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ABSTRACT

As axial flux permanent magnet (AFPM) machines are currentlyntiet appropriatéopologies

for limited axial space applications, a novel axial flux magnetically geared permanent magnet
(AFMGPM) machine is investigadein this thesisBased 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 numbersa 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 witlnestator segments:
MG12/57 with HSR pole pairs of 5 and LSR pole pairs of 7, and MG82#th HSR pole pairs

of 4 and LSR pole pairs of 8. These were optimised for maximum torque capability. Performance
comparisons at ntoad and ofload conditions usig 3D-finite element analysis (FEM) reveal that

the machine torque performance is sensitive to the PM dimensions and better performance can b
obtained with the MG12/3 topology.

It is demonstrated that the MG machines are a valid alternative to thentmmal 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 delda@nally, the
proposed machine can work as a conventioredmatic gear (MG) and a generatibris shown
thatthe new AFMGPM machine can realise the function of power split devices in conventional
HEVs, as a mechanical planetary geaotorand generatornt is further shown that the rotor
manufacturing tolerancleas a significant effect in terms of stator/LSR misalignment on the no

load and ofload performances of the machine.

Finally, a performance comparison between the novel machine and the conventional axial flux
YASA machine is performedTo validate the pmdicted results of finite element analysis, a
prototype of the new topology and a conventional YASA machine are manufactured andttested
has showingthat with the benefit of two rotors with different torques and speeds, the new

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

0 Coil area mn¥
o) Packing factor
n Air-gap flux Wb
Q Magnet thickness mm
Q Stator slot width mm
0 Air-gap flux density T
0 PM maximum flux density T
0 Cogging torque factor
O Average diameter mm
O Inner diameter mm
O Outer diameter mm
0O High speed rotor EMF amplitude \%
O Low speed rotor EMF amplitude \%
O Total EMF amplitude
O Axial pull force N
O Air-gap axial length mm
O Maximum airgap axial length mm
O Minimum air-gap axial length mm
O Gear ratio
O RMS phase current A
0 Distribution factor
0 Pitch factor
0 Winding factor
0 Torque constant Nm/Amp.
0 Total axial length mm
0 Coil active length mm
0 Rotor axial thickness mm
0 Stator axial length mm




0 Number of turns per phase
0 Least (smallest) common multiple
0 Hysteresis loss w
0 Copper loss w
0 Eddy current loss w
Y Phase resistance Y
Y Outer radius mm
Y Magnet surface area mnv
Y Number of slots per pole per phase
Y Torque ripple %
Y Cogging torque Nm
Y Average torque Nm
Maximum torque Nm
Minimum torque Nm
Output torque Nm
Element volume md
wQ Hysteresis loss for each element W
ElementJoule loss w
€ Number of coils per phase
€ Number of stator poles
€ Q Number of elements
n Number ofhigh speed rotor pole pairs
n Number of low speed rotor pole pairs
0 Stator slot depth mm
| Magnet surface area to @ap area ratio
— Angular position of high speed rotor mech deg.
— Angular position of low speed rotor mech deg.
— Magnet arc angle mech. deg.
— Rotorangularposition elec. deg.
— Rotorinitial position elec. deg.




Relative permeability

H.m?

T Rotor pole pitch mech. deg.
T Stator pole pitch mech. deg.
1 High speed rotor rotation speed rad/sec
1 Low speed rotor rotation speed rad/sec
1 Rotor speed rad/sec
1 Modulator speed rad/sec
1 Angular frequency rad/sec
Y Air-gap reluctance AT/ Y
Phase ack EMF Vv
Q Frequency Hz
a Number of phases
n Rotor pole pairs
0 Greatest common divisor
| Phase shift of total EMF waveform elec. deg.
f Current angle elec. deg.
1 Load angle (relative angle) elec. deg.
1 Maxwell stress tensor N/mn?
” Copper resistivityat room temperature Y. m
Skin depth m




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 hybrigxcitation
AFMG Axial flux magnetically geared
AFMGPM Axial flux magnetically geared permanent magnet
AFPM Axial flux permanent magnet
AFPSSFPM 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 Smallesttcommon multiple
LSR Low speed rotor
MFM-BDRM Magnetic field modulated brushless double rotor motor
MG Magnetic gear
MMF Magnetemotive force
PM Permanent magnet
RFPM Radial flux permanent magnet
SMC Soft magnetic composite
SPM Surface mounted permanent magnet
UMF Unbalanced magnetic force

Vi
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CHAPTER 1

GENERAL INTRODUCTION

1.1 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 PMatsdias 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 advantaggsadial flux PM (RFPM) machines, such

as high torque density, low rotor losses, and high efficigAdD04]. The main difference
between axial and radial machines is in the flux direction. In axial flux machines, the flux passes
axially from the statora 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 airgap.

In many industrial applications, mechanical gears are widely useélfeering torque and speed

from the primemover to other rotatingaenponent§HES80]. However, due to the physical
contact, frequent maintenance, high fraction losses and large vibration and noise are inevitable.
Therefore,due to being contactlessiagnetic gearsMGs) are currently being developed in an
attempt to replee mechanical geafaATAO1]. 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 permanen

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 vMIt@s]. 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 mecharssflllU13a]. To overcome

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

function.



To study power split application to the HEV, this thesis develops a novel axial flux magnetically
geared®M (AFMGPM) machine fom 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.
1.2 Power split application in HEVs

The requirements for environmental protection awkrgy 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 conventi@h 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 eéctric motor/generator set [EHSO07]. 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 [BDRIfferent 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 wlg, fed by either a generator or a battery as depicteig.ii.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 bé githe vehicle wheel itself (iwheel motor). Meanwhile,

in a parallel configuration the drive wheels are driven by both the ICE and the motor individually
and simultaneously, as showrHig. 1.1(b). Differentconfigurations 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 ide wheels
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(a) Series hybrid configuration
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(b) Parallehybrid configuration

Fig. 1.1. Drive train configuratiosin HEVSs.
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 [SAS98fig. 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 o
revolving plart 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 tcavttatthe power
split device [GOU11], [DU10].



N\

Ring

j “5’ Planet carrier

Planet

Sun

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 paighen 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
conventioml 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 belelivered alectrical power by the generator whigherates to charge the
battery [YAN12].

Inverter

Vehicle
wheels

ICE

Planctary
gear

Fig. 1.3. Planetary gear function of power split in HEMW@AN 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 [BORO09]. Furthermore, it can be independently epdeaatdifferent 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 regulaaintenance are requirgd ES80]



1.3 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 applicatidhbas 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 -giap, in addition to theimeritsof high torque density, smooth
torque, and greater efficiency due to reduced rotor loss compared with the conventional RFPM
machines [AYDO02] [GIU12]. However, development of this machine has increased only
gradually compared to that of RFPM machines becausgbatétion difficulties with the stator
lamination as well as the attraction force between stator and PM rotor [KAH14], [FHHUATE

AFPM machine topologies can be classified with regard to their configuration as det&igd in

14.

AFPM machine

topologies
Single sided Double sided Multi- disc
I
I 1
Double Stator - single rotor Double Rotor-single stator
(Kaman tvpe) (TORUS tvpe)
Iron core Iron core Iron core Alr core
stator stator stator (Corcless)
Slotted Slotless Slotted Slotless Slotted Slotless

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 [AYDO04]. Moreover, the differenpég 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 typesfoAFPM machine topologies can be briefly described as follows.

1.3.1 Single-sided AFPM machine topology
This type, also known as the single stataingle rotor or disc type machine, has the simplest

structure of all the AFPM machines. The topology, as seé&iift.5, consists of a single iron



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 locatetiia r ot or 6 s
surface, facing the stator winding&8YDO04]. In other stator topolags the windings may be
embedded in the stator slots, in what is called the slotted skgdk,5(a), or located on the

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

illustrated inFig.1.5(b). Further possible variations include concentrated oravenlapping

windings and distributed windings [KAH14].

Stator
windings
Rotor back
iron
Rotor PMs

(a) Slotted stator with concentrated windings

Stator
windings

Rotor back
iron

Rotor PMs

(b) Slotless statowith ring windings
Fig.1.5. Single sided AFPM machine structure [KAH.

Nevertheless, despite the advantages of this topology and its applications in electromechanical
drives and transportation, the machiias 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 issuethis results in an increase in the machine manufacturind€bi&03]COLO08].

1.3.2 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 tlwtor. 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



embedded in the slotsig. 1.6(a)), or slotless, where the windings are wound around the stator
core as shown ifkig. 1.6(b). However, for slotless topologies, the torque is produced by the inner
winding conductors facing the rotor PMshile the conductors on the outer stator side will not
contribute for torque production. On the other hand, in the slotless stator the end windmigly are

long, which leads to more copper loss, and consequently, lower efficiency compared to the slotted
stator[KAH14].

: Stator
om—— windings

Stator outer ALY
side

Stator
— windings

Rotor PMs 0

(b) Slotless interior PM motor configuration
Fig. 1.6. Interior rotor AFPM machine structufelUA02].

The interior rotor axiaflux 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-tigpdior the stator winding.
Moreover, since the main flux flows axially through the rotor, a fezromagnetic 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, sincehis topology utilises a double stator with armature windings [AYDO06]. 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 be
presented in [MIN11]. The stator has armature windings and PMs, whereas the rotor is completely
passive, which is preferable for high speed applications, as sh&wgn 7. In addition, to achieve

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

partitioned stator switching flux PMAFPS SFPM)topology has beetleveloped and analyséd



[ZHU15c] [KHA15]. The machine has two stespeach with different excitation, with one stator

using armature winding and the other using magnets, as indicdted 1r8.

Fig. 1.7. AFSFPM machine topolodiIN 11].

Stator with
PMs

Stator with
windings

Rotor

PMs

Fig. 1.8. AFPSSFPM machine topologyHU 15c].

