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ABSTRACT

As axial flux permanent magnet (AFPM) machines are currently the most appropriate topologies
for limited axial space applications, a novel axial flux magnetically geared permanent magnet
(AFMGPM) machine is investigated in this thesis. Based on a yokeless and segmented YASA
machine, a new AFMGPM topology was designed and studied. The proposed AFMGPM machine
consists of stator segments equipped with concentrated windings and two PM rotors with different
pole-pair numbers: a high speed rotor (HSR) and low speed rotor (LSR). The proposed AFMGPM
offers the merit of simple mechanical structure and is suitable for applications with limited axial
space.

Two possible rotor pole combinations were selected and designed with the same stator segments:
MG12/5-7 with HSR pole pairs of 5 and LSR pole pairs of 7, and MG12/4-8 with HSR pole pairs
of 4 and LSR pole pairs of 8. These were optimised for maximum torque capability. Performance
comparisons at no-load and on-load conditions using 3D-finite element analysis (FEM) reveal that
the machine torque performance is sensitive to the PM dimensions and better performance can be
obtained with the MG12/5-7 topology.

It is demonstrated that the MG machines are a valid alternative to the conventional planetary gear
function in HEVs. Combining the conventional PM machine with the MG machine has made it
possible to replace the power split components using only one electrical device. Additionally, the
proposed machine can work as a conventional magnetic gear (MG) and a generator. It is shown
that the new AFMGPM machine can realise the function of power split devices in conventional
HEVs, as a mechanical planetary gear, motor and generator. It is further shown that the rotor
manufacturing tolerance has a significant effect in terms of stator/LSR misalignment on the no-

load and on-load performances of the machine.

Finally, a performance comparison between the novel machine and the conventional axial flux
YASA machine is performed. To validate the predicted results of finite element analysis, a
prototype of the new topology and a conventional YASA machine are manufactured and tested. It
has, showing that with the benefit of two rotors with different torques and speeds, the new

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

A, Coil area mm?
ko Packing factor
Dy Air-gap flux Wb
hon Magnet thickness mm
hy Stator slot width mm
B, Air-gap flux density T
B PM maximum flux density T
Cr Cogging torque factor
D, Average diameter mm
D Inner diameter mm
0 Outer diameter mm
Eym High speed rotor EMF amplitude \/
Eim Low speed rotor EMF amplitude \Y/
Eim Total EMF amplitude \Y/
Foxial Axial pull force N
Gy Air-gap axial length mm
Gmax Maximum air-gap axial length mm
Gmin Minimum air-gap axial length mm
G, Gear ratio
1y Rus RMS phase current A
K, Distribution factor
p Pitch factor
" Winding factor
Ky Torque constant Nm/Amp.
Ly Total axial length mm
L, Coil active length mm
L, Rotor axial thickness mm
Ly Stator axial length mm




N, Number of turns per phase
. Least (smallest) common multiple

P, Hysteresis loss w

P.. Copper loss w

P, Eddy current loss w

R, Phase resistance Q

R, Outer radius mm

Sg Magnet surface area mm?
Spp Number of slots per pole per phase

Tripple Torque ripple %

Tc Cogging torque Nm
Tavg Average torque Nm
Trnax Maximum torque Nm
Tonin Minimum torque Nm

T, Output torque Nm

A Element volume m?3
Wh, Hysteresis loss for each element w

W, Element Joule loss w

n. Number of coils per phase

ng Number of stator poles

ne Number of elements

Ph Number of high speed rotor pole pairs

2 Number of low speed rotor pole pairs

W, Stator slot depth mm

ay, Magnet surface area to air-gap area ratio

Oy Angular position of high speed rotor mech. deg.

o, Angular position of low speed rotor mech. deg.

O, Magnet arc angle mech. deg.

0 Rotor angular position elec. deg.

0, Rotor initial position elec. deg.




H.m?

Uy Relative permeability

Tm Rotor pole pitch mech. deg.
T Stator pole pitch mech. deg.
Wy, High speed rotor rotation speed rad/sec
wy Low speed rotor rotation speed rad/sec
Wi Rotor speed rad/sec
Wg Modulator speed rad/sec
1) Angular frequency rad/sec
R Air-gap reluctance AT/Q

e Phase back EMF \/

f Frequency Hz

m Number of phases

p Rotor pole pairs

t Greatest common divisor

a Phase shift of total EMF waveform elec. deg.

Current angle elec. deg.

é Load angle (relative angle) elec. deg.
O Maxwell stress tensor N/mm?
p Copper resistivity at room temperature Q.m

o 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 hybrid excitation
AFMG Axial flux magnetically geared
AFMGPM Axial flux magnetically geared permanent magnet
AFPM Axial flux permanent magnet
AFPS-SFPM Axial flux partitioned stator switching flux PM
AFSFPM Axial flux switching flux PM
DC Direct current
DRAF-FSPM Dual rotor axial flux - flux switching PM
FFT Fast Fourier Transformation
GCD Greatest common divisor
HEV Hybrid electric vehicle
HSR High speed rotor
ICE Internal composite engine
LCM Smallest common multiple
LSR Low speed rotor
MFM-BDRM Magnetic field modulated brushless double rotor motor
MG Magnetic gear
MMF Magneto-motive force
PM Permanent magnet
RFPM Radial flux permanent magnet
SMC Soft magnetic composite
SPM Surface mounted permanent magnet
UMF Unbalanced magnetic force
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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 PM materials has given a
strong boost to PM machine innovations. PM machines have thus attracted considerable interest
among researchers. Axial field permanent magnet (AFPM) machines have attracted significant
research attention thanks to their unique advantages over radial flux PM (RFPM) machines, such
as high torque density, low rotor losses, and high efficiency [AYDO04]. The main difference
between axial and radial machines is in the flux direction. In axial flux machines, the flux passes
axially from the stator to the rotor, while in radial flux machines the flux flow passes radially
from the stator towards the rotor. In fact, each kind of AFPM machine has its RFPM counterparts.
Moreover, the disc type shape of the machine makes it suitable for limited axial space
applications. The machine can also potentially be developed for many different topologies due to

its axial air-gap.

In many industrial applications, mechanical gears are widely used for delivering torque and speed
from the prime-mover to other rotating components [HES80]. However, due to the physical
contact, frequent maintenance, high fraction losses and large vibration and noise are inevitable.
Therefore, due to being contactless, magnetic gears (MGs) are currently being developed in an
attempt to replace mechanical gears [ATAO0L]. The development of MG topologies in which
modulation rings are located between the two rotors has encouraged researchers to create new
types of cascaded electrical machines (i.e. magnetically geared machines) which are permanent

magnet machines with MGs integrated into the same frame [TLAL4].

Because of their high efficiency, fuel economy and low emission, hybrid electric vehicles (HEVS)
have been regarded as the most realistic substitute for conventional fuel vehicles [MILO06]. In
HEVs, a mechanical planetary gear is normally used to transmit and split the power produced by
an internal combustion engine (ICE). However, planetary gears exhibit the same problems as
conventional mechanical gears, namely, lubrication and mechanical loss [N1U13a]. 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 PM (AFMGPM) machine from the conventional yokeless and segmented armature YASA
machine. The novel topology with different rotor pole combinations is comparatively studied with
the conventional YASA machine. It is useful first to provide a definition of power split application
and the configuration of AFPM machines as well as a review of the literature of the existing

topologies of axial flux magnetic gear and magnetically geared machine topologies.
1.2 Power split application in HEVs

The requirements for environmental protection and energy saving have led to significant
improvements in high performance electric machines and hence their Powertrain application.
Among the motivation technologies, the HEV, a vehicle driven by a battery powered electric motor
in addition to the conventional engine, has great potential in terms of energy saving and
environmental protection since it has the merits of fuel economy, low carbon emission and energy
efficiency. The HEV uses two power systems: a conventional internal combustion engine (ICE)
and electric motor/generator set [EHS07]. In other words, additional power sources are added to
the conventional power source of the vehicle, such as an electrical motor, a generator and a battery,
and the vehicle is driven through linking these components [BORO09]. Different hybrid power
configurations have been proposed according to the ways in which these components are combined,
for example, series, parallel and series parallel (Power split). In series drive train applications, a
motor is used to drive the wheels, fed by either a generator or a battery as depicted in Fig. 1.1(a).
In this type of application, the generator is driven by the ICE and the electric motor can be either
connected to a mechanical gear or be part of the vehicle wheel itself (in-wheel motor). Meanwhile,
in a parallel configuration the drive wheels are driven by both the ICE and the motor individually
and simultaneously, as shown in Fig. 1.1(b). Different configurations result in different drive train
performance and operating characteristics. However, combining the series and parallel
configurations results in a unique performance configuration known as power split whereby the

ICE is decoupled from the drive wheels.
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Fig. 1.1. Drive train configurations in HEVs.

Significant improvements have been made to the series/parallel or power split drive train
configuration. Recently a specific mechanical gear device known as planetary gear has been used
in order to split the power obtained from the ICE between the generator and the wheels. This
mechanical power splitting device was initially invented by Toyota and has recently been
incorporated into commercial HEVs [SAS98]. Fig. 1.2 shows the planetary gear device
construction, which consists of three components, the ring gear set, the carrier with planet gear set,
and the sun gear set. The sun gear is located in the centre of the device and surrounded by a set of
revolving planet gears which are linked together by a movable carrier. The ring gear is located in
the outer side of the planet gears. The gear parts work at different speeds and the system has
different operation modes depending on what component is connected to what part of the power
split device [GOU11], [DU10].
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Fig. 1.2. Planetary gear configuration.

Fig. 1.3 depicts the power split scheme used in HEVS, in which the planetary gear unit functions to
split the ICE input power into two output parts. When the carrier gear is connected to the ICE, the
sun gear is used to drive the generator and the motor to the ring gear which is connected to the
wheels. Alternatively, the generator can also work as a motor to deliver mechanical power to the
conventional gear box and then to the wheels. Moreover, when the ICE is in high efficiency mode,
the mechanical transmission drives the wheels directly, whereas in power split mode, a part of the
ICE power must be delivered as electrical power by the generator which operates to charge the
battery [YAN12].

N B
Generator t
ICE H EFcl| k=== Vehicle
wheels
Motor
—
Planetary
gear

Fig. 1.3. Planetary gear function of power split in HEVs [YAN12].

Planetary gear can offer high power density, smooth torque transmission and the flexibility to
drive the vehicle efficiently. In addition, the power split system minimises fuel consumption,
while the incorporation of an electric traction system gives the vehicle high performance and
quick acceleration [BOR09]. Furthermore, it can be independently operated at different speeds
and torques regardless of the wheel speed. However, planetary gear has a large bearing load since
it has several rotating gear sets [GOU11]. Moreover, due to the physical contact of the planetary

components, lubrication and regular maintenance are required [HESS80].



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 applications. It has been confirmed that when the axial
length is short, higher torque density can be produced by axial flux machines than by radial
machines. These machines offer unique design features of short axial length, small magnet
volume and easily adjustable air-gap, in addition to their merits of high torque density, smooth
torque, and greater efficiency due to reduced rotor loss compared with the conventional RFPM
machines [AYDO02] [GIU12]. However, development of this machine has increased only
gradually compared to that of RFPM machines because of fabrication difficulties with the stator
lamination as well as the attraction force between stator and PM rotor [KAH14], [HUA14a]. The
AFPM machine topologies can be classified with regard to their configuration as detailed in Fig.
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 different types can be with or without stator core,
with or without stator slots, and can be classified with respect to the stator windings type, whereby
the winding distribution is determined with regard to the flux direction through the stator core.

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

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

structure of all the AFPM machines. The topology, as seen in Fig.1.5, consists of a single iron



disc stator core with windings which are either wound axially around the stator core or fitted and
embedded in slots. The rotor is formed from iron steel disc with PMs located in the rotor’s inner
surface, facing the stator windings [AYDO04]. In other stator topologies the windings may be
embedded in the stator slots, in what is called the slotted stator, Fig.1.5(a), or located on the
surface of the stator, in what is known as the slotless stator single sided machine topology as
illustrated in Fig.1.5(b). Further possible variations include concentrated or non-overlapping
windings and distributed windings [KAH14].

Stator
windings

Rotor back
iron

Rotor PMs

(a) Slotted stator with concentrated windings

Stator
windings

Rotor back
iron

Rotor PMs

(b) Slotless stator with ring windings
Fig.1.5. Single sided AFPM machine structure [KAH14].

Nevertheless, despite the advantages of this topology and its applications in electromechanical
drives and transportation, the machine has several drawbacks that include the large and unequal
axial force exerted in the stator due to the rotor magnet, which may result in twisting of the
machine structure. Moreover, although a complex bearing arrangement can be used to address

this issue, this results in an increase in the machine manufacturing cost [CHEO3][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 the rotor. The PMs can be located inside or on the surface of the

rotor core, facing two stators. The machine stators can be slotted, in which case the windings are



embedded in the slots, (Fig. 1.6(a)), or slotless, where the windings are wound around the stator
core as shown in Fig. 1.6(b). However, for slotless topologies, the torque is produced by the inner
winding conductors facing the rotor PMs, while the conductors on the outer stator side will not
contribute for torque production. On the other hand, in the slotless stator the end windings are fairly
long, which leads to more copper loss, and consequently, lower efficiency compared to the slotted
stator [KAH14].

Stator
g —— windings

Stator outer /¥
side

Stator
— windings

Rotor PMs

(b) Slotless interior PM motor configuration
Fig. 1.6. Interior rotor AFPM machine structure [HUAQ2].

The interior rotor axial flux topologies can also differ in terms of the PM location. The PMs can be
fitted inside the rotor core where there is more space available in the air-gap for the stator winding.
Moreover, since the main flux flows axially through the rotor, a non- ferromagnetic material is used
for the rotor core, which provides rigidity of the rotor and significantly eliminates iron losses in the
rotor. Nevertheless, despite the rotor being coreless, the stator iron loss and the copper loss are
significantly high, since this topology utilises a double stator with armature windings [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 been
presented in [MIN11]. The stator has armature windings and PMs, whereas the rotor is completely
passive, which is preferable for high speed applications, as shown in Fig. 1.7. In addition, to achieve
more winding space and thus more torque density, a modified topology known as axial flux

partitioned stator switching flux PM (AFPS-SFPM) topology has been developed and analysed in



[ZHU15c] [KHAL5]. The machine has two stators, each with different excitation, with one stator

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

Stator
PMs

Rotor

Fig. 1.7. AFSFPM machine topology [MIN11].

)
3

Stator with
PMs

Stator with
windings

Rotor

v

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

1.3.3 Single stator-double rotor AFPM machine topologies.

This may be called the interior stator AFPM machine as it has a double sided stator sandwiched
between two PM rotor discs. The stator may be either slotted with embedded winding or slotless
with coils wound around the stator core. Identical disc shaped rotors face the two stator sides, each

rotor having surface mounted PMs.

Several high performance interior stator AFPM machine topologies have been developed and
analysed. Moreover, based on the presented topologies, these AFPM machines with internal stator
configuration are inherently suited to drive train applications and have hence been widely
developed and investigated. For example, a double-sided AFPM model with an internal ring shape
stator core, known as the TORUS toroidal slotless stator machine, has been developed as a DC
machine [SPO92]. Toroidal rectangular windings are wound on the surface of the core of the stator
with air-gap portions between the windings filled with epoxy resin. However, a large PM volume
is always required for this machine to produce a certain flux density in the air-gap. It has a relatively
large air-gap since the windings are directly located on the stator sides (Fig. 1.9). Therefore, in the

slotless TORUS topology, sectors or pie- shaped windings provide superior stator core utilisation



and less air-gap thickness, as can be seen in Fig. 1.9(b), [AYDO06]. Moreover, because the machine
has a slotless stator, there is practically no cogging torque. Following the concept of TORUS
toroidal topology, a further slotted stator with windings sandwiched between surface mounted PM
rotors has been presented in [HUAO1]. The machine has two main topologies which depend on the
arrangement of the PM polarity, and hence, the flux direction. The first type is TORUS NN, in
which the arrangement of PMs allows the flux to pass axially from where the rotor enters the stator
and pass circumferentially along the stator iron core. It then returns to the rotor core through the
opposite polarity pole (Fig. 1.10). In this topology, large yoke thickness is employed to fit the flux
entering from both rotors, which increases the iron losses and the end windings. However, in the
phase winding layout, the same method of winding around the stator core can be used as in the
toroidal rectangular stator winding topology. Therefore, due to the large windings fill factor, the
copper loss is reduced, improving the efficiency of the machine.

(b) Slotless pie-shaped stator windings TORUS topology
Fig. 1.9. TORUS toroidal slotless stator machine model [HUAOQ2].



Fig. 1.10 TORUS NN topology [HUAO1].

Fig. 1.11 shows the second topology of the TORUS-NS type machine. Either three phase
distributed windings or concentrated windings can be employed for this topology. The magnets on
the two rotors facing each other on either side of the stator are arranged to be N and S of PM poles.
Therefore, the flux path passes axially through the stator and both air-gaps to the other rotor. Since
the flux path passes axially instead of circumferentially through the stator core, the stator yoke is
eliminated compared to the TORUS NN type. The design differences between TORUS NN and NS
topologies are the thickness of the stator core and the arrangement of the PM polarity and windings.
Moreover, TORUS NS topology has lower cogging torque and higher torque quality, whereas the
torque ripple is low compared to TORUS NN topology [HUAO1] [AYDO06].

Fig. 1.11 NS machine structure [HUAO01].

In addition, this topology has been designed having two PM rotors and proposed for HEVs
application in [TUT12]. The topology has the same structure as the NS machine shown in Fig. 1.11.
However, it consists of two surface mounted PM rotors with different numbers of poles, i.e. 10 and
14 poles. Both rotors are totally independent in which, one rotor is connected to the ICE and the
other connected to the drive wheels. A stator with 12 slots is located between the two rotors. The

windings of each stator side are used to control each rotor individually. Both rotors are
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independently controlled by different frequency controllers. In other words, the machine is a
combination of two single sided axial flux topologies sharing the same stator back iron, and hence
different operations of the two electric machines could be achieved. One stator side can be used to
drive the rotor which is connected to the load, while the winding on the other side is used as a
generator. A method of coupling both rotors mechanically utilising magnetic clutch when the load

is driven by the ICE is also presented.

Fig. 1.12 shows an additional topology which can be created from the TORUS-NS type, known as
coreless or yokeless TORUS topology. The NS type has no stator core; instead, the stator structure
contains windings wound around non-magnetic material sandwiched between two rotor discs
with surface mounted PMs. Whilst either concentrated windings or distributed windings can be
used for coreless TORUS topology, it has been verified that concentrated winding is the most
beneficial in this application due to its shorter end windings [X1A15]. Furthermore, the absence
of the stator core loss enhances the efficiency of yokeless topology. Moreover, the cogging torque
as well as the torque ripple are negligible. However, since the windings are directly placed in the
air-gap and exposed to the magnetic flux produced by the PMs on two rotors, significant eddy

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

Fig. 1.12 Coreless NS machine structure [KAH14].

Additionally, an Axial Flux machine with Hybrid Excitation (AFHE) has been recently presented
in [CAP14]. The machine has a single stator in which toroidal windings are placed around the stator
core. With this machine two different rotor topologies are employed (Fig. 1.13). The first rotor is a
disc core with surface mounted PMs. The second is a wound rotor with slip rings and brushes. The
machine has three operation modes. In the first mode the rotor coil excitation current is zero in
which the wound rotor is not contribute to the flux production and the PM flux linkage circulates
between the PM rotor and the stator core. Meanwhile, in the second operation mode the positive

excitation current is injected into the wound rotor coils and the PM and the rotor coil fluxes are
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combined in the stator core. In this case, the no-load flux linkage of the stator winding increases to
its maximum value since both the PM and the wound rotor are contributing to the stator flux
linkage. This operation mode is magnetically equivalent to the TORUS machine shown in Fig.
1.10. The last operation mode involves the inversion of the excitation current. The rotor flux and
the PM flux have the same direction and the stator flux linkage decreases to approximately zero
value since the PM flux is totally short-circuited through the wound rotor. In terms of the
performance, AFHE can be operated at speeds above the rated speed due to the possibility of wide
stator flux linkage regulation capability. It can be obtained by controlling the excitation current and
hence the back EMF produced by the wound rotor to compensate the rise of the PM EMF due to
the increase of the speed. This strategy can achieve a constant power generation at different rotor
speeds. However, this topology may suffer from copper loss since in addition to the armature
reaction windings, more copper has to be used in the excitation rotor. Moreover, AFPM topologies
with passive dual rotors have also been proposed; for example, a dual rotor axial flux - flux
switching PM (DRAF-FSPM) that is presented in [HAO12] is illustrated in Fig. 1.14.

_—— Rotor with
DC windings

= Slotted Stator
with windings

~ Rotorl with
PMs

~ PMs

Stator with PMs
and windings

Rotors

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

It has been confirmed that dual PM rotor topologies have consistently high torque density and
efficiency compared to the other AFPM topologies since they have low rotor loss and higher air-

gap flux density. In addition, yokeless and segmented armature (YASA) topology, designed for
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drive train applications, is an internal stator AFPM machine topology which has motivated the
work of many researchers. This has been found to be the most suitable candidate yet for the
application of soft magnetic composite (SMC) material. Description of the structure, optimisation
and analysis of the YASA machine will be presented in Chapter 2.

1.3.4 Multi rotor- multi stator AFPM machine

A multistage axial field PM machine can be built using a combination of either interior rotor or
interior stator topologies. The multistage structure of the machine has n stator and n+1 PM rotor
where n is the number of machine stators, as shown in Fig. 1.15. The multi rotors are connected
to the same shaft; additionally, the stator windings can be connected either in a series or parallel.
In a coreless rotor structure, only the outer rotors are made from ferromagnetic material since
they handle the machine main flux [AYDO04].

Because torque production is a function of the outer diameter of the machine, this topology is
used when more torque is needed with limitation of the outer diameter. When multi stators and
multi rotors are employed, more power and torque can be achieved without increasing the
diameter of the machine. Moreover, multistage AFPM machines may be built using slotted or
slotless stators, iron or ironless rotors, and the arrangement of PMs is the same as for the single

sided structure.

Fig. 1.15. Multi stage PM machine [KAH14].

In conclusion, numerous AFPM machine topologies have recently been employed for various
applications, for example, in HEVs [MAL14]. In particular, aspects of HEVs such as torque,
speed and electric machine space are currently being considered by many researchers in order to
meet the requirements of this application. Hence, axial flux magnetic gear and magnetically
geared machines have been proposed for electrical machine applications, due to the additional
features they bring to such as the machine structure. These topologies are further discussed in the

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

The idea of magnetic gears (MGs) has been discussed since the beginning of the 20™ century. In
fact, early magnetic gear topologies were designed according to their equivalent mechanical
counterparts as indicated in Fig. 1.16. This can be achieved by replacing the slots and teeth of
mechanical gears with N-poles and S-poles of PM arrangements. MGs can in general be classified
into two configurations: converted topologies and field modulated topologies [NEV14],
[TLA14]. A simple converted type was initially presented in [KIK93]. However, the torque
densities of these MGs were poor compared to those of mechanical gears, a failing attributed to
the poor performance of available PM materials as well as the utilisation of PMs [RAS03]. The
second configuration, field modulated topology, has also been studied recently and design
improvements have been made. Due to the advent of high energy density PMs, for example,
neodymium iron boron (NdFeB), increasing attention has been paid to flux modulated MGs and
these are currently being developed to replace conventional mechanical gears in various
electromechanical systems [NEV14]. A significant improvement in this technology occurred with
the development of a high performance radial field concentric MG topology presented in
[ATAO1]. In addition, rare- earth magnets have been employed for this topology. The set-up
consists of two surface mounted PM rotors, which are rotated at different speeds according to
their pole numbers, with ferromagnetic pole pieces interposed between the two rotors as can be
seen in Fig. 1.17. This topology has a torque density of approximately 100 kNm/m?. Following

the same basic design for the radial MG, many other topologies have since proposed and
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Fig. 1.16. Magnetic gears and corresponding mechanical topologies.
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Fig. 1.17. Radial field concentric MG [ATAO1].
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 initially presented in [MEZ06]. The topology has the
same structure as its radial counterpart shown in Fig. 1.17, consisting of two surface mounted
PM rotors with different pole-pairs. A ferromagnetic modulator is arranged axially between the
two rotors as can be seen in Fig. 1.18. The results show that a torque density of 70 KNm/m? can
be gained by using this optimised topology. A flux focusing axial flux MG topology has been
presented in [ACH13]. The machine has two spoke type parts comprising ferrite magnets
separated by steel poles that are magnetised, which forces the flux to pass through the steel poles.
A modulator with ferromagnetic material pieces is axially arranged between both spoke type parts
as shown in Fig. 1.19. The simulation results state that at optimal dimensions of the topology, a
torque density of 66 KNm/m? can be obtained. Moreover, the torque density of this topology is
improved to 257 KNm/m? when using NdFeB magnets instead of ferrite magnets as presented in
[ACH14]. Furthermore, with the same spoke type parts, an axial transverse flux MG topology
with a modulator located on the outer diameter of the axial rotors is presented in [BOM14] as
shown in Fig. 1.20. With the same machine volume, the topology was compared with a radial
MG with different magnetisation directions of its PMs, and axial MG counterparts in [CHE14].
The comparison indicates that this topology suffers from a significantly low torque density and
that radial flux MG has a higher torque density when the size limit is not considered, whereas
axial flux MG topology has the highest torque density when the axial length limit is considered.
Based on spoke arranged magnets topology, a hybrid flux axial MG is presented in [PEN14]. Fig.
1.21 shows the structure of this MG which comprises two high and low speed rotors with magnets
that are axially arranged. The machine has a set of stationary radially magnetised magnets

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

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

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

Modulator

Low spécd rotor PMs High speed rotor

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

‘ u PMs

Rotor 2 Modulator Rotor 1

Steel pole

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

Steel pole

Steel pole

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

In addition, with the aim of increasing the torque density of the spoke type axial flux MG
topology, a topology with L — type modulator is proposed in [TSA15]. As can be seen in Fig.
1.22, the machine has two spoke type rotors separated by a moderator consisting of stationary
ferromagnetic pieces. The pieces have a unique L- shape to increase the effective area of the
modulator and to eliminate the leakage flux. The experimental results indicate that by utilising
NdFeB magnets, a torque density of approximately 70 kNm/m?was achieved by the prototype of
axial MG. Moreover, the flux density of the spoke type axial flux MG has been further increased
by using the T- shape modulator made of soft magnetic material which is presented in [YAN15].
The machine, which is shown in Fig. 1.23, was analysed and the results indicated that it can

obtain a significantly high torque density of 282.56 kNm/m?.

Low speed rotor  Modulator ~ High speed rotor

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

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

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) which has greatly broadened the scope of
machine topologies. Numerous radial magnetically geared machines have been introduced for
various applications such as HEVs [ATA04], [JIA10] and wind power generation [JIA09],
[JIA11]. Fig. 1.24 and Fig. 1.25 show early examples of radial magnetically geared topologies.

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

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

as their radial counterparts [JOH17]. The axial flux magnetically geared machine was first
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presented in [NIG12a]. The machine consists of a stator with embedded 3-phase windings, a high-
speed rotor composed of a carbon steel yoke with 8 surface mounted PMs, and a low-speed rotor
constructed of 20 iron pieces as shown in Fig. 1.26. Its operating principle can be analytically
explained using the sub-domain method. The simulation results show that the machine suffers
from a high cogging torque and inherently low torque density of approximately 15 kNm/m?.

Low speed rotor

Stator with
concentrated windings

High speed rotor PM

Fig. 1.26. Magnetic geared machine presented in [N1G12a].

In addition, several other AFMG topologies have been proposed and analysed. A disc type
magnetically geared topology with 3 air-gaps for wind generation applications was presented and
prototyped in [WANZ13]. The machine has a stationary stator with windings and stationary
modulator segments. The high-speed rotor is made of solid iron with PMs arranged on both rotor
sides and is located between the modulator and the stator. The low—speed rotor is made of iron
with surface mounted PMs as shown in Fig. 1.27. The machine has a relatively high torque
density of 100 KNm/m?®. In addition to its complex structure, the prototype test results reveal that
the machine has low efficiency due to high core loss in the low-speed rotor. In [ZAY 14], an axial
flux magnetic gear with electric power output is presented for wind power generation. As Fig.
1.28 illustrates, this machine has two axially arranged high- and low-speed PM rotors. A
modulator of 9 pieces is located between the two rotors, with 9-phase coils embedded around
each modulator piece. The simulation result shows that the machine can achieve the function of
the MG concept and generate the output power through the electric power port. However, the
machine has a non-sinusoidal back EMF and an axial force is exerted on the modulator as the

electrical load increases.

It is worth mentioning that the topology presented in [ZAY14] has approximately the same
structure to that to be presented in this thesis. However, for the machine in [ZAY14], a high axial

force exerted on the modulator since a modulator with 9 pieces is employed and a high axial force
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is applied to the stator as the winding current increases. Moreover, the windings used as electric
power port are located without mechanical support, i.e. tooth tips. Furthermore, it can only work
as MG and generator in which motoring mode was not presented. Therefore, as will be described
later, in this thesis, a 3-phase concentrated winding employed for the new machine stator is based
on the YASA machine design. Moreover, the new machine has stator tooth tips and different
operating modes can be obtained by this new topology. Furthermore, in addition to the delivered
MG torque, the output torque capability can be improved by the armature current torque with the

aid of current angle control at motoring operating mode.

PMs

Low speed rotor
Stationary pieces
High speed rotor

Stator

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

/PMS \“
Windings
Modulation pieces

Fig. 1.28. Magnetic geared machine presented in [ZAY 14].

For power split applications in wind power generation, an axial flux doubly fed stator and dual-
rotor topology is presented in [NIU14]. The machine shown in Fig 1.29 contains primary and
secondary PM rotors. The stator consists of two different windings; distributed windings
(primary) and concentrated windings (secondary), with the primary winding controlling the
secondary rotor to rotate at a constant speed to maintain a constant secondary winding frequency.

The machine has superb performance in operations of variable speed and constant frequency wind
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power application. However, it has a complex structure as well as flux distribution. In [JOH17],
an axial flux PM machine is combined with an axial MG machine. The resulting machine consists
of a single sided AFPM machine located in the radial bore of an axial MG. The rotor of the axial
flux machine and the high-speed rotor of the MG are connected together by the same rotor core,
while the modulation pieces are located between the high and low-speed rotors. The presented
topology was designed and prototyped. The combined machine provides good space utilisation;

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

Distributed windings
\(Primary)

Concentrated
windings
(secondary)

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

Fig. 1.29. Magnetic geared machine presented in [N1U14].

Stator with
windings

‘ High speed rotor
Modulation pieces
™ Low speed rotor

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

Several further topologies have also been introduced for HEV applications. An axial flux
magnetically geared machine known as the magnetic field modulated brushless double rotor
(MFM-BDRM) machine is presented in [TON14]. It utilises double stators with distributed
windings. Additionally, a dual modulating ring rotor and one PM rotor are located between the
two stators as indicated in Fig. 1.31. The simulation results confirm that the machine can realise
the power split function in HEVs. However, the machine has complex structure and low power

factor under the generating and motoring modes. In [LAI16], another axial flux magnetically
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geared machine with dual stators and dual rotors has been presented for power split application
in HEVs. The topology is a conventional AFPM machine axially arranged with a flux modulated
machine as shown in Fig. 1.32. It consists of a modulating segment rotor and PM rotor located
between two stator cores with different winding distribution. One stator has concentrated
windings and the other has distributed windings. Investigation of the machine performance at
different gear ratios indicated that its performance is sensitive to the gear ratio. Moreover,
different operation modes can be obtained for such applications and it is capable of decoupling
the input power obtained by the prime- mover and the output power connected to the load.
However, despite of most axial flux MG topologies being based on flux focusing rotor structure,
only one axial flux magnetically geared machine topology with flux focusing rotor has been

proposed.

PM rotor
<

Stator2
-

Modulating ring rotor

™ Statorl

Fig. 1.31. Magnetic geared machine presented in [TON14].
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Fig. 1.32. Magnetic geared machine presented in [LAI16].

An axial flux MG machine with flux focusing magnets and integrated radial outer stator has been
proposed in [KOU17]. The machine has approximately the same rotor structure as the MG
obtained in Fig. 1.19. However, a radial stator with distributed windings is placed at the outer
radius of the high speed rotor, as can be seen in Fig. 1.33. The machine was analysed utilising

3D-FEA and compared to the measured results obtained by the prototyped machine. According
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to the obtained simulation results, a torque density of 127 kNm/m? is achieved 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 machine presented in [KOU17].

1.5 Research scope, objectives and contributions

1.5.1 Research scope and objectives

The research in this thesis focuses on a study of axial flux magnetically geared (AFMG) PM
topologies. Based on the literature review of AFMG topologies, it reveals that the existing
topologies have complex structures. The industry requirement for high performance machine
with low manufacturing cost is critical for selecting the appropriate machine topology for the
specific applications. The design of a magnetically geared topology involves the design of two
different transferred torque components: magnetic gearing and conventional electrical machine
torques. For interior stator magnetically geared topologies, a distributed winding is always
utilised for the stator armature. The armature windings are directly inserted in the air gaps
between the pieces as presented in [JIA11]. The pole pair number of the windings is designed to
be the same as the pole pair number of the output rotor PMs since the fundamental harmonic is ,
working harmonic. Thus, the electromechanical energy conversion can be obtained by the flux
interaction between the armature winding and the output rotor PMs only. When an external torque
is applied to the input rotor and the machine operates in motoring mode, the output PM rotor is
driven by both the armature field and the MG effect. Because of the different pole-pair numbers
of the windings and the input rotor PMs, the input rotor will have slight impact on the generated
electric power as well as armature winding torque. However, when a concentrated winding is
utilised for interior stator magnetically geared machines, both rotors will be affected by the
armature winding torque since the armature flux contains many harmonics. In general, the torque

for concentrated winding always contributed by the armature flux density harmonic which has
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the same order as the number of rotor pole-pairs (p™"). (i.e. the 5" harmonic, when the rotor has 5
pole pairs). The proposed AFMGPM topology is based on the conventional YASA machine
topology by employing different PM rotors. It has a simple structure since it is the same as YASA
machine structure. However, the machine has a concentrated winding stator between the two
rotors. Therefore, when the machine has two different rotor pole pairs, both input and output

rotors will be affected by the armature flux.

The first objective of this work is to design the proposed AFMGPM machine with a concentrated
winding stator and explore the possibility of using concentrated windings for this kind of
machines. This study focuses on the electromagnetic performance of the proposed machine, and
therefore, the mechanical and thermal aspects will not be considered. The electromagnetic
performance with different rotor pole combinations are analysed. The project investigates the
proposed machine design, optimisation and finite element simulation. The impact of design
parameters on the machine torque is investigated. The machine performances at MG and

generation modes are studied.

The second objective of the study is to investigate the machine performance under motoring
mode. Since interior stator axial flux magnetically geared topology with concentrated windings
has not be investigated under motoring mode, the methodology of matching the armature current
torque with the output MG torque will be discussed. The third objective is the application of the
proposed machine. It is proposed as a power split device for hybrid vehicle applications. Thus,
the proposed machine is studied at different operating modes. Finally, the machine performance
is compared with that of the conventional YASA machine and the principle of the axial flux
magnetically geared machine is experimentally validated by constructing and testing the
prototype machine. The study of the novel machine topology in this thesis is summarised in Fig.
1.34.
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Fig. 1.34. Schematic diagram of research structure and research methods.

e Chapter 1

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

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

magnetically geared topologies previously presented and developed.

e Chapter 2

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

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

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

analysed and compared.

25



e Chapter 3

The design for a novel topology of the proposed AFMGPM machine is described. The machine
is optimised for optimal output torque. The principle of operation for MG and magnetically
geared machine is explained. A comparative study of the possible rotor pole combinations is
performed. Then, the electromagnetic performance is compared with the performance of YASA

machine counterparts.

e Chapter 4

The proposed AFMGPM machine is analysed for power split application. The system is
described, and the machine performance is analysed and investigated under different operation
modes. The torques and axial forces obtained by both machine rotors are calculated at different
load conditions. In addition, the loss and the efficiency of the proposed pole combinations are

investigated and compared.

e Chapter 5

Since a prototype of the proposed machine will be built, this chapter investigates the
manufacturing tolerance for such a machine. Rotor/stator axis and angular misalignments for the
low speed rotor of the proposed machine are analysed. The performance of the machine at
different load conditions under rotor/stator misalignments is analysed with reference to the

normal condition.

e Chapter 6

The prototypes of the proposed AFMGPM machine and YASA machine are designed and built.
Machine performance aspects such as cogging torque, no-load back EMF and static torque are
measured and validated with 3D-FEA results. The measured performances of the two prototype

machines are then compared.

e Chapter 7

In this chapter, the most important findings and the contributions of this thesis are summarised.
The main outcomes of the research are highlighted, and some recommended future research work
is also proposed. This includes considering design aspects such as the rotor geometry of the

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

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

2D and 3D FEA models, software setting, and mesh generation are explained in details. A
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complete comparative performance study between the proposed AFMGPM machine and the
Y ASA machine is conducted. The proposed machine rotor pole combination performances at no-
load and on-load are compared with their Y ASA machine counterparts. In addition, details of the
machine iron material parameters such as magnetising curve and the loss characteristics at
different frequencies are presented. Then, more details of the prototype machine dimensions and

the fabrication processes are also described.

1.5.2 Research contributions

The contribution of this thesis is the development and analysis of a novel AFMGPM machine for
power split application in HEVs. The stator consists of iron slotted segments with concentrated
windings and is located between two rotors with different poles. The new topology has a simple
structure and a superior performance compared to the topologies which have been presented so
far. The machine is designed and optimised for different rotor pole combinations, and
comparatively analysed utilising 3D-FEA. In addition, different operation modes of the machine
are identified for HEV applications. The torque performance at no-load and on-load of the new
machine is studied by considering both rotors as output torques. Finally, a comparative study is
conducted of the performance of the new machine and YASA machine. The results show that the
machine has a superior performance which make it convenient for HEV applications in which

output torque can be increased with the aid of adjustment of the armature current angle.
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CHAPTER 2

YOKELESS AND SEGMENTED 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 machine, 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 this topology passes axially through the stator poles. Compared
to other axial flux machines, the YASA machine has the merits of short end windings, high
efficiency, high torque density, high winding packing factor and easily fitted stator poles
[WOOO07] [VAN10]. However, since the stator is a combination of iron pieces, the mechanical
design of the stator pole holder is still vitally important due to the axial force exerted between the

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

Numerous studies have been devoted to the YASA machine performance analysis and
manufacturing fabrication for different applications, for example wind generation and electric
vehicles. It was first presented and prototyped for a sports vehicle in [WOOO06] and [WOOO07].
With torque density of 17.6 Nm/Kg, a 10-pole 12-stator segment prototype was developed, and
SMC material used for the machine stator segments. For in—wheel direct drive traction
applications, 10 poles and 12 stator segments, a 6 kW 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 prototype stator segments was utilised. The machine model was examined
via 3D-FEA. The results were obtained and validated and an efficiency of approximately 90 %
for the prototype was measured. In [VAN10], to minimise the machine’s active mass and obtain
maximum efficiency, a 16-pole and a 15-stator segment YASA generator was designed and
prototyped. In order to simplify manufacturing, the stator poles were formed by overlapping two
different lamination shapes made of grain-oriented material. The experimental results show that
an efficiency of approximately 87% was obtained at rated speed. In other research, YASA

machines were compared to the conventional RFPM and AFPM machines. In [VUN11], a 10-
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pole, 12-stator segment YASA machine was presented and analysed for megawatt scale wind
turbine generation. Interms of torque density and torque per magnet weight, it was also compared
to a RFPM machine and double sided slotted AFPM machine at different power rating. The
comparative investigation found that the YASA machine has a significantly higher torque density

as well as low active material weight.

It can be concluded that internal stator AFPM machine topologies have been extensively developed
and investigated for drive applications. Moreover, a YASA machine has superior performance
amongst internal stator AFPM topologies. Furthermore, it has been found that based on a
performance comparison of AFPM machine topologies, a YASA machine is inherently suited to
direct drive application [WOOO07], [STA15]. Therefore, in this chapter, since this machine has a
unique topology, the machine performance will be investigated in order to provide a baseline of
comparison for the subsequent proposed axial field machines. With 12 stator segments, the
machine is designed and optimised with different rotor pole combinations. A performance
comparison between YASA machine topologies at no-load and on-load conditions will be
investigated. Moreover, the torque performance with respect to the current, current density and
copper loss will be obtained and compared.

2.2 YASA machine configuration and principle of operation

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

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

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

Stator piece

Stator

Winding — ==

7

3-D view 2-D view

Fig. 2.1. YASA machine configuration.
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The stator is individually segmented and stacked together with high strength material holder to
form magnetically isolated stator poles. Moreover, fractional slot concentrated windings are
wound around each of the individual stator poles and connected to form the stator phase windings.
The magneto-motive force (MMF) produced by the currents applied to the windings contains a
number of harmonics; however, the component that dominates the produced torque is the high

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

For a given volume of PM machines and for a specific of phase number, the design is essentially
based on obtaining a combination of the stator and rotor pole pairs. The phase number is selected
as three in this study, and therefore, for double layer 3-phase windings of YASA machine, the
number of stator segments must be a multiple of 3 and the phases are shifted by 120 elec. deg.
Moreover, the stator segment numbers ng and the rotor pole-pair number p combinations are

expressed by:
ng=2ptk, k=1273.. (2.1)

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

rotor pole numbers should be related by
ng=2pt2 (2.2)

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

are connected in series to form the stator phase windings.

The selection of appropriate combination of slot and pole numbers should ensure the winding
distribution balance in the machines. The number of slots per pole per phase (Sp) can be calculated
by [CRO02]:

S = Ms (2.3)
pp — 2pm

where m is the number of phases.

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

when k is even. Table 2.1 lists the possible rotor pole combinations, their S,,,, and the fundamental
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winding factor k,,,; for n, of 12 poles. The fundamental winding factor for double — layer
concentrated windings is calculated by:

Kwi = Ka1 Kp1 (2.4)

where K4, and K,,; are the main harmonic distribution and pitch factors, respectively. These can

be obtained according to the number of stator poles ny and the rotor pole pairs p by [BIAO6]:

Kdl _ sin(ﬂ)

——e if (ﬁ) is even
_— & . Tt_t e e .
2 s (7) tm

(2.5)
sin(—
K41 = ﬁz("ft_)t) .if (:—;l) is odd.
tm 2ng
Ky = sin(?) (2.6)

S

where t is the greatest common divisor (GCD) of the number of stator segments, n,, and the
number of pole pairs, p. It has been confirmed that high winding factor and balanced concentrated
windings are normally adopted when 0.25 < S,,, <0.5, [CRO02]. The winding distribution

whereby S,,,, < 0.25 has a low fundamental winding factor causing a non-sinusoidal back EMF
(i.e. 12/20, 12/22). Moreover, the pole combinations which have S,,, > 0.5, (i.e. 12/2, 12/4) and
where S, is thus an integer must have distributed winding to obtain a high winding factor. In

terms of the rotor pole combinations listed in Table 2.1, for YASA machine and due to the focus
of this study, this chapter only explores YASA with 0.25 < S, < 0.5 in which a high winding

factor is gained.

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

Name 2p Spp Kaz Kp1 Kw1
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 0.5 0.5
YASA12/2 2 0.966 0.25 0.25
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In fact, in AFPM machines, there are two types of stator slots and hence of the concentrated coil
shape arrangements as indicated in Fig. 2.2. The first type employed when the stator slot is
parallel, and therefore, the neighbouring coils at the same slot are parallel and are attached each
other along the edge of the coils as indicated in Fig. 2.2(a). The second arrangement has
unparalleled neighbouring coils since the slot sides is radially unparalleled, in which the coils in
the same slot only touch each other at the stator inner radius as explained in Fig. 2.2(b). The first
winding arrangement has the merit of a higher coil space and a higher teeth area compared to the
second arrangement. It has been confirmed that since the coil band is wider, the first coil
arrangement has a higher flux linkage than the second type at the same inner and outer diameters
[AYDO7], [X1A15]. Therefore, the coil distribution of concentrated winding indicated in Fig.
2.2(a) will be utilised for the design of all models.

—Coil pitch __ Stator pole

area

. Coll pich

7

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

/
/

(a) Parallel slot (b) Radial slot

Fig. 2.2. Coil arrangements of concentrated windings.

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

2.3 Optimisation of YASA machine.

For axial flux machines, 3D-FEA is necessary for accurate modelling. Moreover, different
analysis methods can be alternatively adopted to simplify the study. One of these methods is to
conduct simulations utilising 2D-FEA [EGE12]. The method is based on taking a 2D plane of the
geometry at a specific radius. The approximation of the 2D model used in this thesis is described

in detail in Appendix A.

With the aim of maximising the average torque of the machine, 2D-FEM of YASA machine
topologies listed in Table 2.1, which have high winding factors, are designed and analysed.
Additionally, for different rotor pole combinations, the optimisations were carried out with the

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

in Appendix C.
— Tm -—
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Fig. 2.4. Dimensional definitions of YASA topology.

Table 2.2 YASA machine constant dimensions and parameters.

Parameter

Value

Rated speed (rpm)

400

Stator pole number (ns)

12

Machine inner diameter (mm)

30

Machine outer diameter (mm)

90

Axial length (mm)

25

Air-gap length (mm)

0.5

Number of turns /phase

80

Packing factor

0.5

Copper loss (W)

30

PM material

NdFeB

PM remanence By (T)

1.2

PM relative permeability (pir)

1.05

Iron material

GKN SMC 70H

35



Table 2.3 Variable Parameters of the YASA Machine.

Parameter Symbol Definition Restrictions
. Om
Magnet angle ratio Tp ratio _— [0.5-1]
m
. . h
Magnet thickness ratio The ratio L_m [0.3-0.8]
T
. . h
Stator slot width ratio Sw_ratio L_S [0.5-0.95]
S
. We
Stator slot depth ratio Sd ratio T [0.1-0.35]
S
L
Rotor thickness ratio R ratio L—r [0.15-0.25]
M

2.4 Influence of critical parameters on machine performance

In order to achieve a suitable prediction accuracy of the axial flux machine’s performance, a 3D
FEA model is always superior than a 2D-FEA. The machine was thus designed using such a
model and the influence of each parameter on the torque for different rotor pole combinations
was studied. With the aim of examining the machine average torque, the thickness of the rotor
for all topologies was obtained by 2D-FEA. Subsequently, the influence of each parameter (i.e.

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

2.4.1 Influence of PM dimensions

The machine torques for different magnet angles and thicknesses were investigated for YASA
machine with different rotor pole combinations and are illustrated in Fig. 2.5. It was found that,
the torque is sensitive to the PM volume. It is also evident from the figure that the optimal torque
for YASA12/8 and YASA12/16 can be achieved at a PM angle ratio 7, ,4.;, 0f approximately
0.89 and 0.84 and at PM thickness ratios ry; r4¢10 0f0.37 and 0.52, respectively. It is also apparent
that the torque is maximised for YASA12/10 when the PM arc equals the rotor pole pitch with a
magnet thickness ratio 7y, .4+, OF approximately 0.4. In addition, the torque can reach its highest
value for YASA12/14 when the magnet angle ratio , ,.4+, is approximately 0.9 and the magnet
thickness ratio 5, ,4¢ 1S Slightly above 0.45. It can be shown that the optimal magnet thickness
increases with the rotor pole number at the same stator pole number and optimisation conditions.
Moreover, when the rotor pole number is less than the stator pole number (i.e. YASA12/8), the

average torgue increases with the increase of the PM pole arc to reach its optimal value. However,
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after this value, the torque decreases with the increase of the rotor pole angle due to the leakage
flux (Fig. 2.5(a)). The flux per pole passing through the rotor yoke is higher for lower rotor pole
number. This results in saturation of the rotor back iron at a low PM thickness since the space of
the rotor yoke is limited. Moreover, for YASA12/10, since the stator and rotor pole numbers are
close, the leakage flux and the saturation are lower, resulting in the ability for an optimal torque
to be obtained at larger PM thickness and angle ratios compared with YASA12/8. On the other
hand, when the rotor pole number is larger with respect to the stator pole number (i.e. YASA12/14
and YASAL12/16), the optimal magnet thickness is approximately half that of the rotor thickness.
Meanwhile, the leakage flux is lower since the rotor pole arc is always less than the stator pole
arc. Therefore, the optimal magnet thickness is larger compared to the other topologies: since the
flux per pole is lower, more flux can be handled by the rotor yoke at larger thicknesses.
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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 influences of slot depth and width on the machine torque
performance for the proposed stator/rotor pole combinations are studied. It should be mentioned
that for simplicity in the 3D model, the machine slot is assumed to be rectangular, which results
in rectangular tooth tips, as indicated in Fig. 2.6. The phase winding resistance and the copper
loss when the end winding is neglected are given by:

P X 2p LyN?
CT Ay (2.7)
Py =14 RM.S‘2 X 3R, (28)

where p is the copper resistivity, L, is the coil active length, N, is the number of winding turns
per phase, k, is the winding packing factor, A, is the coil area, and n is the number of coils per

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

P Py Agk
Ia RS = cu _ cu “ta “pf (29)
3R, 3n2p LyN?

where I, s IS the RMS phase current and P.,, is the copper loss. Fig. 2.7 shows a comparison

of the influence of the stator slot depth on the machine performance. It is obvious that the optimal
average torque can be obtained when the slot depth ratio Sy 4, IS just below 0.26 (4mm) for all
stator / rotor pole combinations. The current capability increases as the slot depth increases.
However, when the slot depth increases further, the stator pole active area decreases which results
in the stator pole being saturated. Additionally, at optimal slot depth, the influence of the slot
width ratio s,, 4+, and the corresponding segment tip thickness for all topologies is obtained
(see Fig. 2.8). The comparison shows that the average torque of YASA12/16 increases as the slot
width ratio increases while YASA12/8 and YASA12/10 have optimal slot width before the torque
tends to decrease with the rise of slot width. The average torques for YASA12/8, YASA12/10
and YASA12/14 reach their maximum values when the slot width ratios are approximately 0.86,
0.88 and 0.92, respectively. However, it can be clearly shown that the optimal average torque
increases with the increase of rotor PM pole number. Even though YASA12/16 has lower
winding factor compared with those in YASA12/10 and YASA12/14, the machine has higher
torque at higher slot opening (without tips). This is clearly explained in detail in [LIU17], which
states that, the torque of slotted PM machines has two components, the torque produced by the
principle of conventional PM synchronous machines (the interaction between the fundamental

harmonic component of the armature reaction flux and the PM flux fundamental harmonic), and
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the torque produced by the magnetic gearing effect due to the slotting effect. The armature
reaction torque decreases as the slot opening decreases due to the decrease of the air-gap
permeance. This thus decreases the air-gap flux density. However, the gearing effect torque has
a significant value since more harmonics are obtained and contribute to the torque production.
Therefore, the reduction in the armature reaction torque is compensated by the gearing effect,
because the gearing effect contributes more to the machine torque with a larger rotor pole number
at the same number of stator poles. Consequently, as indicated in Fig. 2.8, the torque of
YASA12/16 can be further increased when the stator pole tips are removed. However, since the

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

"\Slot depth

Slot opening\‘-' Slot width

Fig. 2.6. Stator segment geometry and dimension definitions.
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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 the aid of IMAG 3-D FEA software. The optimal dimensions
and the machine parameters are compared and listed in Table 2.4. The machine topologies were

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

Table 2.4 YASA machine pole combination optimal dimensions and parameters

Parameter YASA YASA YASA YASA
12/8 12/10 12/14 12/16

Rated speed (RPM) 400 400 400 400

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

Stator slot no. (ny) 12 12 12 12
Machine inner diameter (mm) 30 30 30 30
Machine outer diameter (mm) 90 90 90 90
Axial length (mm) 25 25 25 25

Air gap length (mm) 0.5 0.5 0.5 0.5
Number of turns of armature coil/phase 80 80 80 80
Packing factor 0.5 0.5 0.5 0.5

Rotor pole pitch (degree) 45 36 25.7 22.5

PM angle (degree) 38.7 36 22.8 18.9
PM thickness (mm) 2.22 2.34 2.7 3

Slot area (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) 14.4 14.3 14.8 15

PM volume (mm?®) 13270.0 | 16587.6 | 16691.20 | 17509.13
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2.5.1 Cogging torque

Cogging torque exists in PM machines because of the variation of the permeance of air-gap due
to stator slots. Therefore, the interaction of the permeance harmonics and the magnet MMF

harmonics results in unwanted torque harmonics and thus torque pulsating.

The cogging torque was studied for the selected YASA machine topologies. Fig. 2.9 compares
the cogging torques and the corresponding harmonics for YASA machine topologies. YASA12/8
has the highest peak-peak cogging torque while YASA12/10 has the lowest cogging torque. The
cogging torque level can be estimated for the slot and pole number combinations of PM machines
by the cogging torque factor C which can be expressed as indicated in [ZHUOQQ] as:
Cr = 2png (2.10)
N¢

where: N, is the least common multiple between the number of stator poles and the number of
rotor pole. Higher C; value indicates higher cogging torque value. However, the minimum value
for Cr 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 no-load flux density produced by the PM is one of the most essential for analysing the PM
machine performance. Fig. 2.10 shows the flux distribution of the stator and rotor of YASA
topologies. Moreover, the axial component of the air-gap flux density waveform of YASA
machine topologies was calculated and is indicated in Fig. 2.11. The flux density was calculated
in the middle of the air-gap along the mean radius in mechanical degree. It can be seen that the
topologies in which the rotor pole-arc is bigger than the stator pole-arc have a significant leakage
flux since the effective magnet area is smaller than the full rotor pole-arc (i.e. YASA12/8), as
indicated in Fig. 2.10(a). Moreover, the saturation in the back iron is higher in YASA12/8
compared to the other topologies since the flux per pole is higher. The fundamental harmonic
amplitudes of YASA12/8 and YASA12/10 are approximately 0.93 T and 0.94 T, respectively.
Moreover, the fundamental harmonic order of the air-gap flux density for each model represents
the number of rotor pole pairs. Furthermore, YASA12/14 has the highest fundamental harmonic
amplitude of approximately 1.0 T. In this case, the rotor pole-arc is approximately the same as

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

fundamental harmonic amplitude of approximately 0.97 as shown in Fig. 2.11(c).
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Fig. 2.9. Comparison of cogging torques of YASA machine topologies.
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Fig. 2.10. Stator and rotor flux density distributions of YASA machine topologies at initial
position.
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Fig. 2.11. Axial air-gap flux density waveforms and corresponding harmonic spectra of YASA

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

The no-load phase flux linkages of YASA machine topologies are analysed and compared in Fig.
2.12. It is clear that YASA12/8 followed by YASA12/10 have the largest flux linkage amplitude
while YASA12/16 has the smallest flux linkage amplitude. However, YASA12/8 flux harmonics
include certain odd order harmonics, such as 39, 5" and 7", which make the flux linkage

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

Moreover, the no-load phase back EMFs of the YASA machines are studied and compared at a
rotor speed of 400 rpm. Fig. 2.13 shows the comparison of the back EMF and the corresponding
harmonics for YASA topologies. YASA12/14 has the largest back EMF fundamental amplitude
of approximately 4.26 V, whereas the EMF fundamental amplitude of YASA12/16 of
approximately 4.25 V is just below YASA12/14. On the other hand, the amplitude of the
fundamental harmonic of YASA12/10 is approximately 3.9 V, however, YASA12/8 has a non-
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sinusoidal waveform and contains odd order harmonics in which the amplitude of the

fundamental component is approximately 3.3 V, as can be seen in Fig. 2.13 (b).
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Fig. 2.13. Comparison of phase back EMFs of YASA machine topologies at 400 rpm.

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 Y ASA topologies in terms of the electromagnetic torque
and the current angle relation at rated current, and Fig. 2.15 compares the electromagnetic torque
for YASA machines with different pole combinations. It is clear that, YASA12/16 and
YASA12/14 have nearly the same highest torque while Y ASA12/8 has the lowest torque in which
the leakage flux is high due to the magnet pitch being much bigger than the slot pole pitch. On
the other hand, as can be seen in Fig. 2.15(b), YASA12/14 has the lowest torque ripple followed
by YASA12/10. YASAL12/8 has the highest torque ripple compared to the other topologies.
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Fig. 2.14. Comparison of torque-current angle curves of YASA machine topologies.
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Fig. 2.15. Comparison of electromagnetic torques of YASA machine topologies.



4 100%
= Cogging torque —
35 Torque ripple S
F 80% o
3 1 _x—W_. ’ =
&
. ]
25 L 60% =
g 10% T
55 - 40% 5
|
- 20%
0.5 1 ~

0 A . 4 . A : é 0%

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

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

Fig. 2.16 shows a comparison between the proposed YASA machine topologies with respect to
the torque, torque ripple and cogging torque. The cogging torque and torque ripple are calculated
with reference to the average torque by:

Tmax -

Teipple» Teog = Mt % 100 % (2.11)

Tavg
It should be noted that the preceding formula is used to calculate the cogging torque at no load
and the torque ripple at load. The figure shows that YASA12/14 has a superior torque
performance compared to the other topologies while YASA12/8 has high cogging torque and

torque ripple.

The machine torque performance at different current, current density and copper loss was also
studied. Fig. 2.17 indicates the torque — current curve while Fig. 2.18 shows the torque — current
density curve. It is clear that YASA12/16 and YASA12/14 have the best performance, where at
rated current, the performance is approximately the same. However, YASA12/8 has the lowest
torque/current and torque/current density, the reason for which is the leakage flux being higher

than with other pole combinations.
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Fig. 2.18. Comparison of average torque-current density characteristics of YASA machine

topologies.

Furthermore, the influence of the copper loss of windings on the machine torque was also
investigated. The results are shown in Fig. 2.19. The figure shows that YASA12/16 and
YASA12/14 have a high torque performance at different copper loss. However, YASA12/8 has
a lower torque performance than other rotor pole topologies. Finally, the average torque per PM
volume at different currents was studied and is compared in Fig. 2.20. The figure shows that
YASA12/14 has the highest torque/magnet volume while YASA12/10 has the lowest
performance. Moreover, both YASA12/8 and YASA12/16 have approximately the same torque

per magnet volume-RMS current curve.
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machine topologies.

2.5.5 Losses and efficiency

For the YASA topologies, SMC material is used for the machine stator and rotor back iron core.
This material has the merit of flexible design, low eddy current loss [JAC98]. Several studies
have been presented to predict the iron loss of YASA machines using different approaches
[VAN12], [HEM14]. Moreover, it has been confirmed that YASA machines employing SMC
material have a superior performance at high speed compared to YASA with electrical steel cores
[KIM17]. The losses generated in PM machines can be classified as copper loss, iron loss and

eddy current loss induced in the PM. The copper loss is produced by the resistive component of
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the stator windings under on-load condition. The copper loss can be calculated by the classical
Ohm equation when the end winding resistance is neglected. However, the copper loss in this
thesis is assumed constant at all analyses of 30 W. Iron loss is generated in the machine core
geometry, such as the stator pieces and the rotor back iron, due to the variation of the magnetic
flux. Moreover, the intersection of the flux through the magnet generates more loss caused by the
eddy current circulating in the magnet pieces. At low speed, the fundamental harmonic
component of the flux is the main cause of the iron loss. Furthermore, since the flux density
variation in different parts of the machine is not identical, the losses induced in the machine parts
differ. However, the stator has the highest consumed loss as the flux density is high. Iron losses
in PM machines, Py, can be divided into hysteresis loss, P;, and eddy current loss, P,. The
no-load and on-load stator iron loss in YASA machine topologies were evaluated by IMAG 3D-
FE software at rated speed of 400 rpm. The iron loss was calculated based on the iron loss density
(W/md) obtained by manufacturer’s data for (GKN SMC 70H) material indicated in Appendix C,
and can be estimated by:

ne ne N
Pvon = Po + P = ) Who(Bpf) X Vo + ) (Z W, (B, i) X Ve> 212)
k=1 m=1 \k=1

where: Whe is the hysteresis for each element at maximum flux density Bm and frequency f, We is
the Joule loss for each element at maximum flux density Bmk and frequency of the k™ frequency
order, Ve is the volume for each element (m®), ne is the number of elements, and N is the maximum
frequency order. A comparison of iron and PM losses of Y ASA machine topologies are calculated
and compared in Fig. 2.21. It should be mentioned that the skin effect is not considered in this
study since the machine is operating at low speed, (see Appendix A). Moreover, the eddy current
loss generated in the machine iron is neglected and it only considered in the rotor PMs. It’s
obvious that the no-load iron and PM losses increase as the pole number increases, as illustrated
in Fig. 2.21(a). Moreover, the losses increase at on-load condition due to the armature current
flux. Furthermore, YASA12/16 and YASAL12/14 have approximately identical on-load total
losses due to the flux passing in the stator core being approximately equal as shown in Fig.
2.21(b). However, the total loss of YASA12/8 under no-load and on-load conditions is
significantly lower compared with the other topologies. In addition, the efficiency of YASA
topologies was predicted by accumulating the evaluated electromagnetic losses and the copper
loss, as shown in Fig. 2.21(b). Since the copper loss is assumed at a constant of 30 W, and when
the mechanical loss is neglected, the efficiency of all topologies at 400 RPM can be calculated

from:
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Output power

Effici %) =
iciency (%) Output power + Copper loss + Iron loss + PM loss

x100  (2.13)

The results indicate that YASA12/14 and YASA12/16 have identical superior efficiencies of
approximately 80.2 %, while YASA12/10 and YASA12/8 have considerably lower efficiencies
of approximately 78 % and 76 %, respectively. In fact, both YASA12/14 and YASA12/16 have

high output powers at rated speed and rated current; however, more electromagnetic losses are
induced due to armature current flux.
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Fig. 2.21. Comparison of no-load 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 factor were chosen and designed with the aid of 3D-
FEA. Moreover, a performance comparison between the YASA machine topologies with
different rotor pole numbers has been verified. The results show that both YASA12/14 and
YASA12/16 machines have higher no-load and on-load performances. Moreover, such
topologies have higher back EMF and average torque; however, YASA12/16 has a noticeably
higher cogging torque and torque ripple with the reference of YASA12/14. Furthermore,
YASA12/8 has the smallest average torque and highest cogging torque and torque ripple
compared to the other topologies. In addition, the no-load and on-load core losses for YASA
topologies were examined and compared. The comparison shows that the no-load iron loss
increases as the rotor pole number increases at the same speed. However, YASA12/14 has the
highest on-load iron losses since it has a higher stator flux. Overall, YASA12/14 and YASA12/16
both have a higher torque density as well as higher efficiency in which both have approximately

the same optimal magnet and stator active areas.
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CHAPTER 3

NOVEL AXIAL FLUX MAGNETICALLY 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 renewable energy HEVs [ATAOQ1]. Moreover,
by integrating an MG into a conventional PM machine, magnetically geared machine has
emerged, greatly broadening the machine topologies. A magnetically geared machine always has
the merits of high torque density and reduced overall size in comparison with conventional PM
machine axially combined with MGs [WANO09]. Many magnetically geared machines have been
introduced for various applications. Axial flux magnetically geared machine topologies for
various applications in which a conventional axial flux PM machine is combined with an MG
have also been introduced and analysed. These machines have the merit of combining the
advantages of conventional axial flux machines (for example, high performance, low rotor loss,
and short axial length) with those of MGs in which the absence of physical contact and lubrication
are the most significant features. The need for machines with superior performance in terms of
reduced losses and weight has recently encouraged researchers to investigate the manufacturing
and structural aspects of AFPM machines [GIU12]. However, as opposed to the relative
simplicity of AFMG machines, the developed axial flux magnetically geared machine topologies
have complicated mechanical structures. For example, some presented topologies have four
machine parts where three air-gaps are essential [WAN13] and [KOU17], or five main parts with
four gaps [TON14].

In this chapter, a novel axial flux magnetically geared machine (AFMGPM) is presented and
analysed. Based on yokeless and segmented armature YASA machine, a new AFMGPM machine
for low-speed and high-torque applications is designed. The topology is a combination of both
YASA machine and a magnetic gear. The proposed AFMGPM offers the merit of a simple
mechanical structure and is suitable for applications with limited axial space. The operating
principle and the feasible stator slot/rotor pole combinations for the novel AFMGPM machine
are analysed. To maximise the torque, global optimisation of the machine is conducted. By
utilising ANSYS Maxwell 2D-FEA software, global optimisation based on a genetic algorithm
is executed under fixed copper loss. Then, with the aid of IMAG 3D-FEA software, the influence
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of individual geometric parameters is investigated. Moreover, the performance of the various
stator slot and rotor pole combinations is investigated and compared using 3D-FE analysis. In

addition, both no-load and on-load performance of the machines are analysed.
3.2 Proposed axial flux MG machine configuration

The proposed AFMGPM machine essentially has magnetically separated segments with windings
form the machine stator [WOOO07], [QIN16]. It has the same stator structure as the conventional
YASA machine; however, by employing different rotor pole pairs, a new magnetically geared
axial flux machine was created. The use of 2D and 3D finite element (FE) analysis allowed global
and individual optimisations to be carried out to maximize the proposed machine average torque.

The 3D configuration of the proposed AFMGPM machine is shown in Fig. 1(a), with the 2D
section at average diameter D,,, being shown in Fig. 3.1(b). The stator of the proposed AFMGPM
machine consists of ferromagnetic iron pieces (flux modulation pieces) equipped with
concentrated windings and is sandwiched between two surface mounted PM rotors with different
pole pairs. The ferromagnetic pole pieces have tooth tips to hold the stator windings. By utilising
two rotors with different pole pair numbers - the first of which rotates at high-speed (HSR), the

second at low-speed (LSR) - a magnetic gearing effect can be exerted on both rotors.

Stator windings
Stator pieces

LSR back iron

(a) 3D-model and exploded view

e

Stator

JEE I N BN B BECEN EEO

(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 proposed AFMGPM topology is a combination of an MG and a PM machine, its
operation principle will be introduced from these two perspectives. The operation principle of
MGs has been thoroughly explained in [ATA04], [MEZO06]. To realise a stable electromagnetic
torque transmission for conventional PM machines, the stator magnetic field harmonic and the
PM flux harmonic must have the same order and speed. Therefore, the number of pole pairs of
the stator windings should be equal to that of the PM rotor, and the rotational speeds of the stator
flux and the PMs flux should be also equal. However, for magnetically geared machines, the pole
pair number of the stator is not equal to that of the PM rotor. Therefore, to achieve stable torque
transmitted to the rotor through the air-gap, the stator winding flux should have some space
harmonics equal to those of the PM rotor. These harmonics can be obtained by modulating the
flux to the air-gap through the modulator placed between the stator and the PM rotor. In general,
in magnetic gears, one rotor is connected with an external prime-mover while the other rotor is
connected with the load. The input speed and torque are transferred to the output rotor shaft with
full isolation between shafts. The proposed AFMGPM machine has a modulator with windings
between two different pole rotors. This modulator can modulate the flux produced by either
rotors when one rotor is rotated by a specific speed. Moreover, with the presentation of the
armature windings, the stator is equipped with 3—phase concentrated winding coils to create the
required stator pole pairs. A magneto-motive force (MMF), which is produced by such coils,
results in a multiple harmonics flux in the air-gap between the stator and the PM rotors. Moreover,
based on the electromagnetic theory of conventional PM machines, the flux harmonics produced
by the coil MMF must have the same pole pairs and rotation speed as the rotor’s PM flux
harmonics. Therefore, in addition to the torque exerted at both rotors due to the MG effect, the
armature windings can produce fluxes in both air-gaps. It is important to note that the torque
produced by the interaction between the armature reaction flux harmonics and PMs flux

harmonics for each rotor contribute to the total torque of each rotor.

According to the theory of integer slot windings, the energy conversion is related to the
fundamental component of the armature current flux density. However, for fractional slot
windings, the flux density spectrum can have many even and odd harmonics which rotate at
different speeds and directions. The speed and direction of the highest air-gap flux density
harmonic are important to identify the machine rotor pole number and its mechanical speed with

which the main harmonic order is equal to the rotor pole pairs [BIA06] [ZHUQ9a].
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3.3.1 Magnetic gear torque

The operation principle can be deduced firstly based on MG torque transmission in which the
stator winding current is not fed by 3-phase current and is assumed to be zero. When the first
rotor rotates at a specific speed, the magnetic flux produced by its PMs is modulated by the
ferromagnetic pieces. This results in high amplitude space harmonics in the other rotor’s air-gap
which has the same pole-pairs and rotational speed as the other rotor. In numerical and FE
methods, the Maxwell stress tensor is utilised in the calculation of the force and the corresponding
torque in the air-gap regions of PM machines. The magnetic field strength H between objects in

vacuum creates a stress 6 on the object surface and this stress can be given by:
1
Sp = ;HOHZ (3.2)

The flux in the air-gap is divided into two components: normal or radial and tangential fluxes.
Therefore, according to the Maxwell stress tensor, the stress terms can be also divided into normal

dpy and tangential 8 according to the flux density components, and can be obtained by:

Spy = 5, (B — BY) (32)
Opr = uioBNBT (3.3)

where By and B, are the normal and tangential flux densities, respectively.

For PM machines, the flux density in the air- gap produced by the PMs of the rotor can, in general,
be described as in [SPAL4]:

B = By +jB, (3.4)

where Bg and B, are the representatives of the tangential and radial air-gap flux densities,
respectively. Therefore, based on the Maxwell stress definition, the tangential average force and

torque of the radial machine’s rotor can be calculated as given in [LUB13]:
21 L
Fg=084S= ML " J (B Bg) ddz. (3.5)
2 2@ (L
T =1Fy == " ["(B-Bs) d9dz. (3.6)

where S, r, and L,, are the surface area, the radius and the axial length of the machine rotor,

respectively.
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Fig. 3.2 Stresses in an axial flux PM rotor.

Similarly, for axial flux machines, the average torque obtained by the rotor disc’s PM based on
the tangential stress explained in Fig. 3.2, can be expressed as follows:

T = (R#;R) J77(B,Bo) db. 3.7)

In addition, the axial force E, in the air-gap due to the axial flux density can be generally written
by:
R3-R?) 2
F, = S5 (37 p2 — B3ydo. (38)

where B, is the axial flux density, Ri and R, are the inner and outer stator radii as explained in
Fig. 3.2. The torque expression in (3.7) can be used to calculate the torque produced by each rotor
of the MG machine.

3.3.2 PM flux density
The air-gap flux density distribution at the axial direction produced by either rotor’s PMs without

modulation effect B,,, of axial flux topologies can be given [ZHE13]:
sz = Zm=1,3,5,.. bmpz (Z) cos(mp(@ — Wyt + 90)) (39)

Moreover, the corresponding air-gap flux density distribution at the circumferential direction

produced by either rotor’s PMs without modulation effect B,,4 can be given as
Bp@ = Zm=1,3,5,.. bmpe (9) Sin(mp(e — wyt + 90)) (310)

where w, is the rotor flux rotational speed, and 6, is the rotor initial position. The modulation

function of the pole pieces when a rotating modulator is considered can be written as:

A= Ao + Ln=1,23, Anc0s(nn;0) (3.11)
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where 1,and A,, are the Fourier coefficients of the modulation function. However, when the pole
pieces are considered, the flux density produced by the PM is distorted by the effect of such
pieces, which is similar to the slotting effect in conventional PM machines. Therefore, the
resulting axial and circumferential flux densities in each air-gap at a specific axial distance, due
to the presence of these pieces, can be obtained by multiplying the original PM flux density with

the modulating function (B x A), and the resulting axial flux density can be obtained as:

BZ={m_Z35 By (2) cos(mp(e—wrtwo))}x{Aﬁ > Ancos(nnse)}

n=1,2,3,.

Z Aoy (2) cOS(mp(8 — w,t + 6,))

LA (3.12)
A, b z mpw mp6
+ LPZ() cos [(nns +mp) (8 — PO t+ P )]
2 (nng + mp) (nng + mp)
m=1,3,5n=1,2,3,.
2'n bmpz(z) mpw, mpgo
Pubor® o coscum — mp (0 t )
* Z Z 2 €08 [(nns mp) ( * (nng + mp) * (nng + mp)
m=1,3,5n=1,2,3,.
The flux density in the circumferential direction can be expressed by:
By = { z bmpe(8) cos(mp(6 — wyt + 90))} X {Ao + Ancos(nnse)}
m=1,3,5 n=1,2,3,.
D" Aobups(8) cos(mp(8 — wyt +6,))
m=1,3,5,..
(3.13)

+ z z 2 bmp9(9) cos [(nns + mp) (9 _ TP t+ mpOo )]

m=1,3,5n=1,2,3,. (nns + mp) (nns + mp)

An b z mpw mp0
+ Z Lpz()><cos[(nns—mp)(t9+ PO t+ P )]

i s n S 2 (nng + mp) (nng + mp)

where: b,eand b,,,, are the Fourier coefficients of the radial and axial components of the flux

density, respectively. From (3.13) the number of pole pairs of the flux density produced by the

rotor in the space harmonics can be given by:

Pmi = |lmp + nng| (3.14)

and the corresponding rotational speed is given by:
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mpwy (3.15)

Wn m

- (nng + mp)
n=0+1,+2,+3,...
m=1,3,5, ...

It can be seen that the space harmonics have more components due to the modulation effect. In
addition, rotational speed (natural space harmonics) is indicated with the absence of the
modulator pieces which can be obtained when n=0. Moreover, the amplitudes of the axial
modulated space harmonics depend on the values of A,, by, It has further been proved that the
maximum space harmonics of the modulated flux produced by the PM can be achieved when n=-
1 and m=1. Therefore, a design with stable torque transmitted between both rotors can be
achieved when the number of modulator segments is equal to the summation of pole pairs of such
rotors. Hence, for high transferred torque capability of the proposed AFMGPM machine, the
relationship between the numbers of pole pairs of HSR, LSR and stationary pole pieces must be
satisfied by [ATAO01].

P+ Pn =N (3.16)

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

modulator pieces’ speed (w,) can be expressed as
Piw; + Prwp = N (3.17)

The energy conversion relation between the input power and the output power can be given by

Tla)l + Tha)h + TS(A)S =0 (318)

For the stationary modulator, the above formula can be presented as
Po_ _®n (3.19)
Pn Wy
where p;,, and p; are the numbers of pole pairs for HSR and LSR, respectively. n, denotes the
number of stationary pieces. In addition, the ratio between rotor pole pairs stated in (3.19) is the
gear ratio G,., and the negative sign indicates that two rotors will rotate at opposite directions, and
the corresponding gear ratio G, can be presented as

Ns—Pr__P_Ti_w (3.20)
Pn pn Th

G, =
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For MG design, the required gear ratio can be achieved by choosing the appropriate pole pair
combination of two rotors. In addition, the torque ripple in either HSR or LSR can be reduced by
selecting a proper gear ratio [ABD12].

3.3.3 Armature current flux density

With the presence of the stator winding, the air-gap flux density produced by a stator only which

adopts three-phase concentrated windings can be given by:
. wS . a)S
B, = z bis(2) cos(ip(0 — =£0)) + Z bys(2) cos(jp(6 + = 1) (3.21)
i j

The modulated armature reaction air-gap flux density in the axial direction due to the slotting

effect can be obtained by multiplying the flux density obtained by the stator current Bs presented

by (3.21), by the modulation operator A,(6) presented by (3.11) which can be expressed by:
B,(z) = B A,(0)

By(z) = Z 2,b,(2) cos(ip(ei%t))

i=0,1,2,
Anbis(2) . ip (3.22)
+ z . z — cos((ip + nny) (0 —mwst))
n=1,2, i=0,1,2,
Anbjs(z) . jp
N z z 3 Cos(Up £ )(6 + S 0nt))

n=1.2, j=0,1,2,.

where b;; and b;; are the Fourier coefficients of the axial components of the flux density produced
by the armature windings. It can be seen that the air-gap flux density due to the armature windings

has harmonics with the number of pole pairs given by:
pi; = (ip £ nny) or (jp £ nny) (3.23)

and the corresponding rotational speed is given by:
w; i = of —ip W. Or —jp ® (3.24)
¥ (ipxnngd =~ (ptnny °

i,j=0,%+1,4£2,43,..

n=13,5,..
Therefore, comparing (3.14) and (3.23), and if i or j are assumed to be equal to m, this results in
the two magnetic fields including harmonics that have the same pole pairs. When comparing

(3.15) and (3.24), it is clear that the two magnetic fields have the same speed as the rotor. In this

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

Magnetically geared machines are subject to the restraints of both PM machines and the magnetic
gears. In other words, the number of rotor poles and slots of magnetically geared machines cannot
be freely chosen. For the proposed magnetically geared machine, the stationary pole pieces ng is
preferred as 12. Therefore, according to the magnetic gear principle given in (3.16), four rotor
pole combinations can be considered for ns=12. Moreover, for PM machines, the relation between
the stator slots ng and rotor pole pairs p can be obtained by (2.1). It is evident that maximum
flux linkage can be obtained when the stator slots n and rotor pole 2p combinations differ by
the smallest integer which are obtained when k = 1 and 2 [ISHO5] [WANO8]. Therefore, by
considering both (3.16) and (2.2), possible rotor pole combinations of the machine can be
determined for ng of 12 and are listed in Table 3.1.

However, balanced concentrated windings are normally adopted when Sp, <0.5 [CROO02].
Therefore, for the proposed AFMGPM machine, the concentrated winding can only be used for
two rotor pole combinations which listed in Table 3.1. The first combination is known as
(MG12/5-7), in which HSR pole pairs pn equals 5 and LSR pole pairs pi equals 7. The second
combination is known as (MG12/4-8), in which pn=4 and pi=8. The remaining pole combinations
in Table 3.1 are not convenient for the proposed topology since the Spp of HSR is an integer, thus
resulting in a low winding factor which causes a non-sinusoidal phase back EMF for concentrated

windings.

Table 3.1 Rotor pole combinations for 3-phase concentrated windings.

Kw1 SDD
ng Pi Ph Gr
LSR | HSR | LSR HSR
7 5 1.4 |0.933|0.933| 2/7 2/5
12 8 4 2 0.866 | 0.866 | 1/4 1/2
10 2 5 0.50 | 0.50 1/5 1
11 1 11 0.25 | 0.25 | 2/11 2

Furthermore, the variable combinations of stator slots and rotor poles are responsible for the
distribution of the machine windings. For the selected rotor pole combinations, the phase winding
has 4 coils are connected in series, the winding layout and the EMF phasors for both rotor pole

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

With the aim of obtaining the maximum torgue transmission capability, the proposed AFMGPM
machine is globally optimised by utilising 2D-FE software method described in Appendix A. For
this study, the machine is operated as a magnetically geared motor. Since the MG has input and
output shafts, the LSR is assumed to be the output rotor which is connected to the drive, and the
HSR is assumed as being connected to an external prime-mover. Moreover, it has been stated
that the maximum torque can be produced by MG effect when the relative angle between both
rotors is adjusted at 90 elec. deg. [FRAQ9], before starting the study procedure, the relative initial
position between two rotors must be adjusted at maximum torque position as explained in Fig.

3.4. The relative angle position § in electric degrees can be calculated by

8 = ppby + 110, (3.25)

Where 6, and 6, are the HSR and LSR axes positions in mechanical degrees, respectively. The

maximum relative position angle is obtained by fixing the LSR pole axis at zero initial position,
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whereas the HSR axis position is rotated over 90 elec. deg. (18 mech. deg. of MG12/5-7, and
22.5 mech. deg. of MG12/4-8) with the reference of LSR position, as explaind in Fig. 3.4.
Moreover, the stator winding is supplied by 3-phase current. The LSR pole axis position is
aligned with the d-axis position of phase A to maximize the LSR torque in which the torque
produced by armature current is added to the LSR MG torque. Furthermore, the HSR speeds of
both topologies are assumed as 400 rpm, therefore, the LSR speeds are calculated according to
(3.20). In this case, both rotors contribute for the stator flux, the frequency of the no-load and on-
load stator fluxes f can be obtained by

f= NpPn _ np
60 60

(3.26)

The stator flux frequency of the proposed MG12/5-7 is calculated to be a 33.33 Hz and a 26.66
Hz for MG12/4-8.

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 process, the machine’s constant parameters and dimensions are obtained and
are provided in Table 3.2. Meanwhile, the variable parameters are indicated in Fig. 3.5 and
identified in Table 3.3.
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Table 3.2 Constant parameters of the machine.

Parameter MG MG
12/5-7 12/4-8
HSR rated speed (rpm) 400 400
LSR rated speed (rpm) 285.7 200
HSR pole pair no. (pn) 5 4
LSR pole pair no. (pi) 7 8
Stator slot number (ns) 12 12
Machine outer diameter (mm) 90 90
Axial length (mm) 25 25
Air-gap length (mm) 0.5 0.5
Number of turns /phase 80 80
Packing factor 0.5 0.5
Copper loss (W) 30 30
Gearing ratio Gy 1.4 2
PM remanence By (T) 1.2
Iron material GKN SMC 70H

Fig. 3.5 Machine topology dimensions.




Table 3.3 Variable parameters of the machine

Parameter Symbol | Definition

. gmh

HSR magnet angle ratio Thp_ratio o

h

. Hml

LSR magnet angle ratio Tip_ratio -
T

] ] h

HSR magnet thickness ratio | 74t ratio mh
" Lrh

. . hml

LSR magnet thickness ratio it ratio L

rl

- WC

Stator slot depth ratio Sp_ratio .
S
. . . St

Stator slot tips thickness ratio | Sr rqtio IR
S

. . Wst

Stator tooth width ratio Sso_ratio T
N

L L

Rotor thickness ratio R vatio L rh
B Lm m

Global optimisation is carried out by utilising 2D-FE analysis for the proposed topologies. During
the machine optimisation process, the machine’s outer diameter and the axial length are fixed.

The parametric global optimisation constraints and results were obtained and are listed in Table
3.4.

Table 3.4 Proposed Topology Optimal Parameters

Parameters Restrictions O|c')\;[|i(r3n le /\é?;ue OT\;ig] le /\ﬁlgue
HSR PM angle ratio [0.7-1] 0.95 0.87
LSR PM angle ratio [0.7-1] 0.99 1
HSR magnet thickness ratio [0.4-0.6] 0.56 0.50
LSR PM thickness ratio [0.4-0.6] 0.57 0.50
Stator slot depth ratio [0.1-0.3] 0.24 0.23
Stator tip thickness ratio [0.04-0.25] 0.04 0.04
Stator tooth width ratio [0.5-0.95] 0.57 0.62
Rotor thickness ratio [0.2-0.3] 0.24 0.20
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3.6 Influence of critical parameters on machine performance

With the optimal dimensions, the influence of each parameter on torque performance is studied
with the aid of 3D-FEA software. Since the output torque of the AFMGPM has two torque parts;
magnetic gear effect and armature reaction electromagnetic torques, the influence of each
parameter is being on the total torque. The sequence of the influence of the PM dimensions, slot
width, tooth tip thickness, slot opening width, and the ratio between the inner and outer diameters
on the machine torque is considered. Moreover, under the investigation of each individual
parameter, the optimal values of other parameters will be fixed. The influence of each parameter

on average torque is explained in the following section.

3.6.1 Influence of PM dimensions

As can be seen in Fig. 3.5, the AFMGPM machine has high and low-speed rotors. By keeping
other parameters constant, the influence of the LSR PM dimensions on the LSR average torque
of MG12/5-7 and MG12/4-8 are illustrated in Fig. 3.6. It is obvious that the maximum output
torque is sensitive to the PM dimensions of both machines. A maximum LSR torque of MG12/5-
7 can be obtained when the PM angle ratio of the LSR 7y, .44, IS designed between (0.98-1) and
the magnet thickness ratio 7y ,4¢ IS approximately 0.58, Fig. 3.6(a). On the other hand, the
output torque of MG12/4-8 can be maximised when the LSR PM angle ratio is approximately 1
and the thickness ratio is approximately 0.5, Fig. 3.6(b).

Moreover, with optimal dimensions of LSR PM, the variation of the PM dimensions of the HSR
on the output torque of two machine models is shown in Fig. 3.7. For MG12/5-7, the LSR torque
reaches maximum value when the HSR PM thickness ratio 7y, .4t and magnet angle ratio
Thp ratio are designed at approximately 0.5 and 0.94, respectively, as can be seen in Fig. 3.7(a),
whereas the torque of MG12/4-8 reaches maximum value when the HSR PM thickness ratio
The ratio 1S approximately 0.5 and magnet angle ratio 7, 4, IS approximately 0.87, Fig. 3.7(b).
According to the obtained performances of two topologies, the torque always reaches its
maximum value when the rotor pole arc and the stator pole arc are approximately the same. The
effect of leakage flux in this case is decreased in which the MG torque is highly affected by the

magnet angle.
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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 slot depth

The influence of the stator slot depth was investigated, with the armature reaction at rated current
is being considered. The phase winding resistance and the copper loss when the end winding is
neglected can be calculated utilising (2.7) and (2.8), respectively. Therefore, the rated current at

fixed copper loss of 30 W, can be calculated by (2.9).

Fig. 3.8 indicates the effect of the slot depth on the average torque for the considered models. It
can be seen that the two topologies have optimal LSR average torque when the slot depth ratio
Sp ratio 1S approximately 0.24. At fixed machine outer diameter, and by considering the end
winding thickness, the machine active length in the radial direction is changed with the stator slot.

The slot width in this case affects the torque produced by the armature current and MG effect.
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Fig. 3.8 Influence of the slot depth on the average torque.

3.6.3 Influence of slot tips thickness

At fixed stator width L, the average output torque for different tooth tips thickness is presented
in Fig. 3.9. It can be seen that the average torque is sensitive to the stator slot width in which the
torque decreases as the tooth tips thickness increases. That due to the increases of leakage flux
and decreases of the slot area as well as the armature current capability. The shape of the stator

slot has a critical impact on the MG effect as well as the armature current torque.
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Fig. 3.9 Influence of slot tips thickness on the average torque.

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 w,; to the stator pole pitch . Fig. 3.10 indicates the effect of
slot opening width on both machines torque performance. It can be noted that the machine torque
of the two models reaches its maximum value when the slot opening width ratio is approximately
0.38. For surface mounted PM machines, slot opening has significant impact on the machine
performance. It has been shown that PM and armature leakage fluxes share the tooth tips, a fact
which increases the local saturation [ZHU15]. However, the influence of slot opening on the
AFMGPM machine torque is inconsequential. This is because of the optimal tooth tip thickness

is very slight (0.5 mm): small tooth tips reduce the leakage flux and increase the local saturation.
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Fig. 3.10 Influence of slot opening on average torque.
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Therefore, to reveal the effect of the slot opening on the proposed MG12/5-7, the machine torque
is investigated for thicker tooth tip thickness. Fig. 3.11 indicates the effect of slot opening on the
average torque at no-load and on-load when the tooth tip thickness is doubled (to 1 mm). It is
clear that the machine torque significantly increases with the increase of the slot opening. The
effect of the local saturation is effectively eliminated in this case since a larger tip thickness
results in more flux passing through the area of the tooth tips. However, the behaviour of both
no-load and on-load torques are approximately equal at all slot opening values. Therefore, since
the LSR torque has two torque components, the influence of the slot opening on the MG and
armature current torques is indicated in Fig. 3.12. It is obvious that, with the increase of slot
opening width, the torque contributed by the armature current slightly increases, before
decreasing when the slot opening width is larger than 5 mm. Additionally, the gearing effect
torque is significantly affected by the slot opening when the tips saturation is considered. Fig.
3.13 plots the machine flux density distribution on the stator poles for different tooth tip

thicknesses in which the local saturation can be clearly seen on the tooth tips.
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Fig. 3.11 Influence of slot opening on average torque at 1 mm tip thickness for MG12/5-7.
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Fig. 3.12 Influence of slot opening on the LSR torque components for 1 mm tip thickness of
MG12/5-7.
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Fig. 3.13 On-load stator pole flux density distribution for different tip thicknesses at initial

position.

3.6.5 Influence of the ratio between outer and inner machine diameters

The influence of the ratio of the machine inner diameter, D; with respect to the machine outer
diameter, D, was also studied. The inner diameter is changed at different values, whereas the
outer diameter is kept constant. Fig. 3.14 indicates the influence of inner to outer diameter
variation on the machine torque performance. It is obvious that the average torque of two
topologies increases as the ratio decreases. On the other hand, when the ratio increases, the
machine active length decreases, which results in decreasing of the stator coil and the magnet
active lengths.
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Fig. 3.14 Influence of inner diameter on the average torque.
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3.7 Performance analysis of proposed optimised AFMGPM machine

As has been shown, during machine optimisation, the dimensions were chosen to maximize the
output torque. The optimal parameters and dimensions of the proposed AFMGPM machine were
chosen according to 3D FE analysis results listed in Table 3.5. By considering two load
conditions, i.e. no - load condition, in which the winding current is zero and the machine works
as MG, and on - load condition, in which the rated current is applied to the winding and the
machine works as magnetically geared motor, the optimised topology was analysed and studied
by utilising 3D - FE analysis.

Table 3.5. Machine optimal dimensions and rated parameters

Parameter MG MG
12/5-7 12/4-8

High speed (RPM) 400 400

Low speed (RPM) 285.5 200
High speed rotor pole No. (Pn) 10 8
Low speed rotor pole No. (Pi) 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

Irms (A) 135 14.8

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

Fig. 3.15 plots the no-load flux density distribution of both machine geometries at initial position.
Moreover, the flux density adjacent to HSR and LSR for both proposed topologies at no-load
were also analysed and obtained. The flux density is examined in the middle of the gap between
the stator and each rotor in the axial direction. Fig. 3.16 shows the air-gap axial components of
PM flux density variation and their space harmonic spectra for MG12/5-7 topology. It is evident
that the largest harmonic components at HSR and LSR air-gaps are the 51 and the 7" respectively,
which are the same as the number of pole pairs of HSR and LSR. Moreover, the 5 harmonic
component exists at LSR air-gap flux density while the 7" harmonic is also present at HSR air-

gap flux density due to the modulation effect caused by the presence of stator segments [ATAO01].
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Fig. 3.15 No-load flux density distribution at initial position.
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Fig. 3.16 Comparison of no-load flux density in the middle of HSR and LSR air-gap at mean
radius for MG12/5-7 topology.

On the other hand, Fig. 3.17 shows the variation of axial component of PM flux density and the
corresponding space harmonic spectrum in the MG12/4-8 air-gaps. It can be noted that the flux
density contains many harmonics in which the largest harmonics components at HSR and LSR

air-gaps are the 4" and 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 MG12/5-7 air-gap
produced by the armature windings only. It can be performed when rated current is applied to the

stator windings while the machine magnets are assigned as vacuum. It is revealed that the
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armature field includes many space harmonics. However, the harmonics contain higher order of
the 5™ and the 7" harmonics rotate at opposite directions.
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Fig. 3.17 Comparison of no-load flux density in the middle of HSR and LSR air-gap at mean
radius for MG12/4-8 topology.
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Fig. 3.18 Armature flux density in the middle of the LSR air-gap at mean radius for MG12/5-7

at rated current.

Similarly, Fig. 3.19 shows the axial air-gap armature flux density of MG12/4-8. It is clear that
the 4™ and the 8" harmonic orders are the highest amplitudes of the armature current flux density.
Therefore, since the HSR and the LSR of two machines rotate in different directions to realise
the MG function, the positive and negative armature flux harmonics and the harmonics of each
rotor flux share the same order and speed of rotation, which can then interact with each other and

contribute extra torque.
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Fig. 3.19 Armature flux density in the middle of the LSR air-gap at mean radius for MG12/4-8

at rated current.
3.7.2 No-load flux linkage and back EMF

The machine topologies are simulated at open circuit and both rotors are rotating at their rated
speeds. The no-load performance is calculated at an initial relative angle between HSR and LSR
of zero, in which the d- axes of HSR and LSR poles are aligned. Fig. 3.20 and Fig. 3.21 indicate
the 3 phase flux linkages and the corresponding harmonic spectra of MG12/5-7 and MG12/4-8
respectively. It can be observed that the phase flux linkage waveforms of the two machines are

sinusoidal and symmetrical. Also, MG12/5-7 has a higher flux linkage magnitude of
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approximately 17.2 mWb whereas MG12/4-8 has flux linkage magnitude of approximately 15.9
mWh.
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Fig. 3.20 3-phase flux linkage waveforms of the MG12/5-7 machine at relative angle of zero

elec. degrees.
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Fig. 3.21 3-phase flux linkage waveforms of the MG12/4-8 machine at relative angle of zero

elec. degrees.

The 3-phase back EMFs and the corresponding spectra of the proposed MG12/5-7 and MG12/4-
8 topologies are illustrated in Fig. 3.22 and Fig. 3.23 respectively. Both topologies back EMF
waveforms contain slight 3 and 5™ harmonics. On the other hand, the back EMF induced in the
stator windings is a result of the summation of the back EMF produced by both rotors. The back
EMF amplitude values of MG12/5-7 and MG12/4-8 are approximately 3.6 and 2.6 V,
respectively. Moreover, it can also be notice that MG12/5-7 has a significant higher EMF
amplitude in that the machine back EMF amplitude is proportional to the winding factor which
is higher than MG12/4-8 as evidenced in Table 3.1.
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Fig. 3.22 3-phase back EMFs and the corresponding harmonics of MG12/5-7 at relative

angle of zero elec. degrees.
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Fig. 3.23 3-phase back EMFs and the corresponding harmonics of MG12/4-8 at relative angle

of zero elec. degrees.
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3.7.3 Cogging torque

In conventional PM machines, the cogging torque exists because of the interaction between the
magnet MMF harmonics and the stator slot permanence harmonics. Cogging torque can cause
speed ripple and vibration which must be practically considered. However, MG machines always
have two or three components which can rotate independently. A detailed analysis of cogging
torque for the radial MG was described in [NIG12b]. However, the magnetic gearing effect was
considered, and the study presented the transferred torque ripple instead of cogging torque.
Moreover, the cogging torque of axial MG has been studied in [AFS15]. It has been stated that,
when the modulator is considered as the stationary part, the total cogging torque of each rotor
consists of the cogging torque from the interaction of the rotor flux with the stationary part and
the cogging torque from the other rotor PMs caused by the modulation of the magnetic flux
density (imaginary PM). Therefore, to examine the cogging torque of the proposed machine, the
relative angle between both rotors should be zero. This can be obtained by aligning one LSR pole
with one HSR pole. Consequently, the average torque obtained from the magnetic gearing effect
is always zero. Moreover, the machine HSR is driven with a constant rated speed of 400 rpm
whereas the LSR speed is 285.5 rpm.

Fig. 3.24 indicates the cogging torques of HSR and LSR of MG12/5-7 for one electrical cycle
and Fig. 3.25 plots both rotor cogging torques of MG12/4-8. It can be found that the fundamental
harmonic of both HSR and LSR of MG12/5-7 is the 121" while that of MG12/4-8 is mainly the
6™ harmonic. A relatively high cogging torque is produced by the LSR of MG12/5-7. Moreover,
the amplitude of cogging torque of HSR for MG12/4-8 is significantly higher than that of LSR,
as can be seen from the Fast Fourier transform (FFT) results indicated in Fig. 3.25(b). Therefore,
as can be clearly seen in Fig. 3.15, severe leakage flux occurs in the airgap in which the magnet
flux is coupling to the stator pole, returns to the same rotor and does not pass through it, Fig.
3.15(b). Therefore, high leakage flux adversely affects the machine performance and increases
the cogging torque. Obviously, for any combination of slot and pole numbers, the cogging torque
level can be estimated by calculating the cogging torque factor Cy. It is obvious that C; is 2 for
both HSR and LSR of MG12/5-7, and, similarly, C; factors of MG12/4-8 for both rotors are 4.
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Fig. 3.24 Cogging torque waveforms and the corresponding harmonics of MG12/5-7.
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Fig. 3.25 Cogging torque waveforms and the corresponding harmonics of MG12/4-8.

3.7.4 Torque

The torque of the proposed machine consists of two parts: torque produced by MG effect, which
is a function of the relative position between HSR and LSR, and electromagnetic torque produced
by the interaction of armature field and PM field. Fig. 3.26 shows the torque angle characteristics
for the proposed machine which can be obtained by blocking the LSR at initial position of 8, =
0° whereas the HSR is incrementally rotated with the reference of the LSR position. It is clear
that the torque of both rotors increases as the relative angle increases and reaches its maximum
value when & is 90 elec. deg., in which the corresponding mechanical angles of HSRs 6,, of
MG12/5-7 and MG12/4-8 are 18° and 22.5°, respectively. Similarly, by holding the HSR still at
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0, = 0° and rotating the LSR with reference of the HSR initial position, the torque reaches its
maximum value when the corresponding mechanical angle of LSRs 6, of MG12/5-7 and
MG12/4-8 are 12.85° and 11.25°, respectively. It can also be seen that maximum torques of 5.34
Nm and 3.83 Nm for HSR and LSR, respectively, can be gained by the MG effect of MG12/5-7.
The resulting magnetic gear ratio is approximately 1.40. Moreover, for the proposed MG12/4-8,
a maximum torque of approximately 2.24 Nm and 4.49 Nm can be obtained by HSR and LSR

respectively, in which the gear ratio is approximately 2.0.

|-e-MG12/5-7
|*MG12/4-8

Torque (Nm)

0 30 60 90 120 150 180

Rotor position (elec. deg.)

Fig. 3.26 MG effect torque-relative angle characteristics for HSR and LSR.

Additionally, the torque performance over the rotor position obtained by 3D-FE model for the
two topologies are performed. Fig. 3.27 and Fig. 3.28 compare the torque performance of both
topologies at no-load and on-load conditions, respectively. It should be mentioned that, the
difference between the machine performance at no-load and on-load conditions is the absence or
presence of the armature current, respectively. On other words, the no-load condition is the
performance of the machine when the relative angle 6 is at its maximum value and the armature
winding current is zero (open circuit), while the on-load condition is the performance when the
rated current is applied to the armature current at maximum relative angle. It is clear that the
proposed MG12/5-7 machine has low torque ripple. Furthermore, at the rated current, the LSR
torque is amplified to reach just below 7.0 Nm, while the HSR torque remains the same value as
no-load condition of 3.83 Nm. Similarly, for the proposed MG12/4-8, a maximum torque of
approximately 6 Nm can be obtained by the LSR while the HSR torque remains the same value

as no-load condition of 2.24 Nm. This phenomenon is due to the alignment of LSR pole axis with
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the d-axis of phase (A) as explained in Fig. 3.4(b), and thus the armature current flux and LSR

flux will be matched and the LSR MG torque will be amplified by the armature current torque.

Nevertheless, the HSR flux will be shifted from the d-axis armature current flux by a specific

angle depending on the relative angle between two rotors, which at relative angle of

approximately 90°, results in zero torque being produced by the armature current on the HSR.
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Fig. 3.27 Comparison of no-load torques of HSR and LSR for different rotor pole combinations

(6 =90 elec. degrees and lyms=0 Amp.).
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Fig. 3.28 Comparison of the on-load torques of HSR and LSR for different rotor pole
combinations when the LSR is the output rotor (6 =90 elec. degrees., Ims at rated values. and

current angle 0°).

Moreover, Fig. 3.29 compares the torque performance of both topologies at on-load when the d-
axis of phase (A) is aligned to the HSR pole axis. In this case, the MG torque of the HSR will be
amplified by the armature current torque. It can be obviously seen that the HSR torque of the
proposed MG12/5-7 is increased from 3.83 Nm at no-load to 5.1 Nm at the rated current, while

the LSR torque remains the same value as no-load condition of 5.34 Nm. Similarly, the HSR of
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MG12/4-8 is amplified to reach a maximum torque of approximately 4.5 Nm and the LSR torque

remains the same value as no-load condition of 4.49 Nm.
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Fig. 3.29 Comparison of the on-load torques of HSR and LSR for different rotor pole
combinations when the HSR is the output rotor (6 =90 elec. degrees, I:ms= at rated values and

current angle 90°).
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In conclusion, the results indicated that the proposed machine topologies can be operated at no-
load conditions in which the machine works as MG and generator. However, at motoring mode,
the matching between the armature reaction flux and the output rotor PM flux is the most

important concern and must be accurately controlled.

3.8 Performance comparison of axial flux magnetically geared machine and YASA

machine

With the aid of 3D-FE analysis, the 3-phase AFMGPM machine and the 3-phase YASA machine
are analysed and compared. By considering no-load conditions, in which the winding current is
zero, and on-load condition, in which the winding is applied with a specific current, a
performance comparison between the proposed machine and YASA machine topologies i.e. flux
linkage, back EMF and torque is performed. Moreover, a complete performance comparison of
both machines with different operation conditions is indicated in Appendix B.

3.8.1 No-load flux linkage and back EMF

To calculate the no-load flux linkage and back EMF of the AFMGPM machine, the initial relative
angle between both rotors is adjusted to zero elec. deg. Moreover, since the proposed machine
has two rotors with two different speeds, the back EMF of the YASA machine is presented at the
same speeds as the AFMGPM machine rotors. On the other hand, YASA12/14 back EMF is
presented at the same speed as LSR (285.7 rpm), and similarly for YASA12/10 at the same speed
as HSR (400 rpm).

Fig. 3.30 shows the phase flux linkages of the MG12/5-7 compared with YASA12/10 and
YASA12/14 at rated speeds. The flux linkage of YASA12/10 has the highest amplitude value of
approximately 18.4 mWhb. MG12/5-7 and YASA12/14 have amplitude values of 17.2 and 14.8
mWh, respectively. In addition to the low rotational speed, YASA12/14 has smaller rotor pole
pitch compared with the stator pole-pitch. This results in lower flux passing to the stator pole.
However, since the proposed machine has a combination of two Y ASA topologies in which both
rotors contribute to the total flux linking the stator windings, the flux linkage amplitude is

between both YASA machine flux linkages.
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Fig. 3.30 Comparison of no-load flux linkage waveforms at rated speeds.

In addition, the phase back EMFs and the corresponding harmonics are also compared and plotted
in Fig. 3.31. The graph indicates that the amplitude of the phase back EMF is approximately 3.80
for YASA12/10 at 400 rpm. Moreover, a maximum back EMF of approximately 3.0 V can be
gained by YASA12/14 at 285.7 rpm. Furthermore, for MG12/5-7, both HSR and LSR PMs
contribute to the total back EMF: at 400 rpm HSR speed and a 285.7 rpm LSR speed, the
amplitude of the phase back EMF is approximately 3.67 V.
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Fig. 3.31 Comparison of no-load phase back EMF waveforms of MG12/5-7 with YASA12/10
and YASA12/14 at rated speeds.

Fig. 3.32 shows the phase flux linkages of the MG12/4-8 compared with YASA12/8 and
YASA12/16 machines at rated speeds. It is clear that the flux linkage of YASA12/8 has the
highest amplitude value of approximately 18 mWhb. MG12/4-8 and YASA12/16 have amplitude

values of approximately 15 and 12 mWh, respectively.
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Fig. 3.32 Comparison of flux linkage waveforms at rated speeds.

Moreover, a comparison between the phase back EMFs of MG12/4-8, YASA12/8 and
YASA12/16 is illustrated in Fig. 3.33. It should be mentioned that the back EMF of the
YASA12/8 is presented at the same speed of HSR (400 rpm) and for YASA12/16 at the same
speed of LSR (200 rpm). The comparison indicates that an amplitude of approximately 3.3 V can
be obtained for YASA12/8 at 400 rpm. The amplitude of the phase back EMF of MG12/4-8 at
rated speeds of both rotors is approximately 2.55 V. Moreover, at 200 rpm a maximum back EMF
of approximately 2.2 V can be gained by YASA12/16. Nevertheless, YASA12/8 has a trapezoidal

phase back EMF waveform. Therefore, the machine has a small winding factor since there is a
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large difference between the pole number and the stator pole number. A comparison of the

harmonic spectra of phase back EMF is shown in Fig. 3.33(b).
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Fig. 3.33 Comparison of back EMF waveforms and corresponding harmonics.

3.8.2 Torque

The torque performance of different load conditions of the proposed machine is investigated and
compared with YASA machine torque. Fig. 3.34 shows a comparison between the no-load and
on-load LSR torques of MG12/5-7 and the electromagnetic torque of the YASA12/14 machine.
It should be mentioned that the no-load torque of AFMGPM machine is calculated at initial
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relative angle position of 90 elec. deg. When the LSR is considered as an output rotor, the no-
load LSR average torque is significantly higher than the on-load average torque of YASA12/14:
5.30 Nmand 3.2 Nm, respectively. Moreover, the LSR average torque increases further to reach
just below 7 Nm when rated current is applied to the machine windings. Similarly, when HSR is
considered as an output rotor, a comparison of HSR and YASA12/10 average torques is
illustrated in Fig. 3.35. It can be evidenced that maximum average torques of approximately 3.8
Nm and 5.1 Nm can be obtained by HSR at no-load and on-load, respectively. Both torques are
also higher than YASA12/10 machine torque at rated current of approximately 2.8 Nm.
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(a) Harmonic spectra
Fig. 3.34 Comparison of LSR and YASA12/14 torques.

Moreover, the torque ripple of the proposed machine is significantly lower when compared to

YASA topologies, as can be seen in Fig. 3.34(b) and Fig. 3.35(b). It is clear that the LSR and
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HSR at no-load have the approximately the same torque ripple of 1.7 %. The torque ripples of

HSR and LSR at on-load are approximately 2 % and 1.5 %, respectively. However, the torque
ripple of YASA12/14 is 10 %, while Y ASA12/10 shows the higher value of approximately 25%.
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Fig. 3.35 Comparison of HSR and YASA12/10 machine torques.

Fig. 3.36 provides a comparison of the electromagnetic torque of YASA12/8 and the no-load and

on-load torques of the HSR at a relative angle of 90°. Moreover, Fig. 3.37 compares the torque
of the YASA12/16 machine with the torque of the LSR at different load conditions. It can be

concluded that the no-load and on-load of LSR torques have higher values of 4.5 Nm and

approximately 6 Nm, respectively while the torque obtained by YASA12/16 is approximately 3.2

Nm. On the other hand, when the HSR is considered as an output rotor, a no-load torque of 2.25
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Nm and an on-load torque of 3.5 Nm can be obtained by the HSR. However, the torque of
YASA12/8 is significantly lower than on-load torque of HSR of 2.4 Nm, which is slightly higher
than the no-load torque. Moreover, the torque ripples of YASA12/16 and the LSR at no-load are
approximately the same, at 25 %, while the on-load torque ripple of the LSR has the least value
of approximately 20%. However, YASA12/8 and the HSR at no-load have significantly higher
torque ripples of 66% and 50 %, respectively, whereas the HSR at on-load has a relatively low

torque ripple of approximately 35 %.
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Fig. 3.36 Comparison of no-load and on-load LSR and YASA12/16 machine torques.
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3.9 Summary

A novel axial flux magnetically geared machine has been presented in this chapter. The new
topology is developed by combining the YASA PM axial field machine with an axial MG. 12
pole pieces are chosen for the machine stator and the possible rotor pole number combinations
are investigated. It has been found that magnetically geared machines are subject to the restraints
of both PM machines and the magnetic gears. Two pole number combinations have been selected
for such a machine. To maximise the machine torque, the proposed topologies are first globally
optimised with the aid of 2D-FEA. Then, by using 3D-FEA, the influence of critical machine
parameters on the machine torque is investigated. It has been found that at constant machine
volume, the PM dimensions, slot opening and inner diameter have significant impacts on the
torque performance. Moreover, both topologies have been analysed to investigate the machine
performance at no-load. It has been concluded that both topologies have approximately sinusoidal
back EMF waveforms. However, compared with MG12/5-7 topology, MG12/4-8 has higher HSR
cogging torque as well as torque ripple due to the higher slot leakage flux. Moreover, the torques
at no-load and on-load of the proposed machine have been analysed. It is shown that MG12/5-7
has a significant torque quality as well as torque density at all conditions. Furthermore, by
adjusting the initial position of the output rotor pole axis, the armature current torque can be
added to the transferred MG torque with no effect on the input torque. In addition, the no-load
performance (i.e. flux linkage and back EMF) of the proposed machine have been compared to
the YASA machine. The torque performance of the AFMGPM machine at different load
conditions is also compared to the torque of YASA topologies. The simulation results show the
back EMF amplitude of MG12/5-7 is higher than YASA12/14 and slightly lower than
YASA12/10 when calculated at rated speeds. Moreover, compared with the YASA machine the
proposed machine can obtain a significantly higher torque density at no-load and on-load

conditions.
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CHAPTER 4

AXIAL FLUX MAGNETICALLY GEARED MACHINE FOR POWER
SPLIT APPLICATION IN HEVS

4.1 Introduction

With the merit of high efficiency, fuel economy and low emission, HEVs have been regarded as
the most realistic substitute for conventional fuel vehicles [MILO6]. 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 have the same problems as conventional
mechanical gears; namely, lubrication and mechanical loss [NIU13a]. To overcome these

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

Many radial magnetically geared machines have been introduced for various applications such as
HEVs [CHAO07], [ATAO08], wind power generation [JIA09], [JIA11] and so on. For HEVS, these
machines have the merit of smooth power flows from the engine to the driven wheels without
torque interruption caused by mechanical transmissions and are suitable to achieve power split
[JIA10], [NIU13b]. In general, only two AFMG machine topologies have been proposed for
power split applications in HEVs. In [TON14], an axial field magnetically geared machine has
two identical electrical ports and two different rotor constructions. Moreover, in [LAI16], an axial
magnetically geared machine with two different mechanical ports and two electrical ports with
different winding sets was also presented. Moreover, in [NIU14] an axial flux variable speed —
constant frequency (VSCF) is presented for power split in wind power application. The machine
has a stator of two primary and secondary windings with different distribution and different pole
numbers. The presented topologies suffer from inherently complex mechanical constructions as

well as dual inverters and controllers are required to control each stator individually.

In this chapter, the proposed 3-phase AFMGPM machine topologies introduced in Chapter 3 will
be analysed and studied to realise power split function in HEVs. The conventional HEV system
was described. Subsequently, the structure of the HEV system based on the proposed AFMG
machine is explained. Moreover, by utilising 3D-FE analysis, the proposed topologies are
analysed and compared at different operation modes. The machine performance at no-load and

on-load is investigated and compared.
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4.2 Proposed system of axial flux magnetically geared machine.

The power split system in HEVs has three main power components: the conventional ICE, the
electrical motor and the generator. A planetary gear is used to connect the power components
together (Fig. 1.3). The presented machine is proposed for variable speed HEV systems. The
machine can realise the function of planetary gear and conventional synchronous motor/generator
in conventional hybrid electric traction systems as clarified in Fig. 4.1. The proposed machine
operating condition can be classified into three operating modes, as can be seen in Fig. 4.2.

Inverter

ICE S
Magnetic D b Vehicle
clutch AFMG wheels

Machine

Fig. 4.1 Power split configuration in HEVs based on the proposed AFMGPM.

4.2.1 Power split mode (Mode 1)

In this case, either LSR or HSR is connected to the load, which is driven by the torque transferred
due to the magnetic gearing effect from the input mechanical torque. The MG machine in this
case operates as an MG to scale up/down the torque/speed of the prime-mover. Moreover, the

machine also operates as a generator due to the induced EMF on the stator windings (Fig. 4.2(a)).

4.2.2 Magnetically geared motor mode (Mode 2)

In this operating mode, the load is driven by the torque transferred from the mechanical prime-
mover utilising a magnetic gearing effect. In addition, the machine torque can be amplified by
the electric torque produced by the armature current flux when the rated current is injected into
the machine windings (Fig. 4.2(b)).
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4.2.3 Pure electric drive mode (Mode 3)

In this case, the relative angle between two rotors is zero. Moreover, the load will be driven by
injecting the rated current to the electric machine windings in which the machine works as a PM
machine to drive the demanded load (Fig. 4.2(c)).

Output Input
Elec. Power Elec. Power
Input Output Input tl Output
Mech. Power Mech. Power Mech. Power Mech. Power
(a) Power split (b) Magnetically geared motor
Input
Elec. Power

Output Output
Vech. Torque Mech. Torque

[l

(c) Pure electric drive

Fig. 4.2 Proposed machine operating modes.

4.3 Performance analysis of the proposed magnetically geared machine at different

operation modes.

In order to verify the proposed machine operation under the proposed applications, both MG12/5-
7 and MG12/4-8 should be analysed and studied at maximum relative angle between HSR and
LSR of 90 elec. deg. However, practical limitations have an effect here, since at 90 elec. deg. the
operation point at this angle is critical and is located at the end of the stable operation region, as
indicated in Fig. 3.26. Therefore, for HEV applications, the MG effect torque of the rotor
connected to the load (operation torque) must not reach its maximum value. For the proposed
application, the operation torque must always be located in the stable operation region. Therefore,

with the aim of obtaining maximum MG torque in the stable operation region, both rotors should
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be placed to have a relative angle between both rotors’ pole axes at value less than 90 elec. deg.(in
this case chosen to be 80 elec. deg). By utilising JIMAG-3D FE analysis, the performance of the
machine was verified and compared at no-load and full-load conditions at the selected relative

angle.

4.3.1 Flux linkage and back EMF

The no-load performance relative angle of 80 elec. deg. was firstly obtained and compared
between the two machines. The machine was simulated at open circuit and both rotors were
rotated at their rated speeds. It should be mentioned that the flux linkage and back EMF results
presented in Chapter 3 were obtained when the relative angle between HSR and LSR positions is
zero elec. deg. Fig. 4.3 shows the comparison of phase flux linkages between the two AFMGPM
machines when the relative angle is at its maximum value of 80 elec. deg. It can be observed that
the proposed MG12/5-7 has higher fundamental flux linkage amplitude of 13.5 mWhb since it has
a higher winding factor, while the flux linkage magnitude of MG12/4-8 is approximately 12
mWhb. Apparently, the phase flux linkage waveforms of the two machines are almost sinusoidal
and symmetrical and include a 3 harmonic component included as shown in Fig. 4.3(b).

The phase back EMFs and the spectra for the proposed topologies are compared in Fig. 4.4. Both
topologies have quasi-sinusoidal back EMF waveforms in which the 3™ harmonic exists.

However, the back EMF of MG12/4-8 contains more harmonics (the 5™ and the 7™ harmonics).

The back EMF induced in the stator windings is a result of the summation of the back EMF
produced by both rotors. This can be clearly explained by examining the back EMF contributed
by each individual rotor. Fig. 4.5 shows the back EMF induced in the machine windings due to
individual HSR and LSR for MG12/5-7. With the aid of 3D-FEA, the back EMF of the individual
rotors was calculated by examining the winding EMF induced by one rotor while the PM of the
other rotor was assigned as a vacuum. Meanwhile, each rotor is kept at the same initial position
as the maximum MG torque position. It is obvious that the angle between both back EMFs of the
individual HSR and LSR is 90 elec.deg, which is the same as the relative angle. The back EMF
amplitude of MG12/5-7 is approximately 2.6 V. Moreover, since both rotors’ EMFs contribute
to the total back EMF, Fig. 4.5 shows a comparesion between the simulated total EMF and that
calculated by the summation of the individual rotor EMFs of MG12/5-7. A good agreement was
found between both waveforms in which the difference is due to the saturation effect for the

simulated result.
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(a) Harmonic spectra
Fig. 4.3 Comparison of flux linkages for different rotor pole combinations at relative angle of

80 elec. degrees.
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(b) Harmonic spectra
Fig. 4.4 Comparison of phase back EMFs and corresponding harmonics for different rotor

pole combinations at relative angle of 80 elec. degrees.
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Fig. 4.5 Back EMF waveforms for individual rotors of MG12/5-7 at maximum relative angle.

It can be concluded that, practically, the relative angle between HSR and LSR depends on the
load driven by the magnetic gear. In other words, at light or no applied load, a relative angle of
approximately zero elec. deg. can be obtained. In this case, the flux linkage and the back EMF
amplitudes are maximised. However, the relative angle is increased with the load applied to the
output shaft. Therefore, since both rotors contribute to the total phase back EMF, the machine

back EMF decreases with the relative angle, as illustrated in Fig. 4.6.

4
% MG12/4-8
35 § -&-MG12/5-7
S 5]
[<5)
o]
2 >
= 2.5 1
=
<
2 .
15
1 T T T T T T T T

0 10 20 30 40 50 60 70 80 90
Relative angle (elec. deg.)

Fig. 4.6 Fundamental amplitude of phase back EMF variation against the relative angle.
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Moreover, the fundamental phase back EMF waveforms dominated by LSR (E;) and HSR (Ey)

can be expressed as

E (0) = Epy sin(6 — 6,) (4.1)

Ey(0) = Eyp sin(0 — 6y) (4.2)

where, 6,0, and 8y are the rotor position, LSR and HSR initial positions in electrical degrees,
respectively. E;,, and Ey,, are the amplitudes of LSR and HSR EMFs, respectively. Therefore,
since the total back EMF is contributed by both rotors, the total back EMF e, can be obtained by
the summation of (4.1) and (4.2)

e:(0) = E¢p, sin(0 — a) (4.3)

where, E,,, is the amplitude of the fundamental total back EMF and « is the phase shift which

both can be obtained as

Etm = \[ELZm + EI?Im + 2E;mEpmCos(6, — 0y) (4.4)

Epm sin(6,) + Eym sin(eH)> (4.5)

=t -1
@ an (ELm cos(8,) + Eyy, cos(8y)

It can be deduced that the maximum back EMF is obtained when the relative angle & is zero, in
which the total back EMF waveform is in phase with HSR and LSR EMFs. However, when the

LSR initial position is assumed to be zero elec. deg., and with § = 8, = 90°, the total back EMF

has the lowest amplitude and the waveform is shifted by a = tan™! (i”—m) elec. deg. Therefore,

Lm

when the EMF harmonics are ignored, according to (4.4) and (4.5), the total back EMF
amplitudes and phase shift of MG12/5-7 are approximately 2.6V and 52° respectively, whereas
the amplitude and the phase shift of MG12/4-8 are approximately 2.1V and 56° respectively, in

which the angle value a results are in good agreement with the results obtained from Fig. 4.5.
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4.3.2 Torque

As explained earlier, the angle between the HSR and the LSR is determined by the applied load.
However, when the load exceeds the maximum torque value, both rotors will slip, and the
machine performance will be unstable. Moreover, when the load torque increases higher than the
MG operation torque, the machine output torque is amplified with the aid of armature current
torque to boost the machine operation point to the stable area, as explained in Section 4.4.

The machine current is calculated by utilising (2.9).However, for the proposed application, the
end winding is considered for the winding length as well as the winding resistance at copper loss
of 30 W. The winding length can be calculated by the coil approximate dimensions as indicated
in Fig. 4.7. As can be seen in the figure, the mean winding length L, can be approximately

calculated by
Lo=2L.+71,+T; (4.6)

where L, is the coil active length, and 7, and ; are the lengths of the outer and inner end winding,

respectively.

Le

Fig. 4.7 Stator coil diagram and dimensions.

Fig. 4.8 shows the proposed MG12/5-7 machine torque produced by MG effect at relative angle
of 80 elec. deg., and the harmonic spectra (Mode 1) as well as the maximum torque when the
rated current is injected to the stator winding at the same relative angle, (Mode 2). Similarly, Fig.

4.9 shows the proposed MG12/4-8 torque performance at the same conditions.

According to Fig. 4.5, the LSR position is placed where the d- axis of its pole is aligned with the
axis of phase A. Therefore, according to the operation principle of synchronous machines, the
armature field only interacts with the PM field of LSR, which results in extra torque and torque

being transferred from HSR due to the gearing effect.
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(b) Harmonic spectra

Fig. 4.8 MG and on-load torques of MG12/5-7 at relative angle of 80 elec. degrees.

110



7
6
5
4
g,
Z ——Torque at rated current of 11.3 A (RMS)
7
% L —— Gearing effect torque
c
S LSR
0
—4 1 T T T 1 T 1 T T 1 1 1
0 30 60 90 120 150 180 210 240 270 300 330 360
Rotor position (elec. deg.)
(a) Waveforms
6
B Torque at rated current of 11.3 A (RMS)
LSR
B8 Gearing effect torque
% O Torque at rated current of 11.3 A (RMS)
e HSR { _
2. B Gearing effect torque
S

T T T T i’rrg‘ T T T T —
1 2 3 4 5 6 7 8§ 9 10 11 12
Harmonics

(b) Harmonic spectra

Fig. 4.9 MG and on-load torques of MG12/4-8 at relative angle of 80 elec. degrees.

Fig. 4.10 shows the relation between the machine average torque and the current angle at the
maximum relative angle. It is obvious that the torque produced by armature reaction can be
controlled by the current angle. On the other hand, the power or the torque produced by the
armature current can be split between the high and low-speed rotors by changing the current angle
between (0 to 90) elec. deg. Moreover, assuming that the d-axis of LSR in phase with the d-axis
of phase A, therefore, at the preferred relative angle, the torque can be added to LSR magnetic
gear torque when the current angle is 0°. In this case, the current is aligned with LSR EMF
waveform. In addition, by changing the current angle to its optimal value of 90 elec. deg., the

armature current torque will be added to HSR torque. Furthermore, at maximum torque exerted
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on a specific rotor, the armature reaction effect on the other rotor is negligible. In general, the
matching between MG torque of either HSR or LSR and armature current torque can be obtained

by the accurate choice of the relative angle and the stator’s current angle.
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3
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Fig. 4.10 Torque — current angle curves for proposed topologies at maximum MG torque.

Fig. 4.11 shows the machine electromagnetic torque due to the armature current and without
magnetic gearing effect for both topologies (Mode 3). Magnetic gearing effect can be cancelled
when the relative angle between both rotor poles is zero. On the other hand, the axes of both
rotors are placed to be aligned with the axis of phase A. This shows that the proposed machine

works as a conventional AFPM without utilising a magnetic gearing effect.
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(a) Harmonic spectra
Fig. 4.11 Comparison of armature current torques of the proposed machine at no MG effect and

at rated currents.

In addition, more investigations were carried out for the performance of the proposed machine
when two current angles are considered (0 and 90 elec. deg.). At optimal relative angle, the
current angle is adjusted to maximise the LSR torque when it is assumed to be output torque. The
LSR torque of the topologies is studied when the current angle is adjusted at zero elec. degrees
in which the armature current torque is added to the LSR MG torque. The output torques of the
proposed topologies with respect to current density were obtained. Fig. 4.12 shows the

comparison of the produced optimal torque against armature current density. Both topologies
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have liner versus current density relations. Moreover, there is a miner effect of armature reaction

on the HSR torque of both topologies.
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Fig. 4.12 Comparison of torque — current density relation for the proposed rotor pole

combinations.
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Fig. 4.13 Comparison of torque- copper loss relation for different rotor pole combinations.

Moreover, the relation between the machine torque and the machine copper loss was analysed
and compared, as shown in Fig. 4.13. Clearly, MG12/5-7 has higher torque compared to MG12/4-
8 over the copper loss range. The torque per total magnet volume with respect to the machine
current density is compared in Fig. 4.14, indicating that MG12/4-8 has higher LSR torque per
magnet volume than MG12/5-7 since more magnet volume has been used for MG12/5-7 with

shorter stator thickness, which was obtained through the machine’s optimisation.
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Fig. 4.14 Comparison of torque/magnet volume — current density relation for different rotor

pole combinations.

Similarly, the torque performance of the machine topologies is also studied when the current
angle is adjusted at 90 elec. deg. In this case, the armature current torque is added to the MG
torque of the HSR. The output torque of the proposed topologies as a function of current density
and copper loss were obtained and compared in Fig. 4.15 and Fig. 4.16, respectively. It is obvious
that the HSR torques are linearly proportional to the current density for both topologies.
Moreover, MG12/5-7 has higher torque over the copper loss range compared to MG12/4-8. Fig.
4.17 indicates the comparison of the torque per magnet volume as a function of current density
of both machines. It can be noticed that both topologies have approximately the same
performance when the HSR is assumed as output torque. MG12/5-7 has superior torque per
magnet volume performance over the current density less than 20 A/mm? while MG12/4-8 has
greater performance after such current density point. Moreover, there is no effect of armature

current on the LSR torque of both topologies when the current angle is adjusted to 90 elec. deg.
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Fig. 4.16 Comparison of torque-copper loss relation for different rotor pole combinations.
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Fig. 4.17 Comparison of torque/magnet volume — current density relation for different rotor

pole combinations.

It can be clearly seen that the relation between the machine torque and the current density is
linear. Therefore, a general equation for the machine torque can be expressed. The machine total
torque . consists of two torque components. The first is no-load magnetic gear torque, which can

be expressed by
TL = TH GT Sln(5) (47)

The second torque component is the torque produced by the armature current and can be

expressed according to (A.12) as
T, = Ky I cos(B) (4.8)

where K is the torque constant which depends on the machine dimensions and parameters and
B is the current angle. Therefore, when the MG torque is reached to its maximum value (relative
angle 6 = 80 elec. deg.) the machine torque can be maximised by applying current into the stator
windings. The total average torque of the magnetically geared machine can be presented as the
combination of (4.7) and (4.8) when the mechanical loss is ignored. Thus, at maximum angle &,
and d- axis of the LSR pole is aligned with the axis of phase A (8 = 0), the total average output

torque amplitude can be written as
TO = KT I + TH GT (4.9)

By considering HSR as output torque, the equation can be written by
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To= Krl+-- (4.10)
It can be concluded that at maximum MG effect torque (relative angle § = 90 elec. deg.) the
machine torque can be maximised by matching the armature reaction torque with the MG torque

utilising the current angle.

4.3.3 Axial force

The major force which should be considered in the machine analysis is the attractive force
between the rotor PMs and the stator core (the axial force). Fig. 4.18 compares the axial forces
exerted on the machine rotors at no-load and on-load conditions. It is worth mentioning that the
force is calculated at relative angle between HSR and LSR of 80 elec. deg. In this case, the d-axis
of the LSR and the d-axis of phase A are aligned, whereas the HSR is adjusted at 80 elec. deg.
with the reference of the LSR.

It can be seen that the average magnetic forces of HSR and LSR are unequal due to the unequal
number of rotor poles and hence different air-gap flux density. Moreover, the magnetic forces
applied on the HSRs are slightly increased at on-load condition due to the armature current flux
density, whereas the forces applied on the LSRs are approximately the same as that at no-load
condition since the d-axis of the LSR and the axis of phase A are aligned. Moreover, as can be
seen in Fig. 4.19, an unbalanced force exists on the machine stator since the force on the stator is

the sum of both rotor forces, but in opposite directions.

118



1000

800 POOODOTOOOCOTOTOTOTOTOOOTODOO0 OO 0UOTOTON]
K 3 K=K =X 3 K3 Fom Kompg T K K=K e M =D P KX i e K=K K ey H K= 6
600 -

{ ..... o On_load
= 400 - MGI12/5-T A - No load
Z x  On-load
2 200 1 1 or MGlZ/4-8{ _____ No load
e 0

200 4 HSR
400 4 e e e e,
o A VR st VS S P V8 e e A S T ViV 8 L bt
200 $POE0000000000000000000000000000000000000004
0 30 60 90 120 150 180 210 240 270 300 330 360
Rotor position (elec. deg.)
(a) Waveforms
800
4 B LSR-No-load
700 W A 1LSR-On-load
600 ; MG12/5-7 B HSR-No-load
2 B HSR-On-load
v
Z 500 4
) ; B LSR-No-load
8 400 ; @ LSR-On-load
S 7 MG12/4-8 B HSR-No-load
300 W S HSR-On-load
v
200
v
y
100 ¥
4
0 A . —— ; .
4 6 8 10 12
Harmonics

(b) Harmonic spectra
Fig. 4.18 Comparison of high and low speed rotor axial forces for different rotor pole

combinations at no-load and on-load.
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Fig. 4.19 Comparison of axial forces applied on stators for different rotor pole combinations at
no-load and on-load.

4.3.4 Losses and efficiency

With the aid of 3D-FEA and by utilising GKN SMC70H material for the stator and both rotor
cores, the loss within the stator and rotor of the proposed machine is analysed. Assuming constant
rotor rated speeds, and the relative angle at maximum value of 80° the iron loss is evaluated
based on the equation (2.12). Moreover, in order to estimate the magnet eddy current loss, the
magnet characteristics of NdFeB are assumed to be linear. A magnet permeability (ur) of 1.05, a
remnant flux density (Br) of 1.2 T and a magnet resistivity of 1.4x10° (Qm) are assigned to the
magnet. Moreover, the skin effect of the eddy current passing in the magnet is ignored since the

magnet skin depth is always higher than the magnet dimensions at the studied frequencies (see
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Appendix A). Fig. 4.20 shows the iron loss density distributions of both topologies at no-load. It
is evident that the stator poles have higher loss compared to the rotor back iron. The iron loss in
the rotor back iron of internal stator axial flux machines is always low since the flux passing
through the rotor core is DC. Therefore, the majority of rotor loss is contributed by eddy current
losses whilst the hysteresis loss is almost insignificant. In contrast, the iron loss is higher in
MG12/5-7 since the flux density of the stator pole and tooth tips are higher, as can be seen in Fig.
3.16. Moreover, eddy current loss distributions in the HSR and LSR magnets of MG12/5-7 and
MG12/4-8 topologies at no-load are plotted in Fig. 4.21 and Fig. 4.22, respectively. The majority
of PM eddy current losses are generated by the fundamental frequency of the magnetic flux due
to the slot opening of the stator. It can be concluded that LSRs of both topologies have higher

eddy current losses compared with HSRs.
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Fig. 4.20 No-load iron loss distribution for the proposed topologies.
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Fig. 4.21 No-load PM eddy current loss distributions of MG12/5-7.
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Fig. 4.22 No-load PM eddy current loss distributions of MG12/4-8.

Moreover, the iron and PM losses in AC machines are mainly caused by the flux fundamental
frequency variation. However, many of higher order frequency components must be considered,
which are more significant at higher speeds. The losses at different HSR speeds for MG12/5-7
and MG12/4-8 at no-load and on-load are calculated. It should be mentioned that since the
machine has two rotors with two different speeds, the losses are obtained with respect to the HSR
speed, which is the same for both topologies. Moreover, a constant copper loss of 30 W is
considered through the on-load loss calculation. Fig. 4.23 indicates the iron and PM losses
generated in MG12/5-7 machine at no-load and on-load conditions over the HSR speed. The
losses of MG12/4-8 are also illustrated in Fig. 4.24. It is clear that the stator iron loss rapidly
increases while the rotor iron loss slightly increases with the rotor speed. However, the stators
generate considerably higher iron losses compared with both rotor iron losses. The iron losses
somewhat increase at on-load condition since SMC is used for stator and rotor cores in which the
eddy current loss of such material is low. It can also be seen that eddy current loss generated
within the PMs increases with the rotor speed and further increases can be noticed at on-load
condition. The figures also show that the PM eddy current losses generated in the LSRs are higher
than those of the HSRs. In addition to the leakage flux between the magnets, more high order
sub-harmonics of the armature flux exist and rotate in the opposite direction of the LSR, which

generates more losses within the LSR magnets.
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Fig. 4.25 Comparison of total losses in the proposed topologies against frequency at different
load conditions.

Fig. 4.25 shows a comparison of no-load and on-load total losses as a function of the machine
HSR speed of both topologies. It can be noticed that the total losses for both topologies become
significantly high under high speed and on-load conditions. Moreover, the loss of MG12/5-7 is
slightly higher than MG12/4-8 over the HSR speed and all load conditions. The no-load flux
passing through the stator pole of MG12/5-7 is higher, as indicated earlier. Moreover, the currents
applied to the windings increase the magnet eddy current as well as iron losses since more flux

passes through the iron and also interacts with the magnet poles.

In addition, assuming constant copper loss of 30 W and constant rated rotor speeds at the
maximum relative angle of 80 elec. deg. and when the mechanical loss is ignored, the efficiencies
of both topologies are calculated and compared. Table 4.1 compares and summarise the obtained
losses, torque densities, efficiencies and power factors of the two topologies at rated speeds. It is
evident that the PM and iron losses are higher in MG12/5-7 since both the flux density and the
output torque are higher. However, MG12/5-7 has higher efficiency compared with MG12/4-8 at
the given copper loss. Moreover, the current densities of MG12/5-7 and MG12/4-8 are
approximately 9.5 A/m? and 8.5 A/m?, respectively. Therefore, the machine current density
values are in the range of forced air-cooled topologies. However, according to the machine
structure, air-cooled system may be difficult to set up since the air cooling system has thermal
limitations and the machine has a segmented stator. The design of YASA machine enables it to
be cooled by liquid passing through a series of pipes directly over the stator coils as indicated in
[CAM12]. Moreover, in [ZHAL6], a water-cooled YASA machine topology was analysed and a

prototype designed. In order to enable a higher electrical loading, a water-cooled system was
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designed for the prototype of the machine, as shown in Fig. 4.26. The cooling system consists of
copper pipes placed near the stator windings and surrounded by epoxy to improve the robustness
of the stator. Therefore, this cooling system is preferred and could also be used for the proposed
AFMGPM machine since it has the same structure as YASA machine.

Table 4.1 Comparison of machine losses and efficiency at rated current and speed

Parameters MG MG
12/5-7 12/4-8
LSR speed (rpm) 285.7 200
Torque density (kKNm/m?) 40 35
Mechanical output power (W) 195 119
Copper loss (W) 30 30
Rated current density (A/mm?) 9.5 8.5
PM eddy current loss (W) 0.30 0.26
Iron loss (W) 2.8 2.16
Power factor 0.7 0.54
Efficiency (%) 85.2 78.3

Copper pipe

Concentrated winding Stator segment
PEEK

Fig. 4.26 YASA machine topology and its cooling system presented in [ZHA16].
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4.3.5 Influence of machine size on power output

In addition to HEVs, the presented machine in this study is also suitable for other low speed high
torque applications, such as wind power generation. Several magnetically geared topologies have
been presented for such application, in which there wind turbine systems are convenient for the
proposed AFMGPM machine [SUNO08], [LUO17]. In [SUNO8], for wind power generation
applications, a magnetically geared machine with two mechanical ports and one electric port was
presented to replace the mechanical gear-box between an electrical excited generator and the
wind turbine. The primary shaft of the magnetically geared machine is connected to the wind
turbine while the generator shaft is connected to the secondary magnetically geared shaft. The
input power produced by the wind turbine could be split between the output shaft and the
electrical port which is connected to the power storage device by a converter. The power storage
is connected to the generator rotor by utilising an inverter and slip rings. In this case, when more
power is needed by the generator and the grid power is higher than the generator power, its power
can be regulated and boosted by the field current through the slip rings obtained by the power
storage device. In [LUO17], a magnetically geared topology with two rotors and a stator with
two winding sets was presented. Both rotors were connected to two blades rotating in opposite
directions. It has main and axillary windings to control each rotor individually to maximise the
generator power. Therefore, these methods is more suitable and can be utilised for the proposed
AFMGPM machine.

For the proposed machine, the output power at rated speed is quite low since its outer diameter
is very small. Therefore, the influence of the machine size and the possibility for higher power
applications will be discussed in this sub-section. From the conventional AFPM machine point
of view, it is evident that the outer diameter has a significant impact on the machine torque/power
at a constant speed since they are proportional with the cube of the outer diameter (T o D,?>)
[WOOO06]. In addition, it is obvious that with the increase of the machine size, the optimal
modular (slot)/rotor pole number combination and geometrical structure for largest output power
changes. However, for the sake of simplicity and discussion, the proposed MG12/5-7 machine is
simply scaled up since it has a larger output power than the MG12/4-8. The optimized topology
of MG12/5-7 is scaled in both radial and axial directions with the same scale factor as explained
in Fig. 4.27. Fig. 4.28 indicates the powers of the HSR and LSR and the corresponding machine
volume at different scale factors at the rated speeds. It is clear that the machine volume linearly
increases with the scale factor, and power significantly increases as the machine is scaled up.

Therefore, according to the obtained results, when the outer diameter and the axial length are
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scaled by 10, (i.e. Do=900 mm and Lx=250 mm), the output and the input power of 206 kW and
157 kW can be predicted, respectively.

Fig. 4.27 Volume scale method of the proposed topology.
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Fig. 4.28 Influence of machine volume on output power at rated speed.

4.4 Proposed control method of AFMGPM machine
For conventional magnetically geared machines with one stator located between two rotors, a 3-

phase distributed winding is always utilised. The windings have the same pole as the output rotor
to match the electromagnetic torque produced by the armature winding with the output MG
torque. However, concentrated windings are considered for the proposed topology and the LSR

is assumed as an output rotor which is connected to the drivetrain.

To investigate the control method of the proposed machine, the machine operation mechanism

needs to be explained with the aid of the relationship between the machine output torque and the
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relative angle between HSR and LSR as indicated in Fig. 3.26, which is represented in Fig. 4.29.
In order to ensure a stable operation of the machine at all loads, the maximum relative angle is
set at 80°. As described earlier, in the first operation mode, in which the machine functions as a
generator and an MG has the HSR handled by the ICE. The average output torque can be
explained by

Ty = (Tice—Thioss) Gr SIn(8) — Tposs (4-11)

where Ticg, Trioss and Tyioss are the engine torque, and LSR and HSR mechanical losses,
respectively. At light load applied to the output shaft, most of its power is converted to electrical
output power by the armature windings installed in the stator and the rest of the power is directly
transmitted through the output rotor shaft to overcome the mechanical losses and propel the
vehicle’s wheels. Moreover, with rising of the output power due to the wheel load torque, the
relative angle between both rotors increases and the machine MG torque follows the load torque
while the electric output power decreases. When the load torque reaches the maximum of MG
torque, the machine torque performance approaches the unstable operation area (Operation point
A), as explained in Fig. 4.29. In this case, the armature current torque is utilised to boost the
output torque and maintain the machine operating in the stable zone. In other words, as explained
in the figure, when the load torque increases to reach a value higher than the maximum MG
torque, (Point B), the armature current must be injected and follow the increase of the load torque.
However, the load torque must not exceed the machine rated torque (Point C) which is considered

in the design process. In this case, the output torque can be expressed as:

T = EELmImCOS(.B) (4-12)

0 2 + (TICE_THloss) Gr Sin(6) - TLloss
W

where I,,,,is the amplitude of the stator current.

Therefore, according to the machine operation mechanism, the control strategy of the proposed
machine can be explained as indicated in Fig. 4.30. For conventional PM machines, the rotor d-
axis can be defined as the position where the fundamental component of the flux reaches the
maximum. However, since the proposed machine has two rotors, the main objective is the
accurate estimation of the rotor initial position and the location of the d-axis of the output rotor
flux in the d-axis of the armature current flux. Therefore, according to the experimental
methodology applied and indicated in Chapter 6, there is a practical method of defining the initial
d-axis position of the rotor. It involves injecting direct current into the stator winding of phase A

while both rotors are free. In this case, both rotors are dragged to a position where the d-axes of
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the rotor and phase A are aligned. This position can be recorded by the controller as a reference

for rotor position estimation during normal operation.
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Fig. 4.29 Torque — relative angle limits of the proposed machine.

As the ICE is operating, its power is delivered to the wheels through the MG. During which
operating mode the battery can be charged by the back EMF induced in the stator windings.
Moreover, the HSR and LSR positions can be measured by resolvers to determine the relative
angle during the machine operation. However, when the wheels’ torque increases and reaches the
maximum limit of the MG, which can be also estimated by the relative angle (i.e. 80 elec. deg.),
a current is applied to the stator winding to overcome the load torque (Motoring mode). In other
words, the current obtained by the inverter is utilised to maintain the operation point at the
maximum relative angle. Therefore, the current is increased and decreased to keep the operating
point moving between points A and C according to the load torque, as indicated in Fig. 4.29. The
alignment between the d-axis of the armature current flux and the d-axis of the LSR PM can be
obtained by adjusting the current angle to be the same as the LSR angle obtained by the resolver.
In the last operating stage, when the torque applied to the wheels decreases under point A. In this
case, the stator current is reduced by the current controller to zero and the machine returns to the

MG and generation operating mode.
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Fig. 4.30 Control scheme of AFMGPM machine.
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4.5 Summary

In this chapter, the new axial flux magnetically geared machine for power split applications is
investigated. Combining an axial magnetic gear with a PM machine results in a new magnetically
geared machine which is capable of splitting or mixing the machine input power. Furthermore,
various operating modes of the proposed topologies were studied and investigated. It has been
shown that the mechanical input torque applied on either HSR or LSR can be scaled up or down
by utilising the proposed AFMGPM. Moreover, the output torque transferred by magnetic
gearing effect can be increased by the armature current torque. Furthermore, the electric input
power can be split into two mechanical output torques. The performance comparisons between
MG12/5-7 and MG12/4-8 under different operation modes show that both topologies have
significant torque density at no-load and full-load conditions. Nevertheless, MG12/4-8 has lower
torque and higher torque ripple compared to MG12/5-7. Moreover, regarding iron losses and PM
losses, a comparison between both topologies at no-load and on-load at different rotor speeds is
also performed. It has been found that MG12/5-7 has trivially higher core losses as well as PMs
eddy current losses. More stator flux and greater magnet volume are the main reasons for the
extra losses generated within MG12/5-7 geometry. Furthermore, with the rise of the machine
load, the output torque can be amplified by the armature current torque with the aid of the current
angle control which can be estimated from the output rotor position. In general, both topologies
have high torque densities, and both can realise the power split function in HEVs whereby the
proposed machine is capable of decoupling torque and speed between the conventional ICE and
the drive. The developed torque can be maximised by controlling the phase difference between

the armature current and the LSR back EMF waveforms to be zero.
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CHAPTER 5

INFLUENCE OF STATIC AND DYNAMIC ROTOR/STATOR
MISALIGNMENTS IN AXIAL FLUX MAGNETICALLY GEARED
MACHINES

5.1 Introduction

Axial flux PM machines have a unique shape in which the small separation between the rotor
plate and the stator face can be adjusted by an accurate bearing manufacturing. However,
manufacturing faults must be considered in axial machines assembling process [GUO17]. Similar
to conventional PM machines, axial flux magnetically geared machines are more susceptible to
manufacturing imperfections and structural deformations which may deteriorate the machines’
electromagnetic performance such as output torque, and introduce vibration and noise [GAS09].
Therefore, it is necessary to investigate the influence of manufacture tolerances on the

performance of this type of machine.

For most PM machines, rotor eccentricity is the most common issue, and can be classified into
static, dynamic (rotating) or combined eccentricity. Taking a radial flux PM (RFPM) machine as
an example, static eccentricity exists when the rotating axis of the rotor is shifted from the axis
of the stator and the smallest air-gap is fixed at one specific position. If dynamic eccentricity
exists in the machine, however, the position of the smallest air-gap changes as the rotor rotates
[ZHU13a].

The influence of rotor eccentricity in RFPM machine has been widely investigated in recent
years. In [ZHU13b], its influence on back-EMF and torque of a PM brushless machine is
analysed. The study indicates that static and dynamic eccentricities result in unbalanced three
phase back-EMFs without affecting their harmonics. In [ZHU14], the impact of static and
dynamic eccentricities on RFPM machines with different slot/pole combinations is examined.
The study states that machines with closely similar numbers of stator slots and rotor poles are
more sensitive to the effects of eccentricity than those with a larger difference between stator slot
and rotor pole numbers. In [WU13], unbalanced magnetic force (UMF) caused by rotor

eccentricity in radial PM machines has been investigated. It shows that, PM machines having
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asymmetrical stator windings, the magnitude of UMF increases with the pole number due to

static-dynamic rotor eccentricities.

In addition to rotor eccentricity and due to their unique geometry, AFPM machines have more
possible types of manufacture tolerances, such as rotor/stator axis misalignment, since the stator
and rotor are axially arranged. Rotor eccentricity in AFPM machines can be defined as angular
rotor misalignment in which the rotor tilts with respect to the stator. On the other hand, when the
rotor axis is shifted radially with respect to the stator reference axis, the rotor eccentricity can be
defined as rotor/stator axis misalignment [THI12]. With reference to AFPM machines, the
influence of rotor eccentricity has also been investigated in a number of papers [MIR123],
[MIR12b]. The influence of rotor/stator axis misalignment on AFPM machines was initially
investigated in [MIR12a]. In [MIR12b], the effect of static rotor angle misalignment on air-gap
flux density, back-EMF and the force of a single sided AFPM machine is investigated. The study
shows that rotor angular misalignment leads to distorted air-gap flux density distribution,
unbalanced back-EMF and uneven force. The effect of rotor/stator misalignment on the cogging
torque of a single-sided AFPM machine is discussed and experimentally verified in [THI16]. The
results reveal that rotor misalignment creates more cogging torque harmonics, which are
sidebands of the fundamental harmonic. Furthermore, in [GER14], the influence of rotor
imperfections on the forces and torques acting on the YASA machine is briefly investigated. The
study and experimental results show that the rotor angular and axis misalignments significantly
affect the rotor force and torque. Moreover, rotor defects increase the force on the machine stator
due to the unbalanced force produced by the rotors. Furthermore, in terms of the Y ASA machine,
the impacts of static and dynamic rotor angular and axis misalignments on no-load performance
are investigated in [GUO17]. An analytical method and experimental test are utilised to analyse
the machine back-EMF under rotor misalignments. The study indicates that angular misalignment
has a minor effect on the machine back-EMF. However, static and dynamic axis misalignments

change the amplitude and the phases of the machine back-EMF.

The possible rotor/stator misalignments for the magnetically geared machine are obtained in Fig.
5.1. In this Chapter, only LSR/stator axis and angular misalignments are considered. Since rotor
misalignment has not been investigated for AFMG machines, the influence of static and dynamic
LSR/stator misalignments on machine performance is investigated using 3-D FEA. The cogging
torques of HSR, LSR, and air-gap flux densities as well as back-EMFs are studied. Performance

comparisons of the machine under healthy, static and dynamic misalignment conditions are
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conducted. Additionally, the influence of LSR /stator misalignment on the transferred MG and
on-load torques are studied and compared with the healthy condition. Finally, the force exerted
in the machine parts is investigated and compared.

[ Rotor/stator misalignments ]

¥y ¥ ¥
HSR I | LSR I HSR and LSR I

Angular Rotor axis
Misalignment

Misalignment

No-load
Magnetic gear effect

On-Load
At rated current

[ Zero relative angle } [ Max relative angle ]

Fig. 5.1 Rotor misalignment categories of AFMG machines.

5.2 Static and dynamic LSR/stator misalignments

In general, there are two potential types of rotor/stator misalignments in axial flux machines. The
first is axis misalignment, which occurs when the rotor center line is offset from the center line
of the stator [MIR12Db]. The second is angular misalignment, in which the rotor and stator are un-
parallel. In this case, the rotor axis is angularly deviated with respect to the center of the stator,
and the air-gap width is uneven Fig. 5.2. The two types of misalignment are further categorised
into the following: static misalignment and dynamic misalignment. The static axis misalignment
may occur when the rotor bearing housing flange is defected; therefore, the LSR shaft geometry
center is offset in relation to the stator geometry center. In this case, the LSR rotates on its shaft’s
reference axis, as shown in Fig. 5.2 (a, b). Moreover, dynamic misalignments may occur, in which
the LSR geometry center is offset with reference to the center of the stator’s geometry and rotor

shaft. In this case, the LSR rotates around the stator geometry center (reference axis) due to a
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failed connection between the rotor disk geometry and its own shaft, as shown in Fig. 5.2 (c,d)
[LI16].

Misalignment angle
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Fig. 5.2 Models of LSR/stator misalignment.
5.3 Influence of LSR/stator axis misalignment on machine performance

With the aim of investigating the influence of LSR/stator axis misalignment on machine
performance, 3-D FEA is usually used. The LSR is offset by 2 mm in the x-axis, the LSR magnet
is offset over the stator outer diameter on one side and the stator outer diameter is offset over
LSR PMs on the opposite side. The machine performance (i.e. cogging torque, flux density, back
EMF and torque) is investigated under static and dynamic misalignments with reference to the

normal, healthy condition.

5.3.1 Cogging torque.

One of the decisive factors, which should be studied in the analysis and design of PM machines,
is cogging torque. The cogging torque T, exists in PM machines due to the interaction between

the PM magnetic flux harmonics and the angular variations of stator slots’ reluctance and can

essentially be described as in [AYDO03].

1 dR
Tc(0m) = —50)5 ¥l (5.1)
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where @, and R are the flux and reluctance of the air-gap, respectively, and @ is the rotor position.

In addition, the cogging torque waveform of a PM machine can be expressed as in [ZHUQO].
T, = z T, Sin(kN,6 + @) (5.2)
k=1

where T, and ¢, are the magnitude and phase of the k" harmonic component, respectively.
The cogging torque amplitude differs depending on the stator and rotor pole combinations. It has
been shown that PM machines with rotor pole and stator slot numbers differing by one have
significantly smaller cogging torque compared to those differing by two at normal condition
[ZHU13a]. Moreover, numerous methods have been investigated for cogging torque
minimisation in axial flux machines [AYDO07]. However, the cogging torque is significantly
exacerbated by the unavoidable manufacturing tolerance [GASQ9]. For the introduced magnetic
geared machine, the impact of static and dynamic LSR/stator axis misalignments on two rotors’
cogging torque is investigated. To calculate the cogging torque, the magnetic gear average
transferred torque between both rotors should be zero. This can be achieved by aligning one LSR
pole with one HSR pole (whereby the relative angle between HSR and LSR is zero). Moreover,
the HSR is driven with a constant speed of 400 rpm while the LSR speed is 285.5 rpm. As such,
the average torque produced from the magnetic gearing effect between both rotors is always zero.
Furthermore, it should be noted that since the machine has two rotors, the LSR and HSR cogging

torque periods are calculated with respect to their individual mechanical cycles.

Fig. 5.3 and Fig. 5.4 show the LSR and HSR cogging torques at static and dynamic misalignments
with the reference to the healthy condition, respectively. It is clear that LSR and HSR cogging
torques for the healthy model have periodic components with fundamental harmonics of 84" and
60" order, respectively, which can also be estimated by calculating the smallest common multiple
between ng and the rotor pole 2p [ZHUQO]. However, misalignment of the LSR/stator results in
LSR and HSR cogging torque modulation in which additional cogging torque harmonics are
created. It can also be noticed that native harmonics of the 14™ order for LSR and of the 10" order
for HSR appear due to static rotor misalignment (the multiple of rotor poles) while the native
harmonics of the 12" order for LSR and the 9" order for HSR appear due to dynamic rotor

misalignment, as shown in Fig. 5.3(b) and Fig. 5.4(b).
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Fig. 5.3 Comparison of LSR cogging torques at different LSR misalignment cases.

1

= |H|Q|E|E§| |ﬁ'| n
5 10 12 14 20 24 28 30 36 40 45 48 50 56 60 70 75 80 84

Harmonics

(b) Harmonic spectra

138



—Healthy = ——Dynamic —e—Static

que (Nm)

ing tor

Cogg

0 30 60 90 120 150 180 210 240 270 300 330 360

Rotor position (mech. deg.)

(a) Waveforms

0.06
W Healthy
0.05 & Dynamic
N B Static

0.04 -

Amplitude ( Nm)
o
e

=1

f=]

[\S)
1

0.01 ~ E‘
0.00 I-E'I , , | Eﬂ ..E E- EE e =R = i = E= B
1 5 7 8 9 1011 12 1520 25 30 35 40 45 48 50 55 60
Harmonics

(b) Harmonic spectra

Fig. 5.4 Comparison of HSR cogging torques at different LSR misalignment cases.

The cogging torque amplitudes for LSR and HSR at healthy conditions are different due to
different number of rotor poles and hence differing air-gap flux, as stated by (5.1) . On the other
hand, in terms of rotor misalignment, during the rotation of the HSR and LSR, the timing of LSR
pole/slot intersection is not symmetrical due to the shifted position of the rotor axis. Moreover,
in terms of dynamic LSR misalignment, the torque arms for each rotor pole vary as the rotor
changes its position [THI16]; therefore, the cogging torque waveform is distorted and the
amplitudes of the existing harmonics are changed, which results in additional harmonics.
According to (5.2), the additional harmonics are added to the existing harmonics, which results

in obvious changes in the waveform of the cogging torque.
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5.3.2 Air-gap flux density

To reveal the reason for the cogging torque being affected by rotor misalignment, the flux
densities at initial rotor position over the circumferential path of the middle air-gap corresponding
to LSR and HSR for all conditions are calculated and compared in Fig. 5.5 and Fig. 5.6,
respectively. It can be seen that the flux density of the healthy condition machine evidences odd
harmonics in addition to the fundamental order, e.g. 5", 9", 17" and 19" harmonics for LSR air-
gap and 7, 15" 17" and 19" harmonics for HSR. When LSR misalignment exists, the non-
uniform reluctance is greater on the side at which the rotor pole is offset over the stator’s outer
diameter and smaller at the opposite side as a consequence of the fringing effect, (Fig. 5.7).
Therefore, the non-uniform reluctance results in air-gap flux distortion. The amplitudes of the
fundamental harmonics of LSR flux (7™) and HSR (5" are obviously reduced due to the fringing
effect. Moreover, the number of additional field harmonics is increased due to static and dynamic
LSR misalignments, as can be seen in Fig. 5.5(b) and Fig. 5.6 (b). The additional flux sideband
harmonics around the LSR flux fundamental harmonics (i.e. 6", 8™) are significantly increased.
Moreover, the air-gap flux density waveform shown in Fig. 5.5(a) is shifted due to the rotor
shifting with respect to the circumferential middle circle over the air-gap. On the other hand, the
change in the HSR flux density is slighter compared to that of LSR flux density. The fundamental
sideband harmonic orders (4™, 6™) are marginally increased, as can be seen in Fig. 5.6 (b).
Therefore, it can be concluded that for PM machines, the flux distribution in the air-gap is
essentially non-uniform, which is the reason for cogging torque production. However, the air-gap
flux distortion caused by rotor misalignment contributes more undesired harmonic contents,

ultimately resulting in an increase in the machine cogging torque.
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Fig. 5.5 Comparison of flux density in the middle of the LSR air-gap at initial position for

different LSR axis misalignment cases.

141



—Healthy —=—Static ——Dynamic

M M
0 30 60 90 120 150 180 210 240 270 300 330 360
Rotor position (mech. deg.)

-
h
LA

1

Flux density (T)
o o

0
—_

1
[y
Lh

(a) Waveforms

1
=] W Healthy
=l .
= B Static
J =y .
0.8 =% & Dynamic
=
- -
) =
© 0.6 E%
4! =¥
= :g
=1 =
—_— -
= ] =N
g 04 =t
< =
=K =
= Z¥
0.2 1 EE Eg o
=l = =n
=¥ =¥ =
= =K =R
0 A = |

1 234567 8 91011121314151617181920
Harmonics

(b) Harmonic spectra

Fig. 5.6 Comparison of flux density in the middle of HSR air-gap at initial position for different

LSR axis misalignment cases.
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Fig. 5.7 Fringing flux due to shifting of the LSR.
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5.3.3 Back EMF

The influence of both static and dynamic LSR axis misalignments on the machine back EMF is
also investigated. Fig.5.8 indicates the calculated 3-phase back EMF waveforms and their spectra
in the static misalignment case. The back EMF waveform at static misalignment is slightly
changed compared to healthy back EMF. Static misalignment results in slightly unbalanced 3-
phase back EMF waveforms. More specifically, the amplitudes of 3-phase EMFs are unequal:
the back EMF of phase A has the largest amplitude: the largest amplitude phase depends on the
direction of rotor/stator misalignment. Unbalanced back EMF is due to unbalanced flux
distribution over the LSR air-gap attributable to rotor misalignment. Moreover, as can be shown
in Fig.5.8 (b), static axis misalignment only changes the harmonic component amplitude of the
back EMF with no changes to the harmonic contents. On the other hand, for dynamic LSR
misalignment, the 3-phase back EMF waveforms are slightly modulated: unbalanced for a full
electrical cycle, but balanced with respect to one mechanical cycle in which the 3-phase EMF
fundamental harmonic amplitudes are equal, as shown in Fig.5.9 (a). From Fig. 8 (b), it can be
seen that dynamic axis misalignment affects the harmonic amplitude and contents since more
harmonics (i.e. 5" and 9™) appear due to rotor rotation at dynamic misalignment. In general, the
decreases in 3-phase back EMF amplitudes are slight; therefore, more significant decreases are

expected in the case of higher rotor misalignment levels.
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Fig.5.8. 3-phase back EMFs at static LSR axis misalignment.
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Fig.5.9 3-phase back EMFs at dynamic LSR misalignment cases.

5.3.4 Torque

The HSR and LSR torques produced by both gearing effect and armature current of the proposed
machine at static and dynamic LSR/stator axis misalignments are studied and compared. The
torque transferred by the magnetic gear is calculated at maximum relative angle between both
rotors (90 elec. deg.) at no current. Moreover, the machine on-load torque can be obtained when
rated current is applied to the stator winding at maximum relative angle between both rotors. Fig.

5.10 shows the no-load magnetic gear torque response for static and dynamic LSR misalignments
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compared to the healthy torque performance. When LSR/stator axis misalignment exists, the

gearing effect torque of both rotors is significantly decreased, as shown in Fig. 5.10(a). Moreover,

the static and dynamic misalignments have the same effect on the torque performance. The

decrease in machine torque is due to the decrease in the flux density of the LSR air-gap.

Furthermore, the torque ripple for the healthy condition of both rotors is relatively small (i.e. 2%);

nevertheless, LSR static and dynamic misalignments increase the torque ripple of both rotors
(LSR 4%, HSR 6%), as shown in Fig. 5.10(b). On the other hand, the LSR misalignments have
the same effect on machine on-load torque as no-load torque. The change in the machine torque

here occurs for the same reason as the no-load case, as can be seen in Fig. 5.11.

Torque (Nm)

Fig. 5.10 Comparison of no-load magnetic torques at different LSR misalignment cases.
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Fig. 5.11 Comparison of on-load torques at different LSR misalignment cases.

5.3.5 Unbalanced force
The magnetic force affecting the machine parts at LSR/stator axis misalignment is studied. The

no-load magnetic force affecting the machine parts at LSR/stator axis misalignment is studied.
The major force which should be considered in the machine analysis under rotor / stator
misalignment is the attractive force between the rotor PMs and the stator core (the axial force).
The resultant air-gap magnetic force, F,,;,;, that acts in the axial direction on the rotor due to the

magnetic field distribution in the air-gap can be expressed as [HUAQO]
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Sy By (5.3)
20

Faxial =

where a,, is the ratio of the magnet surface area with respect to the air-gap area, and S, is the air-
gap’s surface area. For conventional internal stator axial flux machines, the magnetic forces
between the stator and both rotors are equal due to the equal distribution of air-gap flux density.
The force on one rotor is applied in the opposite direction to the other rotor. This results in an
equivalent and approximately zero force being applied on the stator. However, since the proposed
AFMGPM machine has two rotors with different pole numbers, an unbalanced force on the
machine parts is inevitable. As a result, the unbalanced magnetic force applied on the stator is
nonzero and has a specific value. Fig. 5.12 shows the comparison of the axial forces exerted on
the machine rotors for one mechanical cycle at healthy, dynamic and static misaligned LSR
conditions. It is worth mentioning that the force at no-load is calculated at maximum MG torque,
with the relative angle between HSR and LSR being (90 elec. deg.). It can be seen that the average
magnetic forces of HSR and LSR for the healthy model are unequal due to the unequal number
of rotor poles. Moreover, the magnetic forces applied on the LSR are slightly decreased compared
to the healthy topology due to the LSR axis misalignment. Moreover, as can be seen in Fig. 5.13,
the force applied on the machine stator decreases since the force on the stator is the sum of both
rotor forces, which are applied in opposite directions. Furthermore, the waveforms of the forces

of the machine parts are slightly modulated due to the distorted flux distribution in the air-gaps.

The X-Y forces exerted on all parts of the topology at different misalignment conditions are
calculated and compared in Fig. 5.14. It is clear that the forces in the x-direction applied on both
rotors increase and the LSR force has one x-direction: the same direction as the LSR shifting.
Moreover, the forces in the Y direction of all parts alternate over the rotor position and
dramatically increase compared to the healthy topology. Furthermore, the force behaviour at
dynamic axis misalignment for all parts is basically a repetition of the force behaviour at the static

condition whereby the misalignment direction changes at each rotor position.
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Fig. 5.12 Comparison of no-load magnetic axial forces exerted on the machine HSR and LSR at

LSR axis misalignment.
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Fig. 5.13 Comparison of no-load magnetic axial forces exerted on the machine stator at LSR

axis misalignment.
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In addition, the forces on the machine parts are studied at on-load when the rated current is applied
to the machine stator windings. Fig. 5.15 plots the on-load axial force applied on the machine
rotors whereas Fig. 5.16 indicates the axial force exerted on the machine stator. It is clear from
the results that static and dynamic axis misalignments at on-load have the same effect on the
machine forces at no-load. In general, the force applied on the machine parts at healthy condition
decreases due to the armature current flux. Fig. 5.17 indicates the x-y force components on the
machine parts. It is evident that the x-y forces applied on the HSR and stator change slightly due
to the LSR misalignment. In addition, the force variation on the LSR is of minor increment
compared to the force at no-load condition.
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Fig. 5.15 Comparison of on-load magnetic axial forces exerted on the machine parts.

152



70
z
8 —e—Healthy
£ 30 7 —e— Static
——Dynamic
20 -
10 -
0 T T T T T T T T T T T
0 30 60 90 120 150 180 210 240 270 300 330 360
Rotor position (mech.deg.)
(a) Waveforms
m Healthy Static Dynamic
2.0 | ;
o~ ’
z 1.6 1 ?'
3 5
E 1.2 A ;
= #
[=F i
g 05 1 ’
z a
0.4 - A
“ 7 7 i@ -
00 by coplwi i o W 0
1 6 8 12142428303642485660707275 84
T T w T T T T T T T T T T T T T
0 6 8 12 14 24 28 30 36 42 45 48 56 60 70 72 75 84
Harmonics

(b) Harmonic spectra

Fig. 5.16 Comparison of on-load axial forces exerted on the machine stator.
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Fig. 5.17 Comparison of on-load (x-y) forces exerted on the machine parts.
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5.4 Influence of LSR/stator angular misalignment on machine performance

For axial flux machines, angular misalignment occurs when the machine rotor is nonparallel to
the stator by a specific angle, as shown in Fig. 5.2. In this case, the air-gap thickness is non-
uniform over the circumferential rotor direction. The minimum and maximum air-gap thicknesses
are fixed over different rotor position at static angular misalignment, Fig. 5.2(b), while at dynamic
angular misalignment, the gap thickness changes according to the rotor position, Fig. 5.2(d).
Therefore, as can be seen in Fig. 5.18, the air-gap thickness G, is uneven. Thus, the air-gap
maximum thickness Gmax and the minimum air-gap thickness Gmin are exist due to LSR angular

misalignment.

Fig. 5.18 Rotor angular misalignment.

In general, the angular misalignment factor of axial flux machines can be calculated as [MIR12a]:

G — G
—max MR« 100% (5.4)

Misali t factor =
isalignment factor 26,

Therefore, the rotor misalignment angle a can be calculated as

G -G
a = sin~ ! (——2) (5.5)

Ravg
In this study, the influence of LSR angular misalignment is investigated at LSR deviated by angle
a of 0.5 degrees. Since the air-gap thickness and the average radius of 0.5 mm and 30 mm,
respectively, are considered, the machine performance is studied at a misalignment factor of

approximately 50%.

5.4.1 Cogging torque

Fig. 5.19 and Fig. 5.20 show the effect of LSR angular misalignment on the LSR and HSR
cogging torques with reference to the healthy condition, respectively. It is clear that modulation
appears on the LSR cogging torque in which additional cogging torque harmonics of the 14™

order and of the 12" order are created due to static and dynamic LSR angular misalignments,
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respectively. Moreover, the fundamental harmonic amplitudes of the LSR cogging torques

decrease at static and dynamic LSR / stator angular misalignments. Nevertheless, the fundamental

harmonic of the 60" order of HSR cogging torque increases at static angular misalignment and

increases further due to dynamic misalignment. In general, static and dynamic angular

misalignments have a minor effect on the machine HSR and LSR cogging torques compared to

the cogging torque of the healthy condition.
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Fig. 5.19 Comparison of LSR cogging torques.
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Fig. 5.20 Comparison of HSR cogging torques.

5.4.2 Air-gap flux density

Fig. 5.21 presents a comparison of axial flux densities at the LSR air-gap at static and dynamic
angular misalignments. It should be noted that the flux density is measured over a circumferential
path at mean air-gap radius and in the middle of the minimum air-gap thickness parallel to the
stator geometry. Fig. 5.22 indicates the influence of LSR angular misalignment on the HSR air-
gap flux density with reference to the healthy condition. It is clear that static and dynamic angular
misalignments have insignificant effect in terms of changing the LSR flux density profile.
Moreover, LSR angular misalignment has almost no effect on HSR air-gap flux density when

compared to the healthy condition.
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Fig. 5.21 Comparison of flux density in the middle of the LSR air-gap at initial position for

different LSR angular misalignment cases.
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Fig. 5.22 Comparison of flux density in the middle of the HSR air-gap at initial position for

different LSR angular misalignment cases.

5.4.3 Back EMF

The influence of static and dynamic LSR/stator angular misalignments on the back EMF is
investigated and compared with the healthy condition in Fig. 5.23 and Fig. 5.24, respectively. It
can be clearly seen that the influence of static angular misalignment on the 3-phase back EMF
waveforms is minor. More specifically, the amplitudes of 3-phase EMFs are slightly unequal over
one electrical cycle. Moreover, as shown in Fig. 5.24, the dynamic angular misalignment over a
mechanical cycle has almost no effect on the back EMF amplitude for 50% angular misalignment

compared with the healthy condition. Generally, higher flux linkages are linked to the phase coils
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since the rotor is close to the centre of the phase coils on one side. In addition, fewer flux linkages
are present in the phase coils on the other side. This results in a slight change in the total back
EMF since the drop in the back EMF on one side is compensated by the rise of the coils’ phase
EMF on the other side, as clearly indicated in Fig. 5.25 and Fig. 5.26.
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Fig. 5.23 3 phase back EMFs at LSR static angular misalignment cases.
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Fig. 5.24 3 phase back EMFs at LSR dynamic angular misalignment cases.
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Fig. 5.26 Comparison of coil phase back EMFs at LSR dynamic angular misalignment.

5.4.4 Torque

Fig. 5.27 and Fig. 5.28 show the effect of the LSR/stator angular misalignment on the torques at
no-load and on-load conditions, respectively. It is obvious that the average torque of all conditions
is slightly affected by static and dynamic angular misalignments. However, Fig. 5.27 (b) and Fig.
5.28 (b) confirm that the rotor angular misalignment distorts the profile of output torque and
inherently results in slightly higher torque ripple compared with the healthy condition. Overall,
the static and dynamic angular misalignments have a trivial effect on the machine HSR and LSR

torques at no-load and on-load conditions.
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Fig. 5.27 Comparison of magnetic torques exerted in the machine rotors at LSR angular
misalignment.
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Fig. 5.28 Comparison of the on-load torques exerted on the machine rotors at LSR angular
misalignment.

5.4.5 Unbalanced force

The no-load magnetic force is examined at maximum relative angle between HSR and LSR. Fig.
5.29 indicates the axial force applied on both HSR and LSR, and Fig. 5.30 plots the axial force
performance applied on the stator at static and dynamic angular misalignments with reference to
the healthy condition. It can be noticed that there are no significant changes to the total average
force affecting the machine parts since the change in flux density is negligible. However, the
axial force at static angular misalignment slightly decreases for all parts. In addition, the angular
misalignments excite a lower order of the forces (frequency subharmonics) whose frequency

orders are the same as the pole numbers and slot numbers. Moreover, Fig. 5.31 shows the x-y
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forces affecting the machine HSR, LSR, and the stator. It is clear that the force applied on the

machine parts rises negligibly compared to the force at healthy condition.
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Fig. 5.29 Comparison of the no-load axial forces exerted in the machine rotors.
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Fig. 5.30 Comparison of no-load axial force exerted on the stator.

Similarly, the predicted on-load force performance applied on HSR and LSR at different angular
misalignment modes is compared in Fig. 5.32. It can be seen that the HSR forces of static and
dynamic angular misalignments remain relatively unchanged, whereas the LSR forces have a
relative increase and their ripples increase, whereby more low frequency subharmonics are
created, as shown in Fig. 5.32 (b). Moreover, Fig. 5.33 illustrates the force applied on the stator
at different LSR angular misalignments at on-load. It is obvious that both static and dynamic LSR
angular misalignments affect the profile of the force applied on the stator compared with the

healthy mode. This is due to the force applied on the LSR increasing due to the angular
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misalignment, since the force applied on the stator is the summation of both rotors’ attractive

forces.
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Fig. 5.31 Comparison of no-load (x-y) forces exerted on the machine parts.
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Fig. 5.32 Comparison of the on-load axial forces exerted on the machine rotors.
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Fig. 5.33 Comparison of the no-load axial forces exerted on the stator.
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Fig. 5.34 Comparison of electromagnetic (x-y) forces exerted on the machine parts.

Table 5.1 summarises a comparison of the simulation results between the effects of LSR axis and

angular misalignments under different load conditions on the machine performance which
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indicates that, the LSR/stator axis misalignment has a significant effect on the performance of the

axial flux magnetically geared machine compared with angular misalignment.

Table 5.1 Comparison of machine performances with and without LSR eccentricity.

(a) No- load (Relative angle =0°)

Healthy Stator/rotor Misalignment Angular misalignment
HSR LSR HSR LSR
HSR LSR ] ] ] ] ] ] ) )

Static Dynamic Static Dynamic Static Dynamic Static Dynamic

Cogging torque native 60 81 10 9 14 12 60 84 60 84

harmonic order
Cogging torque native
harmonic amplitude 0.03 0.06 0.053 0.044 0.088 0.072 0.037 0.045 0.058 0.056
(Nm)
EMF amplitude (V) 3.59 35 347 3.58 3.59

(b) No- load (Relative angle =90°)

Healthy Stator/rotor Misalignment Angular misalignment
HSR LSR HSR LSR
HSR LSR

Static Dynamic Static Dynamic Static Dynamic Static Dynamic

A"er?,%‘;:)‘"q“e 3.78 5.30 3.45 3.45 483 483 3.76 3.75 5.25 5.24

X Force 014 | 053 | 1408 | 1765 | 495 27.47 2.28 7.12 1.15 11.80

amplitude (N)
Y Force 033 | 053 | 1343 | 1775 | 1104 | 2736 | 265 | 2650 | 567 | 2924
amplitude (N)
Zfo';‘;’:ﬁ\%e 6539 | 7702 | 66094 | 66110 | 753.49 | 75362 | 656.14 | 65430 | 77256 | 769.54
(c) On-load (Relative angle =90°)
Healthy Stator/rotor Misalignment Angular misalignment
HSR LSR HSR LSR
HSR LSR
Static Dynamic Static Dynamic Static Dynamic Static Dynamic

A"er"a%‘?nt)orq”e 3.68 6.85 3.32 3.32 6.25 6.24 3.65 3.66 6.80 6.80

X Force amplitude | ; 053 14.19 17.84 175 2951 2.22 7.09 2.16 14.33
(N)

Y Force(,"’\‘lr;"p"t”de 044 | 056 13.14 17.87 12.95 29.77 2.89 7.15 6.48 14,55
Z Average force (N) | 719.53 | 767.00 | 723.83 | 72387 | 75487 | 754.88 | 72158 | 719.65 | 771.83 | 768.83
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5.5 Summary

The influence of static and dynamic LSR/stator misalignments on the performance of axial flux
magnetically geared machine has been analysed using 3-D FEA with reference to the healthy
case. Two misalignments types in which axis LSR misalignment and angular LSR misalignment
are considered. It is found that rotor/stator axis misalignment results in additional cogging torque
harmonics due to the additional air-gab flux density harmonics. Moreover, air-gap flux density is
sensitive to rotor/stator axis misalignment. Furthermore, the amplitude and the harmonic
components of the back-EMF are slightly changed, in which the degree of such change depends
on the stator/rotor axis misalignment distance. In addition, the effect of the LSR misalignment on
the magnetic gear torque and on-load torque has been studied. It is shown that the machine torque
is obviously decreased by static and dynamic LSR/stator axis misalignments. Also, the attractive
force applied on the machine HSR, LSR and stator is sensitive to all conditions of axis
misalignment. In addition, the influence of static and dynamic LSR/stator angular misalignments
on the performance is also examined for the proposed machine. It is clear that, the angular
misalignment has insignificant effect on the machine performance. In contrast, the performance
at no-load and load conditions under axis and angular LSR/stator misalignments can be

summarised as follows:

1- The HSR cogging torque fundamental harmonic orders significantly increase by
approximately 70 % at static axis misalignment and 50 % at dynamic axis misalignment
whereas the HSR cogging torques at static and dynamic angular misalignments increase

by approximately 20% and 50 %, respectively.

2- The LSR cogging torque increases by approximately 40 % at rotor static axis
misalignment; however, the cogging torque for LSR decreases at dynamic axis
misalignment and angular misalignment. In these cases more low order sub harmonics

(i.e. 12" and 14™) are created.

3- The three phase back EMFs slightly unbalance at static rotor axis misalignment and
negligibly change at dynamic axis misalignment and angular misalignment. The
unbalanced phase back EMFs depend on the misalignment level in which the unbalance

is increased when the rotor axis shifting increases.

4- The torques at no load and on-load at maximum relative angle decrease due to static and
dynamic LSR axis misalignments. However, the effect of LSR angular misalignment on

the average torque is negligible with reference to the healthy condition.
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5- The no-load and on-load axial forces due to LSR axis and angular misalignments have

the same performance whereby the change is insignificant.

6- The X and Y forces applied on all machine parts are sensitive to the LSR axis
misalignment. However, angular misalignment has a lower effect compared with axis

misalignment.

Finally, since a proportion of the rotor PMs are overhung relative to the stator poles when
axis misalignment exists. This results in the flux density decreasing in addition to the leakage
and fringing flux which occur with such overhung magnets. However, angular misalignment
has insignificant effect on the machine performance. This is due to the air-gap flux density
being fairly changed since the air-gap flux density at the position of the minimum air-gap
length increases and decreases at the other side. This results in a uniform phase flux linking
the windings and hence insignificant effect on the back EMF.
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CHAPTER 6

PROTOTYPE MACHINE DESIGN AND VALIDATION OF
EXPERIMENTAL RESULTS

6.1 Introduction

Using the principles outlined in the theory of axial flux machines and axial flux magnetically
geared machines elucidated in the previous chapters, a prototype machine was designed and
fabricated. The constructed prototype is a modification of the optimised model. Due to
mechanical constraints, several dimensions of the prototype machine were modified (i.e. stator
tip thickness and inner diameter). Moreover, due to manufacturing difficulties, the machine stator
and both of the rotors pole were designed to be rectangular. The manufactured machine allows
reassembly and modification of the main components of the machine’s structure. Since the
proposed axial flux magnetically geared and conventional YASA machines are similar in
structure, the prototype was designed so that the magnetically geared machine with two different
rotor poles and the conventional YASA machine with two identical rotor poles could be
assembled by sharing the same stator. Moreover, with the same dimensions as the prototype
machines, FE models were established utilising 3D-FE software for validation of experimental

results.

Stator poles - 10 pole stator

14 pole rotor

10 pole rotor

(a) Magnetically geared machine (b) YASA machine

Fig. 6.1. Prototype machines: 3D-views.
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This chapter firstly presents the manufacturing process of prototype machines, and then the
experiment results and the corresponding analyses of the proposed magnetically geared prototype
and YASA machines. Fig. 6.1 shows the 3D model views of the final designs of the proposed
magnetically geared and YASA machine prototypes. The conventional YASA machine
(YASA12/10) was assembled and tested, with two 10 pole identical rotors of which were
physically connected to each other. By replacing one rotor of the Y ASA machine with 14 poles,
the proposed magnetically geared machine (MG12/10-14) was also assembled and tested. Finally,
a performance comparison of the proposed machine and the conventional YASA machine was
performed.

6.2 Prototype dimensions and manufacturing process

The prototype machine is an axial flux permanent-magnet machine with two surface-mounted
PM rotors and one stator configuration. Fig. 6.2 shows the full-scale prototype machine parts
before and after assembly. Table 6.1 presents the dimensions and parameters of the proposed
magnetically geared and conventional Y ASA prototypes. The stator pole is comprised of stacked
laminated steel sheets. A concentrated winding was placed over each individual stator segment,
as shown in Fig. 6.2(a). The segments were combined with high strength fibreglass material to
form the machine stator, as shown in Fig. 6.2(b). In addition, the phase stator winding has four
coils connected in series and the three phase windings are connected in a star formation. The rotor
is a disk type iron rotor made of non-laminated mild steel with a set of N35SH magnets arranged
on the surface utilising a tufnol sheet holder and adhesive glue, as can be seen in Fig. 6.2(c) and
(d). The rotor disk was placed in an aluminium holder connected by a sliver steel shaft via a set
of screws to allow the rotor disk to be changed if needed. Both rotor shafts were adjusted on two
holder frame disks with two ball bearings on each side. By assembling the stator and both rotors
using an aluminium outer frame, the magnetically geared and conventional Y ASA machine could
be individually assembled sharing the same stator and one rotor. The main parts and the complete
structure of the prototype are shown in Fig. 6.2(e) and (f), respectively. Moreover, the prototype

design diagram can be examined in detail in Appendix D.
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(a) Stator pole with and without coils (b) Stator

(e) Prototype’s main components (f) Complete prototype structure

Fig. 6.2. Prototype machines.
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Table 6.1. Prototype machine dimensions and parameters

Parameter Value Parameter Value
HSR pole pair no. (pn) 5 LSR pole width (mm) 10
LSR pole pair no. (pi) 7 LSR pole height (mm) 20
No. of stator slots (ns) 12 Rotors back iron thickness (mm) 3
No. of coils /phase 4 Stator pole height (mm) 20
No. of turns /phase 168 Conductor diameter (mm) 0.71
Air-gap width (mm) 0.5 Winding resistance /phase (£2) 0.5
Axial length (mm) 30 Winding inductance /phase (mH) 0.54
Stator (Di) (mm) 48 Packing factor 0.5
Stator (Do) (mm) 88 Max. rated current (A) 6
HSR pole thickness (mm) 3 AFMGPM gearing ratio (Gr) 1.4
HSR pole width (mm) 14 Magnet material N35SH
HSR pole height (mm) 20 PM remanence By (T) 1.21
LSR pole thickness (mm) 3.5 Iron material Mild steel

6.2.1 YASA machine design and validation of test results
A prototype of the YASA machine was firstly assembled for experimental tests; specifically, the
no-load and on-load tests. The machine was assembled with a 3-phase 12-pole concentrated

winding stator and two identical 10 pole rotors physically connected to each other.

6.2.1.1 Cogging torque

The cogging torque of the prototyped YASA machine was measured and compared to the
predicted results obtained by FEA by adopting the measuring method described in [ZHUOQ9b] and
with the aid of the test rig displayed in Fig. 6.3. The rotor shaft was connected to a balance beam
to measure the force produced by the prototype with the aid of a digital weight scale. In this case,
the rotor was stationary whereas the stator was fixed to the jaws of the lathe machine which could
be freely rotated to vary the rotor position. Moreover, a pre-load weight was located on the beam
above the digital scale to keep continuous attachment with the digital scale when the position was

changed. This method allowed for measuring of different weights on the digital weight scale as
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the stator position was changed. Subsequently, the torque was measured using the following

equation:
Torque (Nm) = ([Scale reading] — [pre-load weight] (Kg) x Beam length (m) x 9.81(m/s?) (7.1)

Fig. 6.4 shows a comparison between measured (MEA) and predicted (FEA) cogging torques of
the YASA prototype machine for half electric cycle. It should be noted that the measured cogging
torque was slightly modulated due to manufacturing tolerances. Additionally, misalignment
between the machine stator and rotors was identified which might be the most influential
manufacturing tolerance on the measured results as explained in CHAPTER 5. As can be seen in
Fig. 6.4(b), according to the results obtained from the FEA of the prototype model, the rotor/stator

misalignment can be predicted as approximately 0.7 mm.

T ; {_J”
Prototvpe machine =

T

Pre-load
Digital -

scalg \
g

Fig. 6.3. Prototype test rig.
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Fig. 6.4. Comparison of predicted and measured cogging torques of YASA machine for half

electrical cycle.
6.2.1.2 Back -EMF

The phase back EMF of the YASA prototype was measured at the rated speed at 400 rpm by
utilising an external prime-mover. Fig. 6.5 shows a comparison between the obtained three-phase
back EMF of the prototype, and the predicted result. It is clear that the amplitude of the measured
back EMF waveform of approximately 6.7 V is slightly lower than the predicted value of

approximately 7.0 V, in which the difference between the peak values is approximately 5%.
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Moreover, the three-phase measured back EMF waveforms are approximately symmetrical, as

shown in Fig. 6.5 (b). Furthermore, the back EMF for each coil of phase (A) was also measured

and compared (see Fig. 6.6). It obvious that the phase back EMFs of the coils are slightly different

amplitudes, possibly due to manufacturing tolerance (see Fig. 6.6(b)). However, the difference

between the back EMFs of the coils has only a minor effect on the total phase back EMF.
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Fig. 6.5. Comparison of the predicted and measured phase back EMF of the YASA machine at

400 RPM.
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Fig. 6.6. Comparison of the predicted and the measured phase back EMF waveforms of phase
(A) coils at 400 RPM.

6.2.1.3 Static torque

The prototype static torque was also measured and compared with the FEA result. The prototype
on-load static torque was measured using the same method described for cogging torque. The
only difference between static torque and cogging torque measurement is the presence or absence
of current during excitation, respectively. However, by supplying the stator windings with DC

currents inwhich (I.=I, Iv=I.=—Y2I), the static electromagnetic torque can be measured. Fig. 6.7(a)
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shows the comparison of the predicted and measured static torque at different currents. Moreover,
the relationship between the stator current and the measured maximum torque is plotted in Fig.
6.7 together with the corresponding FE result. A good match between the measured and predicted
results was clearly obtained in which the measured and predicted torque constants are
approximately 0.36 and 0.37, respectively.
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Fig. 6.7. Comparison of the predicted and measured static torque of YASA machine.
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6.2.2 Magnetically geared machine prototype and validation of test results

A prototype of the magnetically geared machine was assembled for experimental tests. It was
done by replacing one 10-pole rotor of the YASA machine prototype with a 14-pole rotor. Both
rotors were held to an aluminium holder with two ball bearings, and an axial thrust bearing was
used in between the rotor shaft centres to allow free rotation of both rotors at different speeds.
The stator with concentrated windings was kept the same as YASA machine. The complete
prototype and the prototype dimensions are shown in Fig. 6.2 and Table 6.1. In addition, the
connection way between two rotors is presented in detail in Appendix D.

6.2.2.1 Cogging torque

The individual cogging torques of HSR and LSR were firstly measured with the aid of the test
rig shown in Fig. 6.3. The same method of cogging torque measurement of the YASA machine
was used for the magnetically geared machine. However, one rotor was connected to the balanced
beam while the other rotor was able to freely rotate. By changing the stator angular position, the
cogging torque at different rotor positions could be measured for each rotor. Fig. 6.8 shows the
measured and predicted LSR cogging torques for the proposed magnetically geared machine.
Similarly, Fig. 6.9 shows the measured and predicted HSR cogging torque. It is obvious that the
predicted cogging torques of LSR and HSR are relatively small. However, due to manufacturing
tolerances, accurate measurements were difficult to achieve for HSR and LSR cogging torques.
Moreover, the cogging torque for the FEA model was analysed and compared with the measured
result to identify the type of rotor manufacturing tolerance. Therefore, it should be emphasized
that the prototype should have a mix of manufacturing imperfections, in which slightly uneven
gap between both rotors and the stator were detected. Nevertheless, according to the FEA result,
the rotor/stator misalignment has the most significant effect on the cogging torque. As can be
seen in Fig. 6.8 and Fig. 6.9, both LSR and HSR misaligned with the machine stator which were

predicted of approximately 0.7 mm and 1 mm respectively.
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Fig. 6.8. Comparison of measured and predicted LSR cogging torques.
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Fig. 6.9. Comparison of measured and predicted HSR cogging torques.

However, since the magnet shape has been changed for manufacturing consideration, the machine
cogging torque is expected to be changed. It is clear that utilizing a rectangular magnet
significantly increase the HSR cogging torque amplitude, whereas the cogging torque of the LSR
is reduced by utilizing a rectangular magnet shape as shown in Fig. 6.10 and Fig. 6.11,

respectively.
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Fig. 6.10. Comparison of predicted HSR cogging torques for different magnet shapes.

—HSR- Sector-FEA
T ——HSR- Rectangular-FEA

L
¥

0 30 60 90 120 150 180 210 240 270 300 330 360

Rotor position (elec. deg.)

(a) Waveforms

BHSR- Sector-FEA
B HSR- Rectangular-FEA

1 2 3 4 5 6 7 8
Harmonics

(b) Harmonic spectra

9 10 11 12

187



0.13

—+—LSR- Sector-FEA
——LSR- Rectangular-FEA

W
Y

0.09 -

=

<

h
1

ey
il il

Cogging torque (Nm)
=
=

TV
-0.03 ) 11 A \ v Wiz 4 ‘-a._ v 4 e |
aiARsSARAR
-0.07 A
-0.11 T T T T T T T T T T T
0 30 60 90 120 150 180 210 240 270 300 330 360
Rotor position (elec. deg.)
(a) Waveforms
0.07
LSR- Sector-FEA
0.06 1 EISR- Rectangular-FEA
E
Z 0.05 1
3
& 0.04 A
8
%ﬂ 0.03 ~
e
& 0.02 1
0.01 +
o T S
0.00 e T T R S

1 2 3 4 5 6 7 8 9 10 11
Harmonics

(b) Harmonic spectra

Fig. 6.11. Comparison of predicted LSR cogging torques for different magnet shapes.
6.2.2.2 Back -EMF

The phase back EMF of the magnetically geared prototype was measured when a rotation speed
of 400 rpm was given to the HSR. Fig. 6.12 indicates the measured three phase back EMFs
compared to the predicted FEA result: Fig. 6.13 shows a comparison of the phase (A) coils back
EMPFs. It is obvious that the measured and predicted back-EMF amplitudes are approximately
5.9V and 6.2V, respectively in which a good validation was obtained where the difference
between the measured and the predicted EMF amplitudes is approximately 5 %. Moreover, the

amplitude of the predicted back EMF for each coil is 1.57 V while the measured amplitude is
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slightly different for each coil, whereby the average amplitude is approximately 1.56 V.
Furthermore, the unbalanced amplitude of the coil back EMF has a minor effect on the phase

back EMF amplitude as each reduction on coil EMF amplitude is compensated by the coil on the

opposite stator side.
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Fig. 6.12. Comparison of the predicted and measured phase back EMFs of the magnetically

geared machine at rated speeds.
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Fig. 6.13. Comparison of the predicted and measured phase back EMF waveforms of phase (A)

coils of the magnetically geared machine at rated speeds.
6.2.2.3 Static torque

With the aim of validating the MG ratio of the proposed prototype, the no-load MG torque was
initially measured. Both HSR and LSR were connected to an individual beam. The stator was
kept stationary while different forces were applied to the HSR by applying different weights to
the HSR beam. The HSR force and position were measured along with the corresponding LSR
MG static torque with the aid of a digital scale, as indicated in Fig. 6.14. The torque was

calculated with the same method used in the YASA machine calculation. The predicted and
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measured HSR and LSR static torques at different rotor positions are indicated in Fig. 6.15. It is
evident that the MG ratio between LSR and HSR is approximately 1.40, and a good match
between predicted and measured results has thus been obtained.

Rotor position scale

Fig. 6.14. Magnetically geared prototype no-load static torque test rig.
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Fig. 6.15. Prototype predicted and measured HSR and LSR static torques at no-load.

The static torque at on-load was also examined with the aid of the test rig shown in Fig. 6.3 and
the same static torque measuring method described for the YASA machine. It should be
mentioned that due to HSR and LSR have different pole number, the static torque for the proposed
magnetically geared prototype was measured for each rotor individually. To do this, one rotor

was fixed in place to the stator with a clamp which was fixed into the jaws of the lathe machine,
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as indicated in Fig. 6.16. The other rotor shaft was connected to the balance beam to measure the
force produced by the prototype using a digital scale. In this case, the rotor was stationary, and
the fixed stator and rotor were then rotated at the same relative position to vary the other rotor’s
position. The prototype on-load static torque was measured by supplying the stator windings with
a DC current (Ia=I, Iv=Ic=—%I). Moreover, to maximise the on-load LSR/HSR torques, the d-axis
of the fixed rotor pole and the phase (A) stator pole had to be aligned. Fig. 6.17 indicates different
HSR relative positions for instance with respect to the stator position and the corresponding
measured and predicted static LSR torque results. Clearly, the LSR static torque reached its
maximum value when the d-axis of the fixed HSR and d-axis of phase (A) were aligned (Position
1) while the torque had a trivial decrease at Position 2. However, the peak torque is at minimum
value at Position 3, in which the d-axis of the HSR pole differs by 90 deg. elec. from the axis of
phase (A) (18 mech. deg.). Moreover, Fig. 6.18 illustrates the flux line of the armature current
and the fixed rotor fluxes at different positions. It can be seen that at positions 1 and 2, the stator
pole and the rotor pole are facing each other in which the flux passes to the stator pole is
maximised. However, at position 3 the rotor pole flux is partly passing between the rotor pole
and the stator, and high circulating leakage flux exists at this position. Therefore, Position 1 for
the fixed rotor was always adjusted for the static torque measurement of the other rotor. This
position can be practically obtained by applied DC current into the winding of phase A while
both rotors are free. In this case both rotors are dragged to the position where the d-axes of both

rotors and the d-axis of phase A are located at the same line which is the same as Position 1.

Rotor2 1 | —Connected to a
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X) Al (& ® A2 (x
| - Fixed into lathe
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BN Rotorl i |

Stator and rotor pole axes

Fig. 6.16. Alignment of the fixed rotor pole and stator pole positions.
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Fig. 6.18. Main flux and leakage flux lines of fixed rotor.

The measured and predicted LSR static torques at different stator currents are firstly compared
in Fig. 6.19(a). When the stator winding is fed a specific current, electromagnetic torque can be
obtained, and the total torque increases further as the LSR position changes. Moreover, the
maximum torque linearly increases with the current and the predicted and measured torque
constants are approximately 0.19 Nm/A, and 0.18 Nm/A, respectively, as can be seen in Fig.
6.19(b). Similarly, a comparison between the measured and predicted HSR static torques at
different stator currents is shown in Fig. 6.20(a). In this case, the rotor was stationary, and the
fixed stator and rotor were then rotated at the same relative position to vary the other rotor’s
position. It is clear that the HSR has the same characteristics of the LSR torque and the torque is
also prepositional to the stator current where the predicted and measured torque constants are
approximately 0.15 Nm/A, as shown in Fig. 6.20 (b). Furthermore, a good validation between

measured and predicted results for LSR and HSR torques has been achieved.
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Fig. 6.20. Comparison of the predicted and measured HSR static torques

However, according to the obtained results shown in Fig. 6.19 (b) and Fig. 6.20 (b), the magnetic
geared prototype has a slightly lower peak torque at all current values. This may be due to
manufacturing tolerances, such as stator/rotor misalignment, which thus results in considerable

torque reduction.
6.3 Performance comparison of magnetically geared and YASA prototypes

Following the prototyping and testing of the proposed magnetically geared and YASA machine,
a performance comparison between the machines’ results and the FE results was carried out. The
main objective of the comparison is to investigate the feasibility of improving the machine

performance by combining the MG machine with a conventional PM machine.
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6.3.1 Cogging torque

A comparison of the measured and predicted cogging torques of the proposed MG12/5-7 and
Y ASA prototypes is performed. The cogging torques of the LSR of AFMGPM and YASA12/10
machines are compared in Fig. 6.21, whereas Fig. 6.22 shows a comparison between the HSR
and YASA12/10 cogging torques. It is clear that the predicted LSR cogging torque of the
proposed machine has the lowest cogging torque amplitude of 0.06 Nm while amplitudes of the
measured HSR and Y ASA cogging torques are approximately identical of 0.1 Nm.
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Fig. 6.21 Comparison of cogging torques for the proposed magnetically geared machine LSR
and YASA machine.

197



0.5
0.4 -
0.3 -

—*—YASA-MEA = ----- YASA-FEA
—e—HSR-MEA  =---- HSR-FE

Cogging torque (Nm)

_0.5 T T T T T
0 30 60 90 120 150 180
Rotor position (elec. deg.)
(a) Waveforms
0.14
YASA-MEA
0.1 A OHSR-FEA

BHSR-MEA

Cogging torque (Nm)

A=

Harmonics

(b) Harmonic spectra

Fig. 6.22 Comparison of cogging torques for the proposed magnetically geared machine HSR
and YASA machine.

6.3.2 No load back -EMF

The no-load phase back EMFs of the magnetically geared machine and YASA machine
prototypes were performed and validated with the 3D-FE results. To do that, the YASA prototype
and the HSR of the AFMGPM prototype are driven by a prime-mover at 400 rpm. Fig. 6.23 shows
a comparison of predicted and measured back EMFs of YASA machine together with AFMGPM
machine. It can be evidenced that, the phase back EMF amplitude of YASA machine is slightly
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higher for the predicted and measured values, being approximately 7V and 6.7V, respectively.
Whereas, the AFMGPM machine has the predicted and measured back EMF amplitudes of

approximately 6.2V and 5.9V, respectively.
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Fig. 6.23. Comparison of phase back EMFs for the proposed magnetically geared machine and

YASA machine rated speeds.

6.3.3 Static torque
Fig. 6.24 shows a comparison of the static torque of YASA machine and LSR of the magnetically

geared machine at half-load and full-load whereby the LSR of magnetically geared machine is

assumed as output rotor. Similarly, Fig. 6.25 shows a comparison of the static torque of YASA
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machine and HSR static torque of the proposed magnetically geared machine. It is evident that

for both prototype machines, the measured and predicted results are in good agreement. However,

maximum torques of LSR and HSR are significantly higher than those of the conventional YASA

machine maximum torque at the same current. The MG effect noticeably increases the torque

density since the resulting torque of the magnetically geared machine is the summation of the

armature current and MG effect torques.
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Fig. 6.24. Comparison of measured and predicted torques of LSR and YASA12/10.
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6.4 Summary

In this chapter, following the operation principles of a magnetically geared and YASA machine,
prototype machines were fabricated for experimental tests. Both machine structures were
investigated and the experimental methodology fully described. The results at no-load and on-
load were measured and compared with the FEA results. Finally, the measured and predicted
results for the proposed magnetically geared machine and Y ASA machine at no-load and on-load
have been compared. The measured results indicate that the YASA machine has a slightly
superior performance at generating mode, whereas the axial flux magnetically geared prototype
has significantly higher torque at the motoring mode compared with the conventional YASA
prototype. Therefore, the torque density of conventional AFPM machine can be improved by
combining the MG machine with such AFPM machine. However, the dynamic control of the
machines with double rotors is difficult in term of both control and test rig setup. A test rig with
two torque transducers and controllers must be utilized to determine the position of both rotors.

Therefore, due to the time and equipment limits, it cannot be done for the moment.
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CHAPTER 7

CONCLUSIONS AND FUTURE WORK

7.1 Conclusions

Research has shown that among the AFPM topologies the YASA machine has the merits of
unique structure and superior performance, and can be used for various applications. Different
rotor pole combinations of the YASA machine with the same stator pole have been optimised
and the performance comparisons have been carried out. The proposed axial flux magnetically
geared machine is then designed based on Y ASA topology by utilising two rotors with different
poles. In order to investigate the performance of the proposed axial flux magnetically geared
machine for HEVs applications, the 3D-FE models were utilised to optimise the topology for
maximum output torque. The optimisations have been presented, together with some design
guidelines to achieve the design objectives. Two topologies have been studied for the new
machine, the first of which employs an HSR of 5 pole pairs and an LSR of 7 pole pairs, rotating
at speeds of 400 rpm and 285.7 rpm, respectively. Meanwhile, the second topology employs an
HSR of 4 pole pairs and an LSR of 8 pole pairs that rotate at 400 rpm and 200 rpm, respectively.
The influence of the machine parameters on the machine HSR and LSR torques was then studied
comparatively. The proposed topology for power split applications in HEVs has also been
investigated. Various operating modes of the proposed topologies were studied comparatively.
Moreover, in order to examine the machine under the proposed application, some practical
considerations have been taken into account. A method for matching the armature current torque
with the output MG torque has been described. The machine can realise MG and generator
functions (power split) in which the applied input mechanical torque can be scaled up or down,
while an electrical power can be obtained by the stator windings to charge a battery. The output
torque, which is delivered by magnetic gearing effect, can be increased by an adjustment of the

armature current torque through current angle control.

It was found that at the same stator pole number, the torque performance of the YASA machine
increases with the rise of rotor pole number since the slot opening has a significant effect on the
improvement of the obtained torque. Moreover, at constant AFMGPM machine volume, the PM
dimensions, slot opening, and inner diameter have significant impacts on the torque performance.
In addition, the proposed topology has balanced and sinusoidal back EMF since asymmetric EMF

is a common problem in many configurations of magnetically geared machines due to the
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imbalance in the magnetic circuits of the windings. However, the topology with an HSR of 4 pole
pairs and an LSR of 8 pole pairs showed high leakage flux that results in low power factor and
hence lower electrical output power at generating mode. In addition, at motoring mode of the
proposed machine, the current should be applied when the initial relative angle is approached to
90° for superior performance. When the current is applied at a small relative angle, the input rotor
is affected by the armature current torque, which results in a portion of this torque being added
to the input torque. Therefore, a method for controlling the machine under the proposed
application was described. It has been shown that at motoring mode, the armature current is
utilised to keep the machine operating point at the stable region during the changing of the load
torque. In addition, the performance of each AFMGPM topology was compared to its YASA
machine counterparts at different load conditions. The comparison shows that a higher torque
density and a significantly lower cogging torque can be obtained by the proposed machine
compared with the YASA machine counterparts since the proposed machine has a gearing effect

torque in addition to the armature reaction torque.

Moreover, rotor/stator misalignment, which is one of the most significant aspects in terms of
manufacturing tolerance for AFPM machines, has been studied for the proposed MG12/5-7
machine. The influence of static and dynamic LSR/stator misalignments on the performance of
the proposed machine was analysed and compared with reference to the healthy case. Regarding
the two misalignment types considered -axis LSR misalignment and angular LSR misalignment-
it was found that, with reference to the previous researches on conventional AFPM topologies,
the effects of rotor misalignment on the magnetically geared and conventional AFPM machines
are approximately the same. The LSR/stator axis misalignment results in a fair reduction in the
average torque due to the fringing flux and additional cogging torque harmonics caused by the
additional air-gap flux density harmonics. A slight change occurs in the 3-phase back-EMF
waveform, with the degree of such change depending on the misalignment distance. This study
also examined the influence of LSