASA12/14 has the lowest torque ripple followed 

by YASA12/10. YASA12/8 has the highest torque ripple compared to the other topologies.  
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Fig. 2.14. Comparison of torque-current angle curves of YASA machine topologies. 

 

(a) Waveforms 

 

(b) Harmonic spectra 

Fig. 2.15. Comparison of electromagnetic torques of YASA machine topologies. 
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Fig. 2.16. Comparison of average torque, torque ripple and peak-peak cogging torque of YASA 

machine topologies. 

Fig. 2.16 shows a comparison between the proposed YASA machine topologies with respect to 

the torque, torque ripple and cogging torque. The cogging torque and torque ripple are calculated 

with reference to the average torque by: 

Ὕ  ȟὝ
Ὕ Ὕ

Ὕ
ρππ  Ϸ (2.11) 

It should be noted that the preceding formula is used to calculate the cogging torque at no load 

and the torque ripple at load. The figure shows that YASA12/14 has a superior torque 

performance compared to the other topologies while YASA12/8 has high cogging torque and 

torque ripple.  

The machine torque performance at different current, current density and copper loss was also 

studied. Fig. 2.17 indicates the torque ï current curve while Fig. 2.18 shows the torque ï current 

density curve. It is clear that YASA12/16 and YASA12/14 have the best performance, where at 

rated current, the performance is approximately the same. However, YASA12/8 has the lowest 

torque/current and torque/current density, the reason for which is the leakage flux being higher 

than with other pole combinations. 
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Fig. 2.17. Comparison of average torque-RMS current characteristics of YASA machine 

topologies. 

 

Fig. 2.18. Comparison of average torque-current density characteristics of YASA machine 

topologies. 

Furthermore, the influence of the copper loss of windings on the machine torque was also 

investigated. The results are shown in Fig. 2.19. The figure shows that YASA12/16 and 

YASA12/14 have a high torque performance at different copper loss. However, YASA12/8 has 

a lower torque performance than other rotor pole topologies. Finally, the average torque per PM 

volume at different currents was studied and is compared in Fig. 2.20. The figure shows that 

YASA12/14 has the highest torque/magnet volume while YASA12/10 has the lowest 

performance. Moreover, both YASA12/8 and YASA12/16 have approximately the same torque 

per magnet volume-RMS current curve. 
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Fig. 2.19. Comparison of average torque-copper loss characteristics of YASA machine 

topologies. 

 

Fig. 2.20. Comparison of average torque/magnet volume-RMS current characteristics of YASA 

machine topologies. 

 Losses and efficiency 

For the YASA topologies, SMC material is used for the machine stator and rotor back iron core. 

This material has the merit of flexible design, low eddy current loss [JAC98]. Several studies 

have been presented to predict the iron loss of YASA machines using different approaches 

[VAN12], [HEM14]. Moreover, it has been confirmed that YASA machines employing SMC 

material have a superior performance at high speed compared to YASA with electrical steel cores 

[KIM17].  The losses generated in PM machines can be classified as copper loss, iron loss and 

eddy current loss induced in the PM. The copper loss is produced by the resistive component of 



 

51 

the stator windings under on-load condition. The copper loss can be calculated by the classical 

Ohm equation when the end winding resistance is neglected. However, the copper loss in this 

thesis is assumed constant at all analyses of 30 W. Iron loss is generated in the machine core 

geometry, such as the stator pieces and the rotor back iron, due to the variation of the magnetic 

flux. Moreover, the intersection of the flux through the magnet generates more loss caused by the 

eddy current circulating in the magnet pieces. At low speed, the fundamental harmonic 

component of the flux is the main cause of the iron loss. Furthermore, since the flux density 

variation in different parts of the machine is not identical, the losses induced in the machine parts 

differ. However, the stator has the highest consumed loss as the flux density is high.  Iron losses 

in PM machines, ὖ  ȟ can be divided into hysteresis loss, ὖ, and eddy current lossȟὖ.  The 

no-load and on-load stator iron loss in YASA machine topologies were evaluated by JMAG 3D-

FE software at rated speed of 400 rpm. The iron loss was calculated based on the iron loss density 

(W/m3) obtained by manufacturerôs data for (GKN SMC 70H) material indicated in Appendix C, 

and can be estimated by: 

ὖ  ὖ ὖ ὡὬ ὄȟὪ ὠ ὡ ȿὄ ȿȟὪ ὠ   (2.12)  

where: Whe is the hysteresis for each element at maximum flux density Bm and frequency f, We is 

the Joule loss for each element at maximum flux density Bmk and frequency of the kth frequency 

order, Ve is the volume for each element (m3), ne is the number of elements, and N is the maximum 

frequency order. A comparison of iron and PM losses of YASA machine topologies are calculated 

and compared in Fig. 2.21. It should be mentioned that the skin effect is not considered in this 

study since the machine is operating at low speed, (see Appendix A). Moreover, the eddy current 

loss generated in the machine iron is neglected and it only considered in the rotor PMs. Itôs 

obvious that the no-load iron and PM losses increase as the pole number increases, as illustrated 

in Fig. 2.21(a). Moreover, the losses increase at on-load condition due to the armature current 

flux. Furthermore, YASA12/16 and YASA12/14 have approximately identical on-load total 

losses due to the flux passing in the stator core being approximately equal as shown in Fig. 

2.21(b). However, the total loss of YASA12/8 under no-load and on-load conditions is 

significantly lower compared with the other topologies. In addition, the efficiency of YASA 

topologies was predicted by accumulating the evaluated electromagnetic losses and the copper 

loss, as shown in Fig. 2.21(b). Since the copper loss is assumed at a constant of 30 W, and when 

the mechanical loss is neglected, the efficiency of all topologies at 400 RPM can be calculated 

from: 
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%ÆÆÉÃÉÅÎÃÙ Ϸ  
ὕόὸὴόὸ ὴέύὩὶ

ὕόὸὴόὸ ὴέύὩὶὅέὴὴὩὶ ὰέίίὍὶέὲ ὰέίί ὖὓ ὰέίί
ρππ (2.13) 

The results indicate that YASA12/14 and YASA12/16 have identical superior efficiencies of 

approximately 80.2 %, while YASA12/10 and YASA12/8 have considerably lower efficiencies 

of approximately 78 % and 76 %, respectively. In fact, both YASA12/14 and YASA12/16 have 

high output powers at rated speed and rated current; however, more electromagnetic losses are 

induced due to armature current flux. 

 

(a) No-load losses 

 

(b) On-load losses and efficiencies 

 Fig. 2.21. Comparison of no-load and load losses and efficiencies at rated speeds.  
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 Summary 

In this chapter, YASA machines with the same number of stator segments and different rotor pole 

number combinations with a high winding factor were chosen and designed with the aid of 3D-

FEA. Moreover, a performance comparison between the YASA machine topologies with 

different rotor pole numbers has been verified. The results show that both YASA12/14 and 

YASA12/16 machines have higher no-load and on-load performances. Moreover, such 

topologies have higher back EMF and average torque; however, YASA12/16 has a noticeably 

higher cogging torque and torque ripple with the reference of YASA12/14. Furthermore, 

YASA12/8 has the smallest average torque and highest cogging torque and torque ripple 

compared to the other topologies. In addition, the no-load and on-load core losses for YASA 

topologies were examined and compared. The comparison shows that the no-load iron loss 

increases as the rotor pole number increases at the same speed. However, YASA12/14 has the 

highest on-load iron losses since it has a higher stator flux. Overall, YASA12/14 and YASA12/16 

both have a higher torque density as well as higher efficiency in which both have approximately 

the same optimal magnet and stator active areas. 
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NOVEL AXIAL FLUX MAGNETICA LLY GEARED MACHINE 

DESIGN 

 Introduction  

MGs are currently being developed to replace conventional mechanical gears in various 

electromechanical systems such as those related to renewable energy HEVs [ATA01] . Moreover, 

by integrating an MG into a conventional PM machine, magnetically geared machine has 

emerged, greatly broadening the machine topologies. A magnetically geared machine always has 

the merits of high torque density and reduced overall size in comparison with conventional PM 

machine axially combined with MGs [WAN09]. Many magnetically geared machines have been 

introduced for various applications. Axial flux magnetically geared machine topologies for 

various applications in which a conventional axial flux PM machine is combined with an MG 

have also been introduced and analysed. These machines have the merit of combining the 

advantages of conventional axial flux machines (for example, high performance, low rotor loss, 

and short axial length) with those of MGs in which the absence of physical contact and lubrication 

are the most significant features. The need for machines with superior performance in terms of 

reduced losses and weight has recently encouraged researchers to investigate the manufacturing 

and structural aspects of AFPM machines [GIU12]. However, as opposed to the relative 

simplicity of AFMG machines, the developed axial flux magnetically geared machine topologies 

have complicated mechanical structures. For example, some presented topologies have four 

machine parts where three air-gaps are essential [WAN13] and [KOU17], or five main parts with 

four gaps [TON14]. 

In this chapter, a novel axial flux magnetically geared machine (AFMGPM) is presented and 

analysed. Based on yokeless and segmented armature YASA machine, a new AFMGPM machine 

for low-speed and high-torque applications is designed. The topology is a combination of both 

YASA machine and a magnetic gear. The proposed AFMGPM offers the merit of a simple 

mechanical structure and is suitable for applications with limited axial space. The operating 

principle and the feasible stator slot/rotor pole combinations for the novel AFMGPM machine 

are analysed. To maximise the torque, global optimisation of the machine is conducted. By 

utilising ANSYS Maxwell 2D-FEA software, global optimisation based on a genetic algorithm 

is executed under fixed copper loss. Then, with the aid of JMAG 3D-FEA software, the influence 
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of individual geometric parameters is investigated. Moreover, the performance of the various 

stator slot and rotor pole combinations is investigated and compared using 3D-FE analysis. In 

addition, both no-load and on-load performance of the machines are analysed.   

 Proposed axial flux MG machine configuration  

The proposed AFMGPM machine essentially has magnetically separated segments with windings 

form the machine stator [WOO07], [QIN16]. It has the same stator structure as the conventional 

YASA machine; however, by employing different rotor pole pairs, a new magnetically geared 

axial flux machine was created. The use of 2D and 3D finite element (FE) analysis allowed global 

and individual optimisations to be carried out to maximize the proposed machine average torque.   

The 3D configuration of the proposed AFMGPM machine is shown in Fig. 1(a), with the 2D 

section at average diameter Ὀ  being shown in Fig. 3.1(b). The stator of the proposed AFMGPM 

machine consists of ferromagnetic iron pieces (flux modulation pieces) equipped with 

concentrated windings and is sandwiched between two surface mounted PM rotors with different 

pole pairs. The ferromagnetic pole pieces have tooth tips to hold the stator windings. By utilising 

two rotors with different pole pair numbers - the first of which rotates at high-speed (HSR), the 

second at low-speed (LSR) - a magnetic gearing effect can be exerted on both rotors.  

            

(a) 3D-model and exploded view 

 

(b) 2D cross section at average diameter 

Fig. 3.1  The proposed machine topology. 
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 Principle of operation  

Since the proposed AFMGPM topology is a combination of an MG and a PM machine, its 

operation principle will be introduced from these two perspectives. The operation principle of 

MGs has been thoroughly explained in [ATA04], [MEZ06]. To realise a stable electromagnetic 

torque transmission for conventional PM machines, the stator magnetic field harmonic and the 

PM flux harmonic must have the same order and speed. Therefore, the number of pole pairs of 

the stator windings should be equal to that of the PM rotor, and the rotational speeds of the stator 

flux and the PMs flux should be also equal. However, for magnetically geared machines, the pole 

pair number of the stator is not equal to that of the PM rotor. Therefore, to achieve stable torque 

transmitted to the rotor through the air-gap, the stator winding flux should have some space 

harmonics equal to those of the PM rotor. These harmonics can be obtained by modulating the 

flux to the air-gap through the modulator placed between the stator and the PM rotor.  In general, 

in magnetic gears, one rotor is connected with an external prime-mover while the other rotor is 

connected with the load. The input speed and torque are transferred to the output rotor shaft with 

full isolation between shafts. The proposed AFMGPM machine has a modulator with windings 

between two different pole rotors.  This modulator can modulate the flux produced by either 

rotors when one rotor is rotated by a specific speed. Moreover, with the presentation of the 

armature windings, the stator is equipped with 3ïphase concentrated winding coils to create the 

required stator pole pairs. A magneto-motive force (MMF), which is produced by such coils, 

results in a multiple harmonics flux in the air-gap between the stator and the PM rotors. Moreover, 

based on the electromagnetic theory of conventional PM machines, the flux harmonics produced 

by the coil MMF must have the same pole pairs and rotation speed as the rotorôs PM flux 

harmonics. Therefore, in addition to the torque exerted at both rotors due to the MG effect, the 

armature windings can produce fluxes in both air-gaps. It is important to note that the torque 

produced by the interaction between the armature reaction flux harmonics and PMs flux 

harmonics for each rotor contribute to the total torque of each rotor. 

According to the theory of integer slot windings, the energy conversion is related to the 

fundamental component of the armature current flux density. However, for fractional slot 

windings, the flux density spectrum can have many even and odd harmonics which rotate at 

different speeds and directions. The speed and direction of the highest air-gap flux density 

harmonic are important to identify the machine rotor pole number and its mechanical speed with 

which the main harmonic order is equal to the rotor pole pairs [BIA06] [ZHU09a]. 
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 Magnetic gear torque  

The operation principle can be deduced firstly based on MG torque transmission in which the 

stator winding current is not fed by 3-phase current and is assumed to be zero. When the first 

rotor rotates at a specific speed, the magnetic flux produced by its PMs is modulated by the 

ferromagnetic pieces. This results in high amplitude space harmonics in the other rotorôs air-gap 

which has the same pole-pairs and rotational speed as the other rotor. In numerical and FE 

methods, the Maxwell stress tensor is utilised in the calculation of the force and the corresponding 

torque in the air-gap regions of PM machines. The magnetic field strength  Ὄ between objects in 

vacuum creates a stress ‏ on the object surface and this stress can be given by: 

‏ ‘Ὄ           (3.1) 

The flux in the air-gap is divided into two components: normal or radial and tangential fluxes. 

Therefore, according to the Maxwell stress tensor, the stress terms can be also divided into normal 

‏  and tangential ‏  according to the flux density components, and can be obtained by: 

‏ ὄ ὄ           (3.2) 

‏ ὄὄ           (3.3) 

where ὄ and ὄ  are the normal and tangential flux densities, respectively.  

For PM machines, the flux density in the air- gap produced by the PMs of the rotor can, in general, 

be described as in [SPA14]: 

ὄ ὄ Ὦὄ (3.4) 

where ὄ  and ὄ are the representatives of the tangential and radial air-gap flux densities, 

respectively. Therefore, based on the Maxwell stress definition, the tangential average force and 

torque of the radial machineôs rotor can be calculated as given in [LUB13]:  

Ὂ ᷿   = Ὓ ‏ ᷿ ὄὄ Ὠ—ὨᾀȢ               (3.5) 

Ὕ ὶὊ ᷿ ᷿ ὄὄ Ὠ—ὨᾀȢ          (3.6) 

where S, r, and ὒ  are the surface area, the radius and the axial length of the machine rotor, 

respectively.  
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Fig. 3.2 Stresses in an axial flux PM rotor. 

Similarly, for axial flux machines, the average torque obtained by the rotor discôs PM based on 

the tangential stress explained in Fig. 3.2, can be expressed as follows: 

Ὕ ᷿ ὄὄ Ὠ—Ȣ          (3.7) 

In addition, the axial force Ὂ in the air-gap due to the axial flux density can be generally written 

by: 

Ὂ ᷿ ὄ ὄ Ὠ—Ȣ          (3.8) 

where  ὄ is the axial flux density, Ri and Ro are the inner and outer stator radii as explained in 

Fig. 3.2. The torque expression in (3.7) can be used to calculate the torque produced by each rotor 

of the MG machine. 

 PM flux density  

The air-gap flux density distribution at the axial direction produced by either rotorôs PMs without 

modulation effect ὄ  of axial flux topologies can be given [ZHE13]: 

ὄ В ὦ ᾀ ÃÏÓάὴ— ‫ὸȟȟȟȢȢ —           (3.9) 

Moreover, the corresponding air-gap flux density distribution at the circumferential direction 

produced by either rotorôs PMs without modulation effect ὄ  can be given as 

ὄ В ὦ — ÓÉÎάὴ— ‫ὸȟȟȟȢȢ —           (3.10) 

where ‫  is the rotor flux rotational speed, and — is the rotor initial position. The modulation 

function of the pole pieces when a rotating modulator is considered can be written as: 

‗ ‗ В ‗ÃÏÓὲὲ—ȟȟȟȢȢ           (3.11) 
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where ‗and ‗ are the Fourier coefficients of the modulation function. However, when the pole 

pieces are considered, the flux density produced by the PM is distorted by the effect of such 

pieces, which is similar to the slotting effect in conventional PM machines. Therefore, the 

resulting axial and circumferential flux densities in each air-gap at a specific axial distance, due 

to the presence of these pieces, can be obtained by multiplying the original PM flux density with 

the modulating function ὄ  ‗), and the resulting axial flux density can be obtained as: 

ὄ ὦ ᾀ ÃÏÓ άὴ— ‫ὸ

ȟȟȟȢȢ

— ‗ ‗ÃÏÓ ὲὲ—

ȟȟȟȢȢ

 

‗ὦ ᾀ ÃÏÓ άὴ— ‫ὸ

ȟȟȟȢȢ

—

‗ ὦ ᾀ

ς
 ÃÏÓὲὲ άὴ—

άὴ‫

ὲὲ άὴ
 ὸ  

άὴ—

ὲὲ άὴ
ȟȟȟȢȢȟȟ

 
‗ ὦ ᾀ

ς
  ÃÏÓὲὲ άὴ —

άὴ‫

ὲὲ άὴ
 ὸ

άὴ—

ὲὲ άὴ
 ȟȟȟȢȢȟȟ

 

(3.12) 

The flux density in the circumferential direction can be expressed by: 

    ὄ ὦ — ÃÏÓ άὴ— ‫ὸ

ȟȟȟȢȢ

— ‗ ‗ÃÏÓ ὲὲ—

ȟȟȟȢȢ

 

            ‗ὦ — ÃÏÓ άὴ— ‫ὸ

ȟȟȟȢȢ

—  

‗ ὦ —

ς
 ÃÏÓὲὲ άὴ —

άὴ‫

ὲὲ άὴ
 ὸ

άὴ—

ὲὲ άὴ
 

ȟȟȟȢȢȟȟ

 

‗ ὦ ᾀ

ς
 ÃÏÓὲὲ άὴ—

άὴ‫

ὲὲ άὴ
 ὸ

άὴ—

ὲὲ άὴ
 

ȟȟȟȢȢȟȟ

 

(3.13) 

where: ὦ and ὦ  are the Fourier coefficients of the radial and axial components of the flux 

density, respectively. From (3.13) the number of pole pairs of the flux density produced by the 

rotor in the space harmonics can be given by: 

ὴȟ ȿάὴ ὲὲȿ (3.14) 

and the corresponding rotational speed is given by: 
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‫ȟ

άὴ‫

ὲὲ άὴ
 

ὲ πȟρȟςȟσȟȣ 

ά ρȟσȟυȟȣ 

(3.15) 

It can be seen that the space harmonics have more components due to the modulation effect. In 

addition, rotational speed (natural space harmonics) is indicated with the absence of the 

modulator pieces which can be obtained when n=0. Moreover, the amplitudes of the axial 

modulated space harmonics depend on the values of ‗ȟὦ . It has further been proved that the 

maximum space harmonics of the modulated flux produced by the PM can be achieved when n=-

1 and m=1. Therefore, a design with stable torque transmitted between both rotors can be 

achieved when the number of modulator segments is equal to the summation of pole pairs of such 

rotors. Hence, for high transferred torque capability of the proposed AFMGPM machine, the 

relationship between the numbers of pole pairs of HSR, LSR and stationary pole pieces must be 

satisfied by [ATA01].  

ὴ ὴ ὲ (3.16) 

From (3.15), the relationship between the HSR rotation speed ‫ , LSR rotation speed ‫  and 

modulator piecesô speed ‫  can be expressed as 

ὴ‫ ὴ‫ ὲ(3.17) ‫ 

The energy conversion relation between the input power and the output power can be given by 

Ὕ‫ Ὕ‫ Ὕ‫ π (3.18) 

For the stationary modulator, the above formula can be presented as 

ὴ

ὴ

‫

‫
 (3.19) 

where ὴ and ὴ are the numbers of pole pairs for HSR and LSR, respectively. ὲ denotes the 

number of stationary pieces. In addition, the ratio between rotor pole pairs stated in (3.19) is the 

gear ratio Ὃ, and the negative sign indicates that two rotors will rotate at opposite directions, and 

the corresponding gear ratio Ὃ can be presented as 

Ὃ
ὲ ὴ

ὴ

ὴ

ὴ

Ὕὰ

ὝὬ

‫Ὤ
‫ὰ

 (3.20) 
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For MG design, the required gear ratio can be achieved by choosing the appropriate pole pair 

combination of two rotors. In addition, the torque ripple in either HSR or LSR can be reduced by 

selecting a proper gear ratio [ABD12].  

 Armature current flux density  

With the presence of the stator winding, the air-gap flux density produced by a stator only which 

adopts three-phase concentrated windings can be given by: 

ὄ ὦ ᾀ ÃÏÓ Ὥὴ—
‫

Ὥ
ὸ  ὦ ᾀ ÃÏÓὮὴ—

‫

Ὦ
ὸ  (3.21) 

The modulated armature reaction air-gap flux density in the axial direction due to the slotting 

effect can be obtained by multiplying the flux density obtained by the stator current Bs presented 

by (3.21), by the modulation operator ‗ — presented by (3.11) which can be expressed by:  

ὄ ᾀ ὄ ‗ — 

ὄ ᾀ ‗έὦὭίᾀ ÃÏÓ Ὥὴ—
‫ί
Ὥ
ὸ

Ὥ ȟȟȟȢ

 

‗ὦ ᾀ

ς
 ÃÏÓ Ὥὴὲὲ —

Ὥὴ

Ὥὴὲὲ
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ȟȟȟȢȟȟȢ

 

‗ὦ ᾀ

ς
 ÃÏÓ Ὦὴὲὲ —

Ὦὴ

Ὦὴὲὲ
‫ὸ

ȟȟȟȢȢȟȟȢ

 

(3.22) 

where ὦ  and ὦ  are the Fourier coefficients of the axial components of the flux density produced 

by the armature windings. It can be seen that the air-gap flux density due to the armature windings 

has harmonics with the number of pole pairs given by: 

ὴȟ Ὥὴὲὲ  or Ὦὴὲὲ   (3.23) 

and the corresponding rotational speed is given by: 

‫ȟ ÏÆ 
Ὥὴ

Ὥὴὲὲ
ÏÒ  ‫   

Ὦὴ

Ὦὴὲὲ
‫  

ὭȟὮ πȟρȟςȟσȟȣ 

ὲ ρȟσȟυȟȣ 

(3.24) 

Therefore, comparing (3.14) and (3.23), and if i or j are assumed to be equal to m, this results in 

the two magnetic fields including harmonics that have the same pole pairs. When comparing 

(3.15) and (3.24), it is clear that the two magnetic fields have the same speed as the rotor. In this 

case they can produce steady torque in addition to the MG effect torque.  
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 Stator/rotor pole number combination of the proposed magnetically geared machine 

Magnetically geared machines are subject to the restraints of both PM machines and the magnetic 

gears. In other words, the number of rotor poles and slots of magnetically geared machines cannot 

be freely chosen. For the proposed magnetically geared machine, the stationary pole pieces ὲ is 

preferred as 12. Therefore, according to the magnetic gear principle given in (3.16), four rotor 

pole combinations can be considered for ns=12. Moreover, for PM machines, the relation between 

the stator slots  ὲ and rotor pole pairs ὴ can be obtained by (2.1). It is evident that maximum 

flux linkage can be obtained when the stator slots  ὲ and rotor pole 2ὴ combinations differ by 

the smallest integer which are obtained when Ὧ ρ ÁÎÄ ς [ISH05] [WAN08]. Therefore, by 

considering both (3.16) and (2.2), possible rotor pole combinations of the machine can be 

determined for  ὲ of 12 and are listed in Table 3.1.  

However, balanced concentrated windings are normally adopted when Spp Ò0.5 [CRO02]. 

Therefore, for the proposed AFMGPM machine, the concentrated winding can only be used for 

two rotor pole combinations which listed in Table 3.1. The first combination is known as 

(MG12/5-7), in which HSR pole pairs ph equals 5 and LSR pole pairs  pl  equals 7. The second 

combination is known as (MG12/4-8), in which ph=4 and pl=8. The remaining pole combinations 

in Table 3.1 are not convenient for the proposed topology since the Spp of HSR is an integer, thus 

resulting in a low winding factor which causes a non-sinusoidal phase back EMF for concentrated 

windings. 

Table 3.1 Rotor pole combinations for 3-phase concentrated windings. 

 ▪▼ ▬■ ▬▐ ╖► 
Kw1 Spp 

LSR HSR LSR HSR 

12 

7 5 1.4 0.933 0.933 2/7 2/5 

8 4 2 0.866 0.866 1/4 1/2 

10 2 5 0.50 0.50 1/5 1 

11 1 11 0.25 0.25 2/11 2 

Furthermore, the variable combinations of stator slots and rotor poles are responsible for the 

distribution of the machine windings. For the selected rotor pole combinations, the phase winding 

has 4 coils are connected in series, the winding layout and the EMF phasors for both rotor pole 

combinations are depicted in Fig. 3.3.  
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(a) MG12/5-7. 

                    

(b) MG12/4-8. 

Fig. 3.3 Coil distribution and the EMF phasors for proposed topologies. 

 Global optimisation of AFMGPM  machine. 

With the aim of obtaining the maximum torque transmission capability, the proposed AFMGPM 

machine is globally optimised by utilising 2D-FE software method described in Appendix A. For 

this study, the machine is operated as a magnetically geared motor. Since the MG has input and 

output shafts, the LSR is assumed to be the output rotor which is connected to the drive, and the 

HSR is assumed as being connected to an external prime-mover. Moreover, it has been stated 

that the maximum torque can be produced by MG effect when the relative angle between both 

rotors is adjusted at 90 elec. deg. [FRA09], before starting the study procedure, the relative initial 

position between two rotors must be adjusted at maximum torque position as explained in Fig. 

3.4. The relative angle position ‏ in electric degrees can be calculated by 

‏ ὴ— ὴ— (3.25) 

Where —  and — are the HSR and LSR axes positions in mechanical degrees, respectively. The 

maximum relative position angle is obtained by fixing the LSR pole axis at zero initial position, 
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whereas the HSR axis position is rotated over 90 elec. deg. (18 mech. deg. of MG12/5-7, and 

22.5 mech. deg. of MG12/4-8) with the reference of LSR position, as explaind in Fig. 3.4.  

Moreover, the stator winding is supplied by 3-phase current. The LSR pole axis position is 

aligned with the d-axis position of phase A to maximize the LSR torque in which the torque 

produced by armature current is added to the LSR MG torque. Furthermore, the HSR speeds of 

both topologies are assumed as 400 rpm, therefore, the LSR speeds are calculated according to 

(3.20). In this case, both rotors contribute for the stator flux, the frequency of the no-load and on-

load stator fluxes f can be obtained by 

Ὢ
ὲὴ

φπ

ὲὴ

φπ
 (3.26) 

The stator flux frequency of the proposed MG12/5-7 is calculated to be a 33.33 Hz and a 26.66 

Hz for MG12/4-8. 

                        

(a) Minimum relative angle 

(Zero elec. deg.) 

 

  (b) Maximum relative angle 

(90 elec. deg.) 

Fig. 3.4 Identify of the relative angle between HSR and LSR. 

During the study process, the machineôs constant parameters and dimensions are obtained and 

are provided in Table 3.2. Meanwhile, the variable parameters are indicated in Fig. 3.5  and 

identified in Table 3.3. 
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Table 3.2 Constant parameters of the machine. 

Parameter 
MG 

12/5-7 

MG 

12/4-8 

HSR rated speed (rpm) 400 400 

LSR rated speed (rpm) 285.7 200 

HSR pole pair no. (ph) 5 4 

LSR pole pair no. (pl) 7 8 

Stator slot number (ns) 12 12 

Machine outer diameter (mm) 90 90 

Axial length (mm) 25 25 

Air -gap length (mm) 0.5 0.5 

Number of turns /phase 80 80 

Packing factor 0.5 0.5 

Copper loss (W) 30 30 

Gearing ratio Gr 1.4 2 

PM remanence Br (T) 1.2 

Iron material  GKN SMC 70H  

 

 

Fig. 3.5 Machine topology dimensions. 
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Table 3.3 Variable parameters of the machine 

Parameter Symbol Definition  

HSR magnet angle ratio ὶ ͺ  
—

†
 

LSR magnet angle ratio ὶͺ  
—

†
 

HSR magnet thickness ratio ὶͺ  
Ὤ

ὒ
 

LSR magnet thickness ratio ὶͺ  
Ὤ

ὒ
 

Stator slot depth ratio ίͺ  
ύ

†
 

Stator slot tips thickness ratio ίͺ  
ί

ὒ
 

Stator tooth width ratio ίͺ  
ύ

†
 

Rotor thickness ratio Ὑͅ  
ὒ

ὒ
ȟ
ὒ

ὒ
 

Global optimisation is carried out by utilising 2D-FE analysis for the proposed topologies. During 

the machine optimisation process, the machineôs outer diameter and the axial length are fixed. 

The parametric global optimisation constraints and results were obtained and are listed in Table 

3.4.  

Table 3.4 Proposed Topology Optimal Parameters 

Parameters Restrictions 
Optimal value 

MG12/5-7 

Optimal value 

MG12/4-8 

HSR PM angle ratio [0.7-1] 0.95 0.87 

LSR PM angle ratio [0.7-1] 0.99 1 

HSR magnet thickness ratio [0.4-0.6] 0.56 0.50 

LSR PM thickness ratio [0.4-0.6] 0.57 0.50 

Stator slot depth ratio [0.1-0.3] 0.24 0.23 

Stator tip thickness ratio [0.04-0.25] 0.04 0.04 

Stator tooth width ratio [0.5-0.95] 0.57 0.62 

Rotor thickness ratio [0.2- 0.3] 0.24 0.20 
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 Influence of critical parameters on machine performance  

With the optimal dimensions, the influence of each parameter on torque performance is studied 

with the aid of 3D-FEA software. Since the output torque of the AFMGPM has two torque parts; 

magnetic gear effect and armature reaction electromagnetic torques, the influence of each 

parameter is being on the total torque. The sequence of the influence of the PM dimensions, slot 

width, tooth tip thickness, slot opening width, and the ratio between the inner and outer diameters 

on the machine torque is considered. Moreover, under the investigation of each individual 

parameter, the optimal values of other parameters will be fixed. The influence of each parameter 

on average torque is explained in the following section.  

 Influence of PM dimensions 

As can be seen in Fig. 3.5, the AFMGPM machine has high and low-speed rotors. By keeping 

other parameters constant, the influence of the LSR PM dimensions on the LSR average torque 

of MG12/5-7 and MG12/4-8 are illustrated in Fig. 3.6.  It is obvious that the maximum output 

torque is sensitive to the PM dimensions of both machines. A maximum LSR torque of MG12/5-

7 can be obtained when the PM angle ratio of the LSR ὶͺ  is designed between (0.98-1) and 

the magnet thickness ratio ὶͺ  is approximately 0.58, Fig. 3.6(a). On the other hand, the 

output torque of MG12/4-8 can be maximised when the LSR PM angle ratio is approximately 1 

and the thickness ratio is approximately 0.5, Fig. 3.6(b). 

Moreover, with optimal dimensions of LSR PM, the variation of the PM dimensions of the HSR 

on the output torque of two machine models is shown in Fig. 3.7. For MG12/5-7, the LSR torque 

reaches maximum value when the HSR PM thickness ratio ὶͺ  and magnet angle ratio 

ὶ ͺ  are designed at approximately 0.5 and 0.94, respectively, as can be seen in Fig. 3.7(a), 

whereas the torque of MG12/4-8 reaches maximum value when the HSR PM thickness ratio 

ὶͺ  is approximately 0.5 and magnet angle ratio ὶ ͺ  is approximately 0.87, Fig. 3.7(b). 

According to the obtained performances of two topologies, the torque always reaches its 

maximum value when the rotor pole arc and the stator pole arc are approximately the same. The 

effect of leakage flux in this case is decreased in which the MG torque is highly affected by the 

magnet angle. 
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(a) MG.12/5-7 

 

(b) MG12/4-8. 

Fig. 3.6 Influence of the LSR magnet dimensions on LSR output torque. 
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(a) MG12/5-7 

 

(b) MG12/4-8 

Fig. 3.7 Influence of the HSR magnet dimensions on LSR output torque. 
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 Influence of slot depth 

The influence of the stator slot depth was investigated, with the armature reaction at rated current 

is being considered. The phase winding resistance and the copper loss when the end winding is 

neglected can be calculated utilising (2.7) and (2.8), respectively.  Therefore, the rated current at 

fixed copper loss of 30 W, can be calculated by (2.9). 

 Fig. 3.8 indicates the effect of the slot depth on the average torque for the considered models. It 

can be seen that the two topologies have optimal LSR average torque when the slot depth ratio 

ίͺ  is approximately 0.24. At fixed machine outer diameter, and by considering the end 

winding thickness, the machine active length in the radial direction is changed with the stator slot. 

The slot width in this case affects the torque produced by the armature current and MG effect.  

 

Fig. 3.8 Influence of the slot depth on the average torque. 

 Influence of slot tips thickness 

At fixed stator width ὒ, the average output torque for different tooth tips thickness is presented 

in Fig. 3.9. It can be seen that the average torque is sensitive to the stator slot width in which the 

torque decreases as the tooth tips thickness increases. That due to the increases of leakage flux 

and decreases of the slot area as well as the armature current capability. The shape of the stator 

slot has a critical impact on the MG effect as well as the armature current torque. 
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Fig. 3.9 Influence of slot tips thickness on the average torque. 

 Influence of slot opening width 

The influence of the slot opening on the average torque is obtained by studying the changing of 

the ratio of the stator pole width ύ  to the stator pole pitch  †. Fig. 3.10 indicates the effect of 

slot opening width on both machines torque performance. It can be noted that the machine torque 

of the two models reaches its maximum value when the slot opening width ratio is approximately 

0.38. For surface mounted PM machines, slot opening has significant impact on the machine 

performance. It has been shown that PM and armature leakage fluxes share the tooth tips, a fact 

which increases the local saturation [ZHU15]. However, the influence of slot opening on the 

AFMGPM machine torque is inconsequential. This is because of the optimal tooth tip thickness 

is very slight (0.5 mm): small tooth tips reduce the leakage flux and increase the local saturation.  

 

Fig. 3.10 Influence of slot opening on average torque. 
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Therefore, to reveal the effect of the slot opening on the proposed MG12/5-7, the machine torque 

is investigated for thicker tooth tip thickness. Fig. 3.11 indicates the effect of slot opening on the 

average torque at no-load and on-load when the tooth tip thickness is doubled (to 1 mm). It is 

clear that the machine torque significantly increases with the increase of the slot opening. The 

effect of the local saturation is effectively eliminated in this case since a larger tip thickness 

results in more flux passing through the area of the tooth tips. However, the behaviour of both 

no-load and on-load torques are approximately equal at all slot opening values. Therefore, since 

the LSR torque has two torque components, the influence of the slot opening on the MG and 

armature current torques is indicated in Fig. 3.12. It is obvious that, with the increase of slot 

opening width, the torque contributed by the armature current slightly increases, before 

decreasing when the slot opening width is larger than 5 mm. Additionally, the gearing effect 

torque is significantly affected by the slot opening when the tips saturation is considered. Fig. 

3.13 plots the machine flux density distribution on the stator poles for different tooth tip 

thicknesses in which the local saturation can be clearly seen on the tooth tips.  

 

Fig. 3.11 Influence of slot opening on average torque at 1 mm tip thickness for MG12/5-7. 

 

Fig. 3.12 Influence of slot opening on the LSR torque components for 1 mm tip thickness of 

MG12/5-7. 



 

73 

    

(a) 0.5mm                                              (b) 1 mm 

Fig. 3.13 On-load stator pole flux density distribution for different tip thicknesses at initial 

position. 

 Influence of the ratio between outer and inner machine diameters 

The influence of the ratio of the machine inner diameter, Di with respect to the machine outer 

diameter, Do was also studied. The inner diameter is changed at different values, whereas the 

outer diameter is kept constant. Fig. 3.14 indicates the influence of inner to outer diameter 

variation on the machine torque performance. It is obvious that the average torque of two 

topologies increases as the ratio decreases. On the other hand, when the ratio increases, the 

machine active length decreases, which results in decreasing of the stator coil and the magnet 

active lengths.  

 

Fig. 3.14 Influence of inner diameter on the average torque. 
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 Performance analysis of proposed optimised AFMGPM machine 

As has been shown, during machine optimisation, the dimensions were chosen to maximize the 

output torque. The optimal parameters and dimensions of the proposed AFMGPM machine were 

chosen according to 3D FE analysis results listed in Table 3.5. By considering two load 

conditions, i.e. no - load condition, in which the winding current is zero and the machine works 

as MG, and on - load condition, in which the rated current is applied to the winding and the 

machine works as magnetically geared motor, the optimised topology was analysed and studied 

by utilising 3D - FE analysis.  

Table 3.5. Machine optimal dimensions and rated parameters 

Parameter 
MG 

12/5-7 

MG 

12/4-8 

High speed (RPM) 400 400 

Low speed (RPM) 285.5 200 

High speed rotor pole No. (Ph) 10 8 

Low speed rotor pole No. (Pl) 14 16 

Stator Pole Number (St) 12 12 

Machine Inner Diameter (mm) 30 30 

Machine Outer Diameter (mm) 90 90 

Axial Length (mm) 25 25 

Air gap Length (mm) 0.5 0.5 

Number of turns of armature coil/phase 80 80 

Packing factor 0.5 0.5 

High speed rotor pole arc (degree) 34 39 

High speed rotor PM Thickness (mm) 3 2.5 

Low speed rotor pole arc (degree) 25.4 22.5 

Low speed rotor PM Thickness (mm) 3.5 2.5 

Slot Area (mm2) 44 52 

Armature stator Axial Length (mm) 12 14 

Rotor Axial Length (mm) 6 5 

Irms (A) 13.5 14.8 

PM volume (mm3) 26263.6 19348 
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 No-load flux density 

Fig. 3.15 plots the no-load flux density distribution of both machine geometries at initial position. 

Moreover, the flux density adjacent to HSR and LSR for both proposed topologies at no-load 

were also analysed and obtained. The flux density is examined in the middle of the gap between 

the stator and each rotor in the axial direction. Fig. 3.16 shows the air-gap axial components of 

PM flux density variation and their space harmonic spectra for MG12/5-7 topology. It is evident 

that the largest harmonic components at HSR and LSR air-gaps are the 5th and the 7th respectively, 

which are the same as the number of pole pairs of HSR and LSR. Moreover, the 5th harmonic 

component exists at LSR air-gap flux density while the 7th harmonic is also present at HSR air-

gap flux density due to the modulation effect caused by the presence of stator segments [ATA01] . 

         

(a) MG12/5-7 

               

(b) MG12/4-8 

Fig. 3.15 No-load flux density distribution at initial position. 
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(a) Waveforms 

 

(b) Harmonic spectra 

Fig. 3.16  Comparison of no-load flux density in the middle of HSR and LSR air-gap at mean 

radius for MG12/5-7 topology. 

On the other hand, Fig. 3.17 shows the variation of axial component of PM flux density and the 

corresponding space harmonic spectrum in the MG12/4-8 air-gaps. It can be noted that the flux 

density contains many harmonics in which the largest harmonics components at HSR and LSR 

air-gaps are the 4th and the 8th, which are the same as the numbers of pole pairs of HSR and LSR, 

respectively.  

Moreover, Fig. 3.18 depicts the axial component of flux density in the MG12/5-7 air-gap 

produced by the armature windings only. It can be performed when rated current is applied to the 

stator windings while the machine magnets are assigned as vacuum. It is revealed that the 



 

77 

armature field includes many space harmonics. However, the harmonics contain higher order of 

the 5th and the 7th harmonics rotate at opposite directions.  

 

 (a) Waveforms 

 

(b) Harmonic spectra 

Fig. 3.17 Comparison of no-load flux density in the middle of HSR and LSR air-gap at mean 

radius for MG12/4-8 topology. 

  






























































































































































































































































































































