1.3.3 Single statordouble 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 performanceaterior 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
develped and investigated. For example, a dosided AFPM model with an internal ring shape

stator core, known as the TORUS toroidal slotless stator machine, has been developed as a DC
machingSP092] Toroidal rectangular windings are wound onghegace of theore of thestator

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{@@mitt has a relatively

large airgap sincehe windings are directly located on the stator sjetes 1.9). Therefore, in the

slotless TORUS topology, sectors or-mhaped windings provide superior stator core utilisation
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and less aigap thickness, as can be seeRig 1.9(b), [AYDO6]. Moreover, because tlmeachine

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 [HUAOLhe machine has twmain 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 circumferentiglalong the stator iron core. It then returns to the rotor core through the
opposite polarity poleHig. 1.10). In this topology, large yoke thickness is employed to fit the flux
entering from both rotors, whichdreases 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.

(b) Slotless pieshaped stator windinggSORUS topology
Fig. 1.9. TORUS toroidal slotless stator machine mdeJA02].



Fig. 1.10TORUS NN topologyHUAO1].

Fig. 1.11 shows he second topology of the TORWE type machine. Either three phase
distributed windings or concentrated windings can be employed for thiegypThe magnets on

the two rotors facing each other on either side of the stator are arranged toch8dd BN poles.
Therefore, the flux path passes axially through the stator and b@i#paito the other rotor. Since

the flux path passes axially instead of circumferentially through the stator core, the stator yoke is
eliminated compared to the TORUSINype. 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 ipple is low compared to TORUS NN topologyJAQO1] [AYDO06].

Fig. 1.11 NS machine structufélUAQ0]].

In addition, this topologyhas beerdesignedhaving two PM rotors and proposedor HEVs
applicationn [TUT12]. The topology has the same structurthadlS machine shown iRig. 1.11.
However,it consists of two surface mountBi rotors with differenhumbes of poles i.e.10 and
14 poles. Both rotors are totally independent in which,rotw is connected to the ICE and the
other connected to the driveheels A statorwith 12 slotsis located betweethe tworotors The

windings of each stator sideare used to control each rotor individuallBoth rotors are
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independently controlled by different frequgnoontrolless. In other words, the machine is a
combinaton of two single sidd axial fluxtopologiesshaing the same stator back irgand hence
different operatiosof the two electric machines could &ehieved One stator side can be used to
drive therotor which is connected to théoad while thewinding on the otherside is used as a
generatorA method of coupling both rotors mechanicaltjlising magnetic clutclwhen the load

is driven by the ICEs also presented

Fig. 1.12 shows an additional topology whican be created from the TORWSES type, known as
coreless or yokeless TORUS topology. The NS type has no stator core; instead, the stator structure
contains windings wound around Raoragnetic material sandwiched between two rotor discs
with surface mounte®Ms. 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]. Furtherntoeebsence

of the stator core lognhances the efficiency of yokeless topolddgreoverthe cogging torque

as well as the torque ripple are negligitd®wever since the winding aredirectly placed in the
air-gapand exposed to theagnetic flux producetly the PMs on two rotors, significant eddy

current loss in the stator windings may occur when operatinglatively high frequenes

Fig. 1.12 Coreless NS machine structykAH14].

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 rotmpologies are employeéify. 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 modmtbe coil excitation current is zelia

which the wound rotor is not contribute to the flux productiod thePM flux linkage circulates
between the PM rotor and the stator core. Meanwhile, in the second operation mode the positive

excitation current isnjected into thavoundrotor coils and théM and the rotor coilluxesare
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combined in the stator core this casethe no-loadflux linkage of the stator windingcreaseso
its maximum valuesince boththe PM andthe wound rotor arecontributingto the stator flux
linkage This operation mod&s magnetically equivalent tthe TORUS machinghownin Fig.
1.10. The last operation mode involvd®e inversion of the excitation currerihe rotor flux and
the PM flux have the sae directionand thestatorflux linkage decreases approximatelyzero
value since the PM flux is totallyshortcircuited through the wound rotorin terms ofthe
performance, AFHE can be operat#dpeed above the rated speéde to the possibility oivide
statorflux linkageregulationcapability It can be obtained byontrollingthe excitation current and
hence the back EMproducedby thewound rotorto compensate thése of the PM EMFdue to
the increase of the speed. This strategy can achiewassant powegeneration at different rotor
speed. However, this topology may suffer from copper loss since in addition to the armature
reaction windings, more copper has to be used in the excitationvai@over, AFPM topologies
with passive dual rots have also been proposed; for example, a dual rotor axial flux
switching PM (DRAFFSPM) that is presented in [HAO12] is illustratedrig. 1.14.

_—— Rotor with
DC windings

= Slotted Stator
with windings

~ Rotorl with
PMs

~ PMs

Stator with PMs
and windings

Rotors

Fig. 1.14. DRAF-FSPMmachine topologfHAO12].

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 andalrigher

gap flux densityln 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 mtatlswandidate yet for the
application of soft magnetic composite (SMC) mateBeiscription of the structure, optimisation

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

1.3.4 Multi rotor - multi stator AFPM machine

A multistage axial field®M machine can be built using a combination of either interior rotor or
interior stator topologies. The multistage structure of the machine $tasor andh+1 PM rotor

wheren is the number of machine stators, as showfign1.15. 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 mame main flux [AYDO4].

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 amdque 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 maching<AH 14].

In conclusion, numerous AFPM machine topologies have recently been employed for various
applications, for example, in HEVs [MAL14]. In particular, aspects of HEVs asctorque,

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 neaapplications, 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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1.4 Axial flux magnetic gear and magnetically geared machine topologies

The idea of magnetic gears (MG3wms been discussed since the beginning of the@6tury. In

fact, early magnetic gear topologies were designed according to their equivalent mechanical
counterparts as indicated fig. 1.16. This can be acaved by replacing the slots arekth of
mechanical gears with-Nolesand Spolesof PM arrangements. MGs can in general be classified
into two configurations: converted topologies and field modulated topoldél&s/14],
[TLA14]. A simple converted type a&s 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 conduration, 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 an
these are currently being developed to replace conventional mechanical gears in various
electromechanical systeridéEV14]. A significant improvement in this technology occurred with

the development o& high performance radial field concentric MG topgiggresented in
[ATAO1]. In addition, rare earth magnets have been employed for this topology. Thepset
consists of two surface mounted PM rotors, which are rotated at different speeds according to
their pole numbers, with ferromagnetic pole pieces jiised between the two rotors as can be
seen inFig. 1.17. This topology has a torque density of approximately 100 kNn#oilowing

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

3’ R .’. \
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(a) External spur gear

developed.

Al

(b) Internal spur gear
Fig. 1.16. Magnetic gearand corresponding mechanical topologies.
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_ Modulator with
iron pieces

Outer rotor
with PMs

" Inner rotor
with PMs

Fig. 1.17. Radialfield concentric MGATAO1].
1.4.1 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 initigligesented in [MEZ06]. The topology has the
same structure as its radial counterpart showiRign1.17, consisting of two surface mounted

PM rotors with different polgairs. A ferromagnetic modulator is arranged axially between the
two rotors as can be seenFiig. 1.18. The results show that a torque dgnef 70 KNm/n? can

be gainedby 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, whicls fibvedlux to pass through the steel poles.

A modulator with ferromagnetic material pieces is axially arranged between both spoke type parts
as shown irFig. 1.19. The simulation results state that at optimal dimensions of the topology, a
torque density of 66 kNm/frcan be obtained. Moreover, the torque density of this topology is
improved to 257 kNm/dwhen using NdFeB magnets instead of ferrite magnetseasmted 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 inFig. 1.20. With the same machine volume, the topology was compared with a radial
MG with different magnetisation directiswof its PMs, and axial MG counterparts in [CHE14].

The comparison indicates that this topology suffers from a significantly low torqueydangi

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 hybridXlakMG is presented in [PEN14fig.
1.21shows 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 medjmetgnets

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 topolegyng a complex structure as well as high

PM volume usage, according to the obtained simulation results, a torque density of approximately
181 kNm/n? was obtained.

Modulator

Low spécd rotor PMs High speed rotor

Fig. 1.18. MG machine topology presented in [ME4.

‘ u PMs

Rotor 2 Modulator Rotor 1

Steel pole

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

Steel pole

Steel pole

Fig. 1.20. MG macline topology presented in [BOM].
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Fig. 1.21. MG machine topology presented in [PE

In addition, with the aim of increasing the torque density of the spoke type axial flux MG
topology, a topology with i type modulator is proposed in [TSA15]. As can be sedfign

1.22, the machine has two spoke type rotors separated by a moderator consisting of stationary
ferromagnetic pieces. The pieces have a uniqughbpeto 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 kNmufm achieved by the prototype of

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

by using the Tshapemodulator made afoft magnetienaterial whichis presented in [YAN15].

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

obtain a significantly high torque density of 282.56 kNf/m

Low speed rotor Modulator  High speed rotor

Fig. 1.22. MG machine topology presented in [TE2\
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Low speed rotor Modulator High speed rotor

Fig. 1.23. MG machine topology presented in [Y1H.

1.4.2 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) whiclyreasly broadened the scope of
machine topologiesNumerous radial magnetically geared machines have been introduced for
various applications such as HEVs [ATAO04], [JIA10] and wind power generation [JIA09],
[JIAL1]]. Fig. 1.24 andFig. 1.25 show early examples of radial magnetically geared topologies.

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 counterparfdOH17]. The axial flux magnetically geared machine was first
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presented in [NIG14. The machine consists of a stator with embeddphe&e windings, a high
speed rotor composed of a carbon steel yoke with 8 surface mounted PMs, argpaddwotor
constructed of 20 iron pieces as showrrig. 1.26. Its operating principle can be analytically
explained using the sudomain method. The simulation results show that the machine suffers
from a high cogging torque and inherently low torque density of approximately 15 KNm/m

Low speed rotor

Stator with
concentrated windings

High speed rotor PM

Fig. 1.26. Magnetic geared machine presented in [N2&}.

In addition, several other AFMG topologies have been proposed and analysed. A disc type
magnetically geared topology with 3-giaps for windyeneration applications was presented and
prototyped in [WAN213]. The machine has a stationary stator with windings and stationary
modulator segments. The higpeed rotor is made of solid iron with PMs arranged on both rotor
sides and is located betweem ttmodulator and the stator. The ispeed rotor is made of iron

with surface mounted PMs as shownFHig. 1.27. The machine has a relatively high torque
density of 100 kNm/f In addition to its complex structure, the prototype test results reveal that
the machine has low efficiency due to high core loss in thesjmeed rotor. In [ZAY14], an axial

flux magretic gear with electric power output is presented for wind power generatidfigAs

1.28 illustrates, this machine has two axially arranged -higihd lowspeed PM rotors. A
modulator of 9 pieces is located betwabe two rotors, with 9hase coils embedded around
each modulator piece. The simulation result shows that the machiaeliauethe function of

the MG concept and generate the output power through the electric power port. However, the
machine has a nesinusoidal back EMF and an axial force is exerted on the modulator as the

electrical load increases.

It is worth mentioning thathe topology presented in [ZAY14] has approximately the same
structure to that to be presented in this thesis. Howevehdanachine in [ZAY 14], a high axial

forceexerted on the modulatemce 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 elsetlrias

power port are locatedithout mechanical support, i.e. tooth tips. Furthermore, it can only work
as MG andyeneratoimn which motoring mode was not presentéterefore, as will be described

later, in this thesis, afhase concentrated winding employed for the new machire stéased

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 improvetheyrmature current torque with the

aid of current angle control at motoring operating mode.

PMs

Low speed rotor
Stationary pieces

High speed rotor

Stator

Fig. 1.27. Magnetic geared machine presented in [WLAN

/PMS \“
Windings
Modulation pieces

Fig. 1.28. Magnetic geared machine presented in [2AY

For power split applications in wil 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 differeimidings; distributed windings
(primary) and concentrated windingss¢condar), 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 ceastantjrwind
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power application. However, it has a complex structure as well as flux distributiR®©H17],

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 raafimé of an axial MG. The rotor of the axial

flux machine and the higbpeed rotor of the MG are connected together by the same rotor core,
while the modulation pieces are located between the high andpeed rotors. The presented
topology was designechd prototyped. The combined machine provides good space utilisation;

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

Distributed windings
\(Primary)

Concentrated
windings
(secondary)

. " High speed rotor (primary)
\Low speed rotor (Secondary)
Stator

»

Fig. 1.29. Magnetic geared machine presentefNIU 14].

Stator with
windings

‘ High speed rotor
Modulation pieces
™ Low speed rotor

Fig. 1.30. Magnetic geared machine presented in [1QH

Several further topologies have also been introduced for HEV applicattomsaxial flux
magnetially geared machine known as the magnetic field modulated brushless double rotor
(MFM-BDRM) machine is presented [TON14]. It utilises double stators with distributed
windings. Additionally, a dual modulating ring rotor and one PM rotor are located bettie

two stators as indicated Fig. 1.31. Thesimulation 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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gearel 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 iRig. 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 primenover and the output power connett® 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.

PM rotor
<

Stator2
-

Modulating ring rotor

™ Statorl

Fig. 1.31. Magnetic geared machine presented in [T&|N

Modulating ring
_rotor

PM rotor

Stator with
concentrated windings
Stator with

distributed windings

Fig. 1.32. Magnetic geared machine presented in [L&\l

An axial flux MG machine witllux focusing magnets and integrated radial outer stator has been
proposed in [KOU17]. The machine has approximately the same rotor structure as the MG
obtained inFig. 1.19. However, a radial stator with distritma windings is placed at the outer
radius of the high speed rotor, as can be seéiginl.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 theobtained simulation results, a torque density of 127 kNngrachieved by this machine
when the low speed modulator is assumed as output torque.

Stator with distributed
windings

Modulating ring

Low speed rotor High speed rotor
Fig. 1.33. Magnetic geared machipeesented in [KOU17].

1.5 Research scopeobjectives andcontributions

1.5.1 Research scop@and objectives

The research in this thesis focuses on a study of axial flux magnetically ga&M&G) PM
topologies Based on the literature reviesf AFMG topologies it revealsthat the existing
topologies have complex structurdde industry requirement for high performance machine
with low manufacturing coss critical for selecting the appropriate machitwgology for the
specificapplicatiors. The design of a magnetilly geared topology involves the design of two
different transferred torqueomponentsmagnetic geamg and conventionaklectrical machine
torques. Forinterior stator magnetically geared topologies, a distributed winding is always
utilised for the stéor armature The armature windings are directly inserted in thegaips
between the piecess presented iIALl]. The pole pair numbeof the windingss designed to
be the samasthe pole pair numbeof the output rotor PMs since thieindamental haromicis ,
working harmonic Thus, the electromechanical enexpnversioncan beobtainedby the flux
interaction between the armature winding and the output rotooRM3/NVhenan external torque

is appliedto the input rotor andhe machineperats in motoling mode,the outputPM rotoris
driven byboththe armature fieldnd the MG effectBecause of the different pef&ir numbers

of the windings and the input rotor PMs, the input rotor will helight impact on theyenerated
electric power as wellsaarmature winding torquéiowever, whera concentrated winding is
utilised for interior stator magnetically geared machines, bothgetdr be affected by the
armature winding torque since the armature flux contains many harmorngeseral, the torcp

for concentrated winding always contributed by the armature flux density harmonic which has
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the same order as thember ofrotor polepairs ). (i.e.the 5™ harmonic when the rotor has 5
pole pairs) The proposedAFMGPM topology is based othe corventional YASA machine
topology byemploying different PM rotordt has a simple structure sincesithe same as YASA
machine structure. Howevalhe machine haa concentrated winding stator betweie two
rotors. Therefore, when the machine has twffedent rotor pole pairs, both input and output
rotors will be affected by the armature flux.

The first objective of this work i® design the proposeAFMGPM machinewith aconcentrated
winding statorand explore the possibility of using concentrateddimgs for this kind of
machinesThis study focuses on the electromagnetic performance of the proposed mactiine,
therefore,the mechanical and thermaspectswill not be consideredThe electromagnetic
performancewith different rotor pole combinatis are analysed’he project investigates the
proposed machine design, optimisation and finite element simulatimn.impact of design
parameters on the machine torque is investigated. The machine performances atd MG

generation modes are studied.

The second objectivef the studyis to investigate the machine performance under motoring
mode. Since interior stataxial flux magnetically geared topology with concentrated winsling
has not be investigateshder motoring mode, the methodologynwdtching he armature current
torque with the output MG torqueill be discussedThe third objective is the applicatiar the
proposed machinet is proposeds apowersplit devicefor hybrid vehicleapplicatiors. Thus

the proposed machine is studied at diffeéi@peratingmodes.Finally, the machine performance
is compared with that of the conventional YASA maehand the principle of the axial flux
magnetically geared machine is experimentally validatedcduystructingand testing the
prototype machineThe sudy of the novelmachinetopology in this thesis is summarisedHig.
1.34.
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Fig. 1.34. Schematic diagram of research structure and research methods.

fChapter 1
The thesis begins with a general review of the constructions and topologies of conventional
AFPM machines. In addan, the chapter discusses the construction of the axial flux MG and

magnetically geared topologies previously presented and developed.

fChapter 2

In this chapter, a conventional YASA machine is designed and then constructed. To maximise
the machine torquehe topology is optimised by means tbfeedimensionalfinite element
analysis (3BDFEA). 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 nmecls 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 possiblepa&rcombinations is
performed. Then, the electromagnetic perfanoe is compared with the performance of YASA

machine counterparts.

Chapter 4

The proposed AFMGPM machine is analysed for power split application. The system is
describedand the machine performance is analysed and investigated under different operation
modes. The torqueasnd axial forcesbtained 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.

fChapter 5

Since a prototype of the pvosed 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 loal conditions under rotor/stator misalignments is analysed with reference to the

normal condition.

fChapter 6

The prototypes of the proposed AFMGPM machine and YASA machine are designed and built.
Machine performance aspects such as cogging torqueaddack EMF and static torque are
measured and validated with 3tEA results. The measured performances of the two prototype

machines are then compared.

fChapter 7

In this chapter, the most important findings and the contributions of this thesis are summarised.
The main outcomes of the researchhagilighted,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 machimeaede for real drive cycle.

TAppendix
The appendishowsthe principle of PM machines. Moreover, the research methodology such as

2D and 3D FEA models, softwaretting,and mesh generatioare explained in detailsA
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complete comparative performance stuzetween the proposed AFMGPM machine and the
YASA machine is conducted. The proposed machine rotor pole combination performanees at no
load and oroad are compared with their YASA machine counterpartaddition,details of the
machine ironmaterial paametes such as magnetising curve and the lokaracteristicsat
different frequenciearepresentedThen,more detailof the prototype machine dimensions and

the fabrication processare alsadescribed

1.5.2 Research contributions

The contribution of thishesis is the development and analysis of a naFIGPM 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 hagde si
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 3BEA. In addition, different operatiomodes of the machine

are identified forHEV applications. The torque performance atload and orfoad of the new
machine is studied by considering both rotors as output torques. Finally, a comparative study is
conducted of the performance of the newchiiae and YASA machine. The results show that the
machinehas 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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CHAPTER 2

YOKELESS AND SEGMENED ARMATURE (YASA) AXIAL FIELD
PM MACHINE

2.1 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 anme, a Yokeless and Segmented Armature
(YASA) axial field permanent magnet machine was initially developed and prototyped for
automotive applications in [WOOO06]. The machine was formed by removing the stator yoke of
the TORUS type since the flux of thgology 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
[WOOO07] [VAN10O]. 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 #akines [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 sponislgen [WOOO06] and [WOOQ7].

With torque density of 17.6 Nm/Kg, a Jdble 12stator segment prototype was develqpedi

SMC material used for the machine stator segments. Ravhegel direct drive traction
applications, 10 poles and 12 stator segment®,kdV YASA machine was investigated in
[FEIO8]. In order to increase the efficiency of YASA machine presented in [WOOQ7], a simple
laminated steel for the stator segments was developed instead of SMC material. An approximate
structural model of the protqtg 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 [VAN1@mi ni mi se t he machineds a
maximum efficiency, a 16pole and a 1&tator 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 graitiented material. The experimentalults 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, 12stator segment YASA machine was presented and analysecef@mwatt 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 maeltas 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 hasiguperformance
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 [WOOOQ7], [STA15]. Therefore,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 machvligh. 12 stator segments, the
machine is designed and optimisedthwdifferent rotor pole combinations. A performance
comparison between YASA machine topologies atloaml and oroad conditions will be
investigated. Moreover, the torque performance with respect to the current, current density and
copper loss will be ohined and compared.

2.2 YASA machine configuration and principle of operation

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

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

Stator piece

Rotor back iron ﬁb “i‘iiiii ““‘i‘i/ ‘ii‘i“f‘
PM —— Rotor

o Stator
Winding — ==

7

3-D view 2-D view

Fig. 2.1. YASA machine configuratian

30



The stator is individually segmented and stacked together with high streadgrial 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 magnetamotive force (MMF) produced byé 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 specifighafse number, the design is essentially
based on obtaining a combination of the stator and rotor pole Plagrghase number is selected

as three in this studwynd therefore, for double layerpghase windings of YASA machine, the
number of stator segmenimust be a multiple of 3 and the phases are shifted by 120 elec. deg.
Moreover, the stator segment nuntér and the rotor pol@air numbem combinations are

expressed by:

¢ ¢ T Q pkhvtB (2.1)
Furthermore, it has been verified by [ISHO5] and [WANO8] that a high winding factor, and hence,
high flux can be obtained wheén and 2 are differ by the smallest possible integer (i.e. 1 and
2). However, wheQ p, this results in unbalanced magnetic pall exhibited in such machines.
Therefore, for balanced magnetic pall as well as high windiogpf, the PM machine stator and

rotor pole numbers should be related by

€ N ¢ (2.2)
A 12 pole withconcentrated windingsas been chosen for the YASA machine stator. The coils
are connecteth 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 §))asa (e calculated
by [CROO02]:

oy € ' (2.3)

wherem is the number of phases.

Consequently, the most appropriate stator and rotor pole combination can be obtgay by

whenk is evenTable2.1lists the possible rotor pole combinations, tRgirand the fundamental
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winding factor'Q for ¢ of 12 poles. The fundamental winding factor for dolbléayer

concentrated windings is callated by:

b v 0 (2.4)

whereb and0 are the main harmonic distribution and pitch factors, respectively. These can

be obtained according to the number of stator poleend the rotor pole paigsby [BIAO6]:

b ——— éif— Q0 8t
(2.5)
0 ———— BE/A& QE 0K
o OB (26)

wheret is thegreatest common divisor (GCD) of the number of stator segmentsand the
number of polgairs p. It has been confirmed that high winding factor and balanced concentrated
nor mal TYyOOa.d%,p t [e @& @vitiRe] distrdbbtiéns O

windings are

wherebyY  0.25 has a low fundamental winding factor causing aswoumsadal back EMF

(i.e. 12/20, 12/22). Moreover, the pole combinations which hdve 0.5, (i.e. 12/2, 12/4) and
where"Y is thus an integer must have distributed winding to obtain a high winding factor. In
terms of the rotor pole combinationstéd in Table 2.1, for YASA machine and due to the focus
of this t his

study, chaptYe®© O6nbyiexwhochsay

factor is gained.

Table2.1 Rotor pole combination®r 12-slot, 3-phase concentrated windings

Name — Sop Ka1 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 indicatedrig. 2.2. The first type emloyed when the stator slot is
parallel, and therefore, the neighbouring coils at the same slot are parallel and ard attelche
other along the edge of the coils as indicatedriopp 2.2(a). The second arrangement has
unparaleled 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 expldige@.P(b). The first
winding arrangement has the merfta 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 higherx linkagethan the second type at the same inner and outer diameters
[AYD 07], [XIA15]. Therefore, the coil distribution of concentrated winding indicateBign

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

Stator pole
area

- Coil pitch __ - .- Coil pitch —

7

Coil band ~ Coil band
width = width
Inner radius—" N Inner radius —

/
/

(a) Parallel slot (b) Radial slot

Fig. 2.2. Coil arrangements of concentrated simgs

For the selected rotor pole combinatiotie distributions of the phase coils are determined by
the induced back EMF phasor in each coil. The codiributions for the proposed pole
combination are illustrated Fig. 2.3. Moreover, since the machine has 12 stator poles connected
as a thregohase machine, each phase comprises four coils. Furthermore, for the topologies with
0.5 7Y >0.25 (i.e. YASA12/10, YASA12/14), two successive stator segments are wound with
cails of the same phase. In this case, a high fundamental winding factor can be obtained.
However, the topologies wifty = 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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Fig. 2.3. Coilsarrangmentand the EMF phasdor YASA madines with different slot/pole
number combinations

2.3 Optimisation of YASA machine.

For axial flux machines, 3IPEA is necessaryfor accurate modelling. Moreovedifferent
analysis methods can ladternativelyadoptedo simplify the study. One of these nieids isto
conductsimulatiors utilising 2D-FEA [EGE12]. Themethodis based on takg a 2D plane of the
geometryat a specific radius. The approximation of the 2D magseldin this thesis is described

in detailin Appendix A.

With the aim of maximisinghe average torque of the machjr@D-FEM of YASA machine
topologies listed inTable 2.1, which have high winding factorsre designed and analysed.
Additionally, for different rotor pole combinatignthe optimisitions were carried out with the

same constraints as listedTiable2.2. The variable dimensions are showrFig. 2.4 andtheir
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definitions listed inTable2.3. Meanwhile, thecharacteristis of the SMC materiahre provided

in Appendix C.

-— Wy |~

- Ts‘ -—

Fig. 2.4. Dimensional definitions oY ASA topology.

Table2.2 YASA machine constant dimensioasd parameters

Parameter

Value

Rated speed (rpm)

400

Stator pole numbeng)

12

Machine inner diameter (mm

30

Machine outer diameter (mm

90

Axial length (mm)

25

Air-gap length (mm)

0.5

Number ofturns /phase

80

Packing factor

0.5

Copper loss\W)

30

PM material

NdFeB

PM remanence BT)

1.2

PM relative permeability (14

1.05

Iron material

GKN SMC 70H

35



Table2.3 Variable Parameters of the YASA Machine

Parameter Symbol Definition Restrictions
Magnet angle ratio [ T: [0.5-1]
Magnet thickness ratig I T [0.3-0.8]
Stator slot width ratio i 5 [0.5-0.95]
0
Stator slot depth ratio Y T [0.1-0.35]
0
Rotor thickness ratio Y 5 [0.15-0.25]

2.4 Influence of critical parameters on machne performance

In order to achieve a suitalppeedictionaccuracy of thexial flux machings performance, a 3D
FEA model is always superigdhan a 2DFEA. The machine was thus designesing such a
modeland the influence of each parameter on the torqudifferent rotor pole combinatios

was studiedWith the aim ofexaminingthe machine average torque, the thickness of the rotor
for all topologies was obtainday 2D-FEA. Subsequentlythe influence of each parame(ee.

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

2.4.1 Influence of PM dimensions

The machine torqufor different magnet angles and thicknesaese investigated fotY ASA
machine with differentotor pole combinations arateillustratedin Fig. 2.5. It was found that,
thetorque 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 achievedaaPMangle ratiol of approximately
0.89 and 0.84 arat PMthickress ratio$ of 0.37 and 0.5Zespectivelylt is also apparent
that he torque is maximised for YASA12/10 when & arcequalstherotor pole pitch witha
magnet thickness ratio of approximately 0.4. In additioryé torque can reach its highest
value for YASA12/14 when the magnet angle ratio is approximately 0.9 and the magnet
thickness ratio is slightly above 0.43t can beshownthatthe optimal magnethickness
increasswith the rotor pole number at the sastator polenumberandoptimisation conditions.
Moreover, when the rotor pole number is lesmnthe stator pole numbére. YASA12/8) the

average torque increases with thereasef the PM pole arto reach itooptimal value. However,
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after this value, the torque decreaggth theincreaseof the rotor poleangledue to thdeakage
flux (Fig. 2.5(a)). Theflux per polepassing througtherotor yokeis higher for lower rotor pole
number Thisresults insaturation othe rotor back iromt alow PM thicknesssince the space of
the rotor yoke is limitedVioreover, for YASA12/10sincethe stabr and rotor pole numbgare
close the leakage flux and the saturatemelower, resulting inthe ability foran optimal torque
to be obtained at larger PM thicknemsdangleratios compared with YASA12/8. On the other
hand, vhen the rotor pole numbgrlargerwith respect téhe stator pole numbére. YASA12/14
and YASA12/19, the optimal magnet thickness is approximately thalfof the rotor thickness
Meanwhile the leakage flux is lowesince the rotor polarcis always less than the statorl@o
arc Thereforethe optimal magnet thickness is larger compared to the other topokigesthe

flux per pole is lowermore flux can be handled ligerotor yokeat largerthicknesgss
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Fig. 2.5. Influence of the rotor PM dimensions of YASA topologies on the torque
performance.
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2.4.2 Influence of slot depth and slot width

At optimal PM dimensions, the influenseof slot depth and width on the machine torque
performancdor the proposed stator/rotor pole combinatiansstudied. It should be mentioned
that for simplicityin the 3D mode] the machine slot is assumedberectangularwhich results

in rectangular tooth tips, asdicated inFig. 2.6. The phase winding resistance and the copper
loss when the end winding is neglected are given by:

€ ¢ 00

Y 5 0 (2.7)

§ §O) oY (2.8)

where” is the copper resistivity) is the coil active length) is the number of winding turns
per phase,Q is the winding packing facto) is the coil area, andis the number of coils per

phase. Therefore¢he rated currerdt afixed copper loss of 30 Y&an be calculated by:

0 0 & Q
"0 , — (2.9)
gy ge¢” LU

whereO is the RMS phase current and is the copper losssig. 2.7 shows a comparison

of the influence of the stator slot depthtbhemachine performance. It is obvious that the optimal
averge torque can be obtained when the slot depth™tio s just below ®6 (4mm) for all
stator / rotor pole combination¥he current capability increases as the digpthincreass.
However, when the slot depth increases further, thergiate active area decreases which results
in the stator pole being saturatédiditionally, at optimal slot depth, the influence of the slot
width ratioi and the corresponding segment tip thickness for all topolagiestained
(seeFig. 2.8). The comparison shows that the average torque of YASA12/16 increases as the slot
width ratio increaseshile YASA12/8 and YASA12/10 have optimal sieidth before the torque
tends to decrease with the rise of sladth. The average torques for YASA12/8ASA12/10

and YASA12/14 reactheir maximum valugwhen the slot width ratios are approximately 0.86,
0.88 and 0.92, respectivelflowever,it can be clearly shown that tlugtimal average torque
increases with the increasof rotor PM pole number. Even thoudyASA12/16 has lower
winding factor compared witthosein YASA12/10 and YASA12/14, the machine has higher
torque at higher slot openirfgithout tips) Thisis clearly explained idetailin [LIU17], which
states that, the torque oflotted PMmachine has two componentshetorque produced bthe
principle of conventional PM synchronous machi(ike interaction between thieindamental

harmonic component of themature reactiofiux andthe PM flux fundamentaharmanic), and
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the torque produced by the magnetic gearing effect due to thenglatffect The armature
reaction torque decreases as the slot opening desrdaseto the decrease of the-gap
permeanceThis thusdecreasgthe airgapflux density Howeve, the gearing effedbrquehas

a significantvalue since more harmonics are obtained and contrituitee torque production.
Therefore, the reductiom the armature reaction torque is compensated by the gearing effect
becaus¢he gearing effeatontributes more to the machine torque wiittarger rotor pole number

at the samenumber ofstator poles.Consequentlyas indicated inFig. 2.8, the torque of
YASA12/16 can bdurtherincreased when the stator pole tips are remodegever, since the

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

"\Slot depth

Slot opening\‘-' Slot width

Fig. 2.6. Stator segment geometry and dimension definitions.
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Fig. 2.7. Influence of slot depth on average torque of YASA topologies.

39



3 -
Z 25 -
]
=}
=3 ;
: |
y 271 —e—YASAI2I6 _ e
5 --o--YASA12/14 Without tips |
<154 —evasaizio g
—&— YASAI2/8
1 T L] T T T L] E
065 07 075 08 08 09 095 1 105

Slot width ratio

Fig. 2.8. Influene of slot widthon average torquaf YASA topologies.

2.5 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 thea@didMAG 3-D FEA software. The optimal dimensions

and the machine parameters are compared and listablia2.4. The machine topologies were

studied at ndoad and oroad conditions, details of which can be found in the following sections.

Table2.4 YASA machine pole combination optimal dimensions and parameter

Parameter YASA YASA YASA YASA
12/8 12/10 12/14 12/16
Rated speed (RPM) 400 400 400 400
Rotor pole no. (@) 8 10 14 16
Stator slot no.r() 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/phas 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 thicknesgmm) 2.22 2.34 2.7 3
Slot aea (mm) 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
lrms (A) 144 14.3 14.8 15
PM volume (mr) 13270.0 | 16587.6 | 16691.20| 17509.13
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2.5.1 Cogging torque

Coggingtorque exists in PM machinégcause othe variation of the permeance of-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 topoldage2.9 compares

the cogging torques and the corresponding harmonics for YASA machine topoYodftss12/8

has the highest pegleak cogging torque while YASA2110 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 factér which can be expressed as indicated in [ZHUOO] as:

cne (2.10)

U

where:0 is the least common multiple between the number of stator poles and the number of
rotor pole.Higherd value indicates higher cogging torque value. However, the minimum value
for 6 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.

2.5.2 No-load flux density

The noeload flux density produced by the PBlane of the most essential for analysing the PM
machine performancd=ig. 2.10 shows the flux distribution of the stator and rotor of YASA
topologies. Moreover, the axial component of thegaip flux density waveform of YASA
machine topologies was calculated and is indicatdeign2.11. The flux density was calculated

in the middle of the aigap along the mean radius in mechanical degree. It can be seen that the
topologies in which the rotor pekc is bigger than the stator pedec have a significant leakage

flux since the effective magnet area is smaller than the full rotorguol¢i.e. YASA12/8), as
indicated inFig. 2.10(a). Moreover, the saturation in the back ingnhigher 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 thegajp 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-podeis approximately the same as

the stator polarc withaut tips. Thus, the leakage flux is minimised, and the flux passed through
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the stator pole reaches its maximum value, as indicatdelgin2.10(c). YASA12/16 has a

fundamental harmonic amplitude of approximately 0.97 as shoWwigi2.11(c).

1.5

——YASA12/10 --6--YASA12/14
——YASA12/16 —o—YASA12/8
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Fig. 2.9. Comparison of cogging torques of YASA machine topologies.
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Fig. 2.10. Stator and rotoftux density distributions of YASA machine topologies at initial
position.
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Fig. 2.11. Axial air-gap flux density waveforms andrcesponding harmonic spectra of YASA

machine topologieat mean radius of the agap
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2.5.3 No-load flux linkage and back EMF

The ncload phase flux linkages of YASA machine topologies are analysed and compiiged in
2.12. 1t 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 &s 3", and 7, which make the flux tikage

nonsinusoidal compared to the other topologies.
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Fig. 2.12. Comparison of phase flux linkagief YASA machine topologies.

Moreover, the ndoad phase back EMFs of the YASA machines are studied and compared at a
rotor speed of 400 rpriig. 2.13shows tle comparison of the back EMF and the corresponding
harmonics for YASA topologie¥ASA12/14 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 YAS2/14. 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 approximat8Ig V, as can be seenfhiig. 2.13 (b).
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(b) Harmonic spectra
Fig. 2.13. Comparison of phase back EM®&f YASA machine topologies &00rpm.

2.5.4 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 ratedrent, andrig. 2.15 compares the electromagnetic torque

for YASA machines with different pole combinations. It is clear ,théASA12/16 and
YASA12/14 have nearly the same highest torque while YASA12/8 has the lowest torduehin w

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 seeRim 2.15b), YASA12/14 has the lowest torque ripple followed

by YASA12/10. YASA12/8 has theighest torque ripple compared to the other topologies.
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Fig. 2.14. Comparison of torqueurrent angle curves of YASA machine topologies.
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Fig. 2.15. Comparison of electromagnetic torgud YASA machine topologies.

47



100%

~

= Cogging torque
Torque ripple

- 6000

e
n

o
1

g
w

- 40%

Torque (Nm)
PR

f—
1

- 20%

0 Z - 7 - Z . 7 0%

YASAI12/8 YASA12/10 YASA12/14 YASA12/16
Rotor pole combination

Cogging torque/ torqueripple (%)

o
n

Fig. 2.16. Comparison of average torque, torque ripple and-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:
Y RY ——— pmbh (211)

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 uig@ 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 torquie current curve whild-ig. 2.18 shows the torqué current

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

Furthermore, the influence of the copper la$swindings on the machine torque was also
investigated. The results are shownHig. 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 taque performance than other rotor pole topologies. Finally, the average torque per PM
volume at different currents was studied and is comparédgir2.20. The figure shows that
YASA12/14 has the highest torque/magnet volume leviWASA12/10 has the lowest
performance. Moreover, both YASA12/8 and YASA12/16 have approximately the same torque

per magnet volum&MS current curve.
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2.5.5 Losses and efficiency

35

Fig. 2.20. Comparison of average torque/magnet VOkRMS currentcharacteristicef YASA

For the YASA topologies, SMC matatiis 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, ieom loss

eddy current loss induced in the PM. The copper loss is produced by the resistive component of
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the stator windings under doad condition. The copper loss can be calculated by the classical
Ohm equation when the end winding resistance is neglectedeV¢r, 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 intersectiof 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
variationin 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)  hcan be divided into hysteresis logs, and eddy current loB® . The

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

FE software at rated speed of 400 rpm. The iron loss was calculatddbabe iron loss density

Wm obtained by manufactureros data fe&r (GK
and can be estimated by:

0 0 0 ®Q6 o w w 0 o (2.12)

where:Whe is the hysteresis for each element at maximum flux deBsignd frequency, We is

the Joule loss for each element at maximum flux deBsityand frequency of the" frequency
order,Veis the volume for each element, neis the number of elements, aNds the maximum
frequency orderA comparison of iron and PM losses of YASA machine topologies are calculated
and compared ifrig. 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 theMstdr P 6 s
obvious that the néoad iron and PM losses increase as the pole number increases, as illustrated
in Fig. 2.21(a). Moreover, the losses increase aflaad condition due to the armature current
flux. Furthermore, YASA12/16 and YASA12/14 have approximately identicabad total

losses due to the flux passing in the stator core being approximately eqiahas is Fig.

2.21(b). However, the total loss of YASA12/8 under-lbad and ofload conditions is
significantly lower compared with the other topologies. In addition, the efficiency of YASA
topologies was predicted by accumulgtime evaluated electromagnetic losses and the copper
loss, as shown iRig. 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 400cBRMe calculated

from:
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The results indicate that YASA12/14 and YASAlR/Mhave 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 amed current; however, more electromagnetic losses are
induced due to armature current flux.
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Fig. 2.21. Comparison of ndoad and load losses and efficiencies at rated speeds.
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2.6 Summary

In this chapter, YASA machines with the same number of stator segments and different rotor pole
number combinations with a high winding tacwere 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 -faad and onload 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 torcared highest cogging torque and torque ripple
compared to the other topologies. In addition, thdoaol and ofload core losses for YASA
topologies were examined and compared. The comparison shows that-ldas nmn loss
increases as the rotor pole ren increases at the same speed. However, YASA12/14 has the
highest oAload 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
thesame optimal magnet and stasmtive areas
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CHAPTER 3

NOVEL AXIAL FLUX MAGNETICA LLY GEARED MACHINE
DESIGN

3.1 Introduction

MGs are currently being developed to replace conventional mechanical gears in various
electromechanical systems such as those related to rdeeamabgy HEV$ATAOL]. Moreover

by integrating an MG into a conventional PM machine, magnetically geared machine has
emergedgreatly broadening the machine topologi&snagnetically geared machine always has
the merits of high torque density and redliogerall size in comparison with conventional PM
machine axially combined with MGs [WANO09]. Many magnetically geared machines have been
introduced for various applications. Axial flux magnetically geared machine topologies for
various applicationgn which a conventional axial flux PM machine is combined with an MG
have also been introduced and asadly Thesemachine have the merit of combining the
advantages of conventional axial flux mackirir examplehigh performance, low rotor loss
andshortaxial length with those oMGsin which the absaseof physical contact and lubrication

are the most significant featuréhe needor machines withsuperiorperformancean terms of
reduced losses and weight has recently encodragearcherto investigde the manufacturing

and structural aspects of AFPM mauds [GIU12]. However, as opposed to the relative
simplicity of AFMG machinesthedevelopedaxial flux magnetically geared machitegologies

have complicatednechanicalstructures.For example somepresented topologies have four
machineparts where three agaps are essentiWAN13] and [KOU17] or five mainparts with

four gaps [TON14]

In this chapter, a novel axial flux magnetically geared machieMGPM) is presentednd
analysedBased on ykeless and segmented armature YASA maclkinewAFMGPM machine

for low-speedand high-torque applications is designed. The topology is a combination of both
YASA machine and a magnetic gedihe proposedAFMGPM offers the merit ofa simple
mechanical strcture and is suitable for ap@itons with limited axial spacéhe operatig
principle and the feasible stator slot/rotor pole combinationshe novelAFMGPM machine

are analysed To maximee the torqueglobal optimisationof the machineas conducte. By
utilising ANSYS Maxwell 2DFEA software global optimisationbased on a genetic algorithm

is executed under fixed copper logken, with the aid of IMAGBD-FEA software theinfluence
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of individual geomeic parameters is investigatellloreover, theperformance othe various
stator slotandrotor polecombinations is invegfated and compared usii3fp-FE analysis. In
addition, both ndoad and oroad performance of the machs®re analysed.

3.2 Proposedaxial flux MG machine configuration

The propsedAFMGPM machine essentially hasagnetically separated segments with windings
form the machine stator [WOOOTRIN16]. It hasthe same stator structure as the conventional
YASA machine however, byemploying different rotor pole pairs, a new magnelycgeared
axial flux machinevascreatedThe use 02D and 3D finite element (FE) analysikowedglobal

and individuabptimisatiors to becarried out to maximize the proposed machine average torque.

The 3D configuration of the proposéddFMGPM machineis shown in Fig. (a), with the 2D
section at average diamet@er beingshown inFig. 3.1(b). The stator of the propos@FMGPM
machine consists of ferromagnetic iron pieddlsix modulation pieces)equipped with
concentrated windings and is sandwiched between two sumiageted PM rotors with different
pole pairs. The ferromagnetic pole pieces have tooth tips to hold the stator wiByingising
two rotorswith different pole pair numbersthe first of which roates at higlfspeed HSR), the

secondat low-speed (LSRR- a magnetic gearing effect can be exedadtboth rotors.

Stator windings
Stator pieces

LSR back iron

(a) 3D model and exploded view

e

2 { 7 " ¢ B
I I N R B R BN

(b) 2D cross section at average diameter

Fig. 3.1 The proposed machine topology.
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3.3 Principle of operation

Since the proposeAFMGPM topologyis a combination oen MG anda PM machine, its
operation principle will be introduced from these two perspectives. The operaiticiple of
MGs has been thoroughly explained ArA04], [MEZO06]. To realise a stable electromagnetic
torque transmissiofor conventional PM machingghe stator magnetic field harmonic and the
PM flux harmonic must have the same ordedl apeedTherefae, the number of pole pairs of
the stator windings should be equal to that of the PM ratwt therotationalspeed of the stator
flux and the PMs flux should be also equal. Howefggrmagneticalljgeared machines, the pole
pair numberof the stators nd equal to that of the PM rotoFherefore, to achieve stable torque
transmitted to the rotor through the-gap, the stator winding flux shoultbve some space
harmonicsequal tothoseof the PM rotor. These harmonics can be obtained by modulatang th
flux to the airgapthroughthe modulatoplaced between the stator and the PM rokoigeneral,

in magnetic geargne rotor is connected with an external pHmever while the other rotor is
connected with the load h€ input speed and torque arengf@rred to the output rotor shaft with
full isolation between shaft3he proposed AFMGPM machine has a modulator with wirgling
between two different pole rotorsThis modulator can modulate the flux produced by either
rotors when one rotor is rotatdry a specific speedVoreover, with the presentation of the
armature windings, the stator is equipped witpt&ase concentrated winding coils to create the
required stator pole pair& magnetemotive force (MMF), which is produced by such coils,
results ira multiple harmonic8ux in the airgap between the stator and the PM rotors. Moreover,
based on the electromagnetic theory of conventional PM mactieefiyx harmonics produced
by the coil MMF must have the same pole pairs and rotation speed agdite #d/1 flux
harmonics. Therefore, in addition to the torque exerted at both rotors due to the MG effect, the
armature windings can produce fluxes in bothgaips. It is important to note that the torque
produced by the interaction between the armateation 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 denbkibwever, 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 highgapdiux density
harmonic are important to identify the mawhirotor pole number and its mechanical speed with

which the main harmonic order is equal to the rotor pole pairs [BIA06] [ZHUO9a].
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3.3.1 Magnetic gear torque

The operation principle can be deduced ljrétased on MQorque transmission in which the
stator wirding current is not fed by-Bhase current and 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 pieced hisresults in high amplitude space harmonicsheoh er r ogapr 6 s
which has the same pepairs and rotational speed as the other rdtomumerical and FE
methodstheMaxwell stress tensor is utilised in the calculation of the force and the corresponding
torque in the akgap regions of PM machineghe magnetic field strengti®between objects in

vacuum creates a strgsson the object surface and this stress can be given by:
| -0 (3.2
The flux in the akgapis divided into two componers: normal or radial and tangential fluxes.
Therefore, according tihe Maxwell stress tensor, the stress terms can be also divitedbrmal
1 andtangentia] according to the fluxlensitycomponentsand can be obtained by:
| — 06 0 (3.2)
| —06 0 (3.3)
whered and6 are the normal ancingentiaflux densities respectively.

For PM machines, the flux density in the-gap produced bihe PMs of theotor canjn general
bedescribedasin [SPA14]:

~

5 6 @ (3.4)

whered ard 6 arethe representative®f the tangential and radial agap flux densities,
respectively. Therefore, based thve Maxwell stress definition, the tangential average force and

torque of the radiaha ¢ h irotoe darsbe calculateasgiven in[LUB 13]:
O 1 Y=— _ 006 Q—8a (3.5)
Y 1'0O — _ 66 Q—@d (3.6)

whereS,r, and0 are the surface arethe radus and the axial length of the machine rotor,

respectively.
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Fig. 3.2 Stresses ianaxial flux PM rotor.

Similarly, for axial flux machines, the average torque obtained by the rotd@r &istbased on
the tangential stress explainedHig. 3.2, can be expresseas follows

% 86 Q8 (3.7)

In addition, the axial forc@in the airgap due to thaxial flux density can be generally written

by:

0

5 6 Q8 (3.8)

where 6 is the axial flux densityRRi andR, are the inner and outer stator iab explained in
Fig. 3.2. The torqueexpressiorin (3.7) can be used to calculate the torque produced by each rotor
of theMG machine.

3.3.2 PM flux density
The airgap flux density distribution at the axial direction produced by either&dtdts without

modulation effecb of axial flux topologiesan begiven [ZHE13]

6 B rrm® QAT ®OR—1 0 — (3.9)
Moreover, the corresponding aap flux density distribution at the circumferential direction
produed by either rotds PMs without modulation effe¢i can be giveras

6 B rrgw —OEdn—1 o — (3.10)

where] is the rotor flux rotatinal speedand— is the rotor initial positionThe modulation

function of the pole pieces wheamotating modulator is consideredn be written as
B rrm Al & — (3.11)
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where_ and_ aretheFourier coefficients of the modulation functidtowever, when the pole
pieces are consided the flux density produced by the PM is distorted by the effect of such
pieces which is similar to the slottig effect in conventional PM machines. Therefore, the
resulting axial and circumferential flux densities in eackgap at a specific axial distancejed

to the presaceof thesepieces can be obtained hyultiplying the original PM flux density with

themodulating function® _), andthe resulting axial flux densityan be obtained as:

6 O GATON—1 0 — _AT g —
i i i

_® aAion—1 o —
h i 8

” . . o (312
W L a . a
= Al @G¢ an — v md‘o ssn_a
R RRe O n f
0 a ar ‘ ar
— Al @¢ an — “m,‘o = n_
o C €€ an €€ an
hh hhis
The flux density in the circumferential direction can be expressed by
6 o0 —Al®oOn—1 o — _ _AT 8 —
Fih i R h 8
_O —AiloOn—1 0o —
Fih 8
. (3.13
_ 0 — ar ar
=2 TXi ae é”“_‘g:c,ma“" —
R RRB O n f

_ a . L ani : a n—
— Al G¢ 4an — ¥ é(‘0 T 4T
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where:@ and®  arethe Fourier coefficients of the radial and axial components of the flux

density, respectivelyrrom (3.13) the number of pole pairs of the flux density producedhiey
rotor in the space harmonics da@ given by

Nip BN EES (3.14)

ard the corresponding rotational speed is gilgn
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;.o —ant (3.15)

€€ an
¢ mh ph ¢h of8
a plofs

It can be seen that the space harmonics haore components due to the modulation effact
addition, rotational speed (natural space harmehiis indicated with the absencd the
modulator pieces which can be obtained wine@. Moreover, the amplitudeof the axial
modulated space harmonics depemcthe values of o . It hasfurtherbeen proved thahe
maximum space harmonics of the modulated flux produced by the PM can be achievee-when

1 andm=1. Therefore, a design with stable torque transmitted between both rotors can be
achieved when the numbef 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
relatiorship between the numbers of pole pairs of HSR, LSR and stationary pole piastdse
satisfied by|ATAO1].

non & (3.16)

From(3.15), the relationship between the HSR rotation speed, LSR rotation speed  and

modul at or pi eanbeserpresdias e d

n - N o (3.17)
The energy conversion relation between the input power and the output power can be given by
R ( R 1 (318
For the stationary modulator, the above formula can be presented as
noo1 (3.19)

wherer] andn are the numbers ofote pairs for HSR and LSR, respectivedy.denotes the
number of stationary pieces. In addition, the ratio between rotor pole pairs stg@d®)ins the
gear ratioO, and the negative sign indicatbat two rotors wilrotate at opposite directiorend

the corresponding gear rati® can be presented as

o &N N ¥ 1o (3.20)
n Yo 14
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For MG design, the required gear ratio can be achieved by chabsiagpropriate 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].

3.3.3 Armature current flux density

With the presencef the stator windingtheair-gapflux density produced by a statonly which
adopts threghase concentrated windings can be given by

” 5 ] T wA Y —| \ 5 ] ~or YA Y —| \

6 © o AT O~ 0 & Al Of— =0 (3.21)
The modulated armature reaction-gap flux density in the axial direction due to thettgig
effect can be obtained by multiplying the flux density obtained by the stati@ntBs presented

by (3.21), by the modulation operatagr — presented by3.11) which can be expressed:by

5 a 6 _ —
6 & _0g0 AT Qi %20
Q hhiB
=~ Al éon &¢ S L1 (329
. q Qn ee¢
hi8 hhiB
=d’¢~1‘c‘n“‘ foly
T Mee — =Tongs |
hig hhi8

where® ando aretheFourier coefficients of the axial components of the flux density produced
by the armatre windingslt can be seen th#te airgap flux density due to the armature windings
has harmongwith thenumber of pole pairs given by

Ny QN && or Qn &¢ (3.23

and the corresponding rotational speed is gibgn

o "Qn . . on (3.24)
Vi D Agese ! P Oanes !

"Q mh ph ¢h ofB

¢ plofors

Therefore, comparin{B.14) and(3.23), and ifi or j are assumed to be equaktpthis results in
the two magnetic fielsl includng harmonicsthat havethe same pole pair&Vhencomparing
(3.15) and(3.24), it is clear thathe two magnetic fieklhave the samgpeed as the rotalin this

casethey can produce steady torque in addition to the MG effect torque.
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3.4 Stator/rotor pole number combination of the proposed magnetically geared machine

Magnetcally geared machinesesubject to the restraints of both PM machines and the magnetic
gearslnother words, the number of rotor poles and slots of magnetically geared machines cannot
befreely chosenFor the proposed magnetically geared machine tétmsary pole pieces is
preferredas 12. Therefore, aoading to the magnetic gearinciple given in(3.16), four rotor

pole combinations can be consideredtsil2. Moreover for PM machines, the relation between

the statorslots € and rotor pole pairg can beobtainedby (2.1). It is evident thamaximum

flux linkage can be obtained wheime stator slot€ and rotor pole 8 combinations differ by

the smallest integer which are abtedwhen@ p AT &[ISHO5] [WANOS]. Therefoe, by
considering both(3.16) and (2.2), possible rotor pole combinations of the machine can be
determined for¢ of 12 and are listed imable3.1.

However balanced concentrated windings are normailtiopted wherS,, O0 .[GRO0J].
Therefore, for the proposedFMGPM machine, the concentrated winding can only be used for
two rotor pole combinationsvhich listed in Table 3.1. The first combination is known as
(MG12/57), in which HSR pole pairg, equals 5 and LSR pole paifg equals 7. The second
combination is known as (MG128), in whichpn=4 andp=8. The remaining pole combinations
in Table3.1 are not convenient for the proposed topolemge theS,pof HSR is an integer, thus
resulting in a low winding factawhich causes a nesinusoidal phase back EM&r concentrated

windings

Table3.1 Rotorpole combinations for ghaseconcentrateavindings.

Kwi Sop
™ ™ FisrHsr| LsrR | HsR
5 | 1.4 |0933/ 0933 27 25
4 0.866| 0.866| 1/4 1/2
R T 5 | 050| 050 | 1/5 1
11 | 1 | 11 | 025|025/ 2111 2

Furthermore the variable combinations of stator slots and rotor poles are responsible for the
distribution of the machine windingBor the selected rotor pole combinatiptiie phasevinding
has 4coils areconnected in series, the winding layout andEMF phasors for both rotor pole

combinations are depicted king. 3.3.
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Fig. 3.3 Coil distribution and the EMF phasors for proposed topologies.
3.5 Global optimisation of AFMGPM machine.

With the aim ofoktaining the maximum torque transmission capabitig, proposedFMGPM
machine is globallpptimisedby utilising 2D-FE softwaremethod described in Appendix Aor

this study, the machine is operatesia magnetically geared mot8ince the MG has inpand

output shaftstheLSR is assumed to be the output rotor which is connected to the drive, and the
HSR is assumed as being connected to an external-pmower. Moreover,it has been stated

that the maximum torque can be produced by MG effect whereldieve angle between both
rotors is adjusted at 90 elec. deg. [FRAQ9], before starting the study procedure, the relative initial
position between two rotors must be adjusted at maximum torque position as expldtiged in

3.4. The relative angle positignin electric degreesan be calculated by

TN — n— (3.29)
Where— and— are the HSR and LSR axes positions in mechanical degrepsctizely 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 MGa2db

22.5 mech. deg. of MG12/@) with the reference dfSR position,as explaindin Fig. 3.4.
Moreover, the stator winding is supplied bypBase current. The LSR pole axis position is
aligned with the ehxis position of phase A to maximize the LSR torque in which the torque
produced by armature current is added to the LSR MG toFquthemore,the HSR speeds of

both topologies are assumed as 400 rpm, therefore, the LSR speeds are calculated according to
(3.20). In this caseboth rotors contribute for the stator fluke frequency of the nlmad and on

load st#or fluxesf can be obtained by

tn o th

on o (3.26)

0

The stator flux frequency dhe proposed1G12/5-7 iscalculated to ba 3333 Hz and a 26.66
Hz for MG12/48.

HSR and LSR pole axes Relative angle
Ta
HSR HSR
A A A A
(o) X) (X O (o] X)X O
LSR LSR ‘
HSR pole axis \ LSR pole axis
(a) Minimum relative angle (b) Maximum relative angle
(Zero elec. deg.) (90 elec. deg.)

Fig. 3.4 Identify of the relative angle between HSR and LSR.

During the study pnstancparanseters antl éimensims tarie nbtaimed ara o
are providedin Table 3.2 Meanwhile, the variable parameters are indicateflign 3.5 and
identified inTable3.3.
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Table3.2 Constaniparameters of theachine.

Parameter MG MG
12/57 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.g) 7 8
Stator sld number (s) 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 & 1.4 2
PM remanence RT) 1.2
I[ron material GKN SMC 70H

Fig. 3.5 Machine topology dimensions.



Table3.3 Variableparameters othe machine

Parameter Symbol | Definition
HSR magnet angle ratio | i _T_
LSR maget angle ratio i _T_
HSR magnet thickness ratid i 5
LSR magnet thickness ratig 1 3
. , 0
Stator slotdepthratio (. T
i
Stator slot tips thickness ratij i o
. - r l:)
Statortoothwidth ratio i T
Rotor thickness ratio Y 5 hu_

Globaloptimisationis carried out bytilising 2D-FE analysis for thproposed topologie®uring
the machineoptimisationpr o c e s s, the machineds outer
The parametric globaptimisationconstraints and results were obtained and are listédhie
3.4.

Table3.4 Proposed Topolog@ptimal Parameters

Parameters Restrictions O?;i(r;n fé/\g’iﬂ?ue O?/tli(r;n fé/\;agj ©
HSR PM angle ratio [0.7-1] 0.95 0.87
LSR PM angle ratio [0.7-1] 0.99 1
HSR magnethickness ratio|  [0.4-0.6] 0.56 0.50
LSR PM thickness ratio [0.4-0.6] 0.57 0.50
Statorslot depthratio [0.1-0.3] 0.24 0.23
Stator tip thickness ratio | [0.04-0.25] 0.04 0.04
Statortoothwidth ratio [0.5-0.95] 0.57 0.62
Rotor thickness ratio [0.2-0.3 0.24 0.20
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3.6 Influence of critical parameters onmachine performance

With the optimal dimensionshe influence of each parametartorqueperformancas studied

with the aid of 3BFEA software Since theoutput torque of thdFMGPM has two torque past
magnetic gear effect and armature reaction electromagnetic torques, the influence of each
parameter is being on thetal torque The sequence of the influence of the PM dimensions, slot
width, tooth tip thickness, slot opening width, and the ratio eetvthe 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 e tfollowing section.

3.6.1 Influence of PM dimensions

As can be seen iRig. 3.5, the AFMGPM machine has high and legpeed rotors. By keeping
other parameters constant, the influence of the LSR PM dimensions oS§Rhavierage torque

of MG12/57 and MG12/48 are illustrated irFig. 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 olatined when the PM angle ratibthe LSRi is designed between (098 and

the magnet thickness ratio is approximately 0.58Fig. 3.6(a). On the other hand, the
output torgie of MG12/48 can be maxinsed when the LSR PM angle ratio is approximately 1
and the thickness ratio is approximately ®ig,. 3.6(b).

Moreover, with optimal dimensions of LSR PM, the variatiothefPM dimengonsof the HSR

on the output torque of two machine modslshown inFig. 3.7. For MG12/57, the LSR torque
reaches maximum value when the HSR PM thickness ratio and magnet angle ratio

[ are designed at approximately 0.5 and 0.94, respectaglyan be seen kig. 3.7(a),
whereas the torque of MG128ireaches maximum value when the HSR PM thickness ratio
[ is approximately 0.5 and magnet angle ratio is approximately 0.87ig. 3.7(b).
According to the obtained performances of two topologies, the torque alway®sdach
maximum value when the rotoole arcand the stator polarcare 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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Fig. 3.6 Influence of the LSR magnet dimensions on LSR output torque.
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Fig. 3.7 Influence of the HSR magnet dimensions on LSR output torque
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3.6.2 Influence of slotdepth

The influenceof the stator slotlepthwas investigated, with the armature reaction at rated current
is being consideredl'he phase winding resistance and the copper loss when the end winding is
neglecteccan be calculated utilisin@.7) and(2.8), respectively.Thereforethe rated currerdt

fixed copper loss of 30 W, can be calculabgd2.9).

Fig. 3.8 indicates the effect of the sldepthon the average torque for the considered models. It
can be seen that the two topologies have optimal LSR average torque when dieptsiaitio

i is approximately0.24. At fixed machine outer diameter, and by considering the end
windingthickness, 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 arncatveatand MG effect.

7
6_ o A o0
P eIV

’,Zé‘ i' --MG12/5-7

< —MG12/4-8

=5 2 A

=)

g 11 Lsr

2 0

& || HsR

g

Z 5 | e _v
-3 A GM N
_4 A\ o A4 L

012 014 016 018 020 022 024 026 028
Slot depth ratio

Fig. 3.8 Influence of the slodepthon the average torque.

3.6.3 Influence of slot tips thickness

At fixed stator width) , the average output torque for different tootls tiickness is presented
in Fig. 3.9. It can be seen thitte average torque is sensitive to the stsitatrwidth in which the
torque decreases as the tooth tips thickness increases. That duatoethges of leakage flux
anddecreases of the slot area as well as the armature current capahditshape athe stator

slot has a critical impact on the MG effect as well asath@ature current torque.
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Fig. 3.9 Influence of slot tig thickness on the average torque.

3.6.4 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 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 thetwo models reaches its maximumuwalwhen thalot openingvidth ratio isapproximately

0.38. For surface mounted PM machines, slot opening has significant impact on the machine
performancelt has been showthat PM and armature leakage fluxes share the toothetifast

which increasg the local sturation[ZHU15]. However the influence of slot opening on the
AFMGPM machinetorque isinconsequentialThis is because dhe optimal tooth tip thickness

is very slight(0.5 mm) small tooth tipsreduce the leakage flux and increaseldld saturation.

71 o—o—e—6—o0—06—06—06"6——o0—-—6-06 o
6_ —XK X BEAS
5 4
I
Z 3 A --MG12/5-7
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224 % e —x
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010 016 022 028 034 040 046 052
Slot opening width ratio

Fig. 3.10 Influence ofslot openingon average torque.
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Thereforeto revealthe effect of the slot openiranthe proposeG12/57, the machinetorque
is investigatedor thicker toothtip thicknessFig. 3.11 indicates the effect of slot opening on the
averageorque atno-load and ofload when theoothtip thickness idloubled o 1 mm). It is
clear thatthe machine torque significantly increasaghwhe increaseof the slot opening.The
effect of thke local saturation igffectively eliminatedn this casesincea larger tip thickness
results in more flux passing through tweea of the tootkips. However,the behaviour of both
no-load and orloadtorques areapproximatelyequalat all slot opening value3herefore since
the LSR torque has two torque components, the influentkeo$lot opening othe MG and
armaturecurrenttorques is indicated in Fig. 3.12. It is obvious thatwith the increase of slot
opening width, the torque contributed bythe armature current slightly increass before
decreasingwhenthe slot opening widtlis larger than5 mm. Additionally, the gearing effect
torqueis significartly affected by the slot opening when the tips saturaticcorsideredFig.
3.13 plots the machineflux density distribution on the stator polésr different tooth tip

thicknesgsin which thelocal saturatiorcanbe clearly seen on thothtips.
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Fig. 3.11 Influence ofslotopening on averagerqueat 1 mmtip thicknesdor MG12/5-7.
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Fig. 3.12 Influence of slobpening on the LSR torque componefotsl mm tip thickness of
MG12/57.
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Fig. 3.13 On-load stator pole flux density distribution for diféat tip thicknesssat initial

(b) 1 mm

position

3.6.5 Influence of the ratio between outer and inner machine diameters

The influence of the ratiof the machine inner diametdd; with respect to the machine outer
diameter Do, was also studied. The inner diameter hiareged at different valugw/hereas the

outer diameter is kept constamtg. 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 activdength decreasesvhich results in decreasing of the stator coil and the magnet

activelengtts.

7 .
. %
_ i: —e-MG12/5-7
é 3 | —MG12/4-8
= 2
5 (1)' LSR
]
& -14 HSR
2 -2 1 M
< 3
4 A
-5

027 0.34 040 047 0.53 0.60 0.67
Inner /outer diameter

Fig. 3.14 Influence of inner diameter on the average torque.

73



3.7 Performance analysis ofproposedoptimised AFMGP M machine

As has been shown, during machomimisation the dimensions were chosen to maximize the
output torque. The optimal parameters and dimensions of the propbb&aPM machine were
chosen according to 3D FE analysis results listed’able 3.5. By considering two load
conditions, i.e. ne load condition, in which the winding current is zero and the machine works
as MG, andon - load condition, in whichthe rated current is appligd thewinding and the
machine works as magnetically geduraotor, theoptimisedtopology wasanalysedand studied

by utilising 3D - FE analysis.

Table3.5. Machine optimal dimensions and rated parameters

Parameter MG MG
12/57 12/48

High speed (RPM) 400 400

Low speed (RPM) 285.5 200
High speed rotor pole No. (P 10 8
Low speed rotor pole No. (P 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 (mm) 44 52
Armature stator Axial Length (mm) 12 14
Rotor Axial Length (mm) 6 5

lrms(A) 13.5 14.8

PM volume (mr) 26263.6 19348
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3.7.1 No-load flux density

Fig. 3.15plots the neloadflux density distribution oboth mahine geometrieat initial position.
Moreover, he flux density adjacent to HSR and LSR for both proposed topologieslahdo
werealsoanalysed and obtaine@he flux density iexamined in the middle of the gap between
the stator and each rotor in thrial direction.Fig. 3.16 shows the aigap axial components of
PM flux density variation and their space harmonic spectra for MGARpology. It is evident
that the largest harmonic components at HSR and LS§aas are theand the ¥ respectively,
which are the sae as the number of pole pairs of HSR and LSR. Moreover,tt@afnonic
component exists at LSR ajap flux density while the®7harmonic is also present at HSR-air
gap flux density due to the modulation effect caused by the presence of stator spyifedi$.

Magnetic Flux Density
Contour Plot: T
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(a) MG12/57
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Contour Plot: T
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(b) MG12/48

Fig. 3.15 No-load flux density distribution at initial position.
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Fig. 3.16 Comparison of ndoad flux density in the middle of HSR and LSR-gap atmean
radius forMG12/57 topology.

On the other handkig. 3.17 shows the variation of axial component of PM flux density and the
corresponding space harmonic spectrum in the MG&2#gaps. It can be ned that the flux
density contains many harmonics in which the largest harmonics components at HSR and LSR

air-gaps are the'sand the 8, 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/airgap
produced by the armature windings artycan be performedahen rated current is applied to the

stator windings while the machine magnets are assigned as vacuum. It is revealbe tha
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armature field includes many space harmonics. However, the harnconiesnhigher order of

the 8" and the " harmonicgotate at opposite directions

(a) Waveforms

(b) Harmonic spectra

Fig. 3.17 Comparison oho-load flux densityin the middle of HSR and LS&r-gap atmean
radiusfor MG12/4-8 topology.
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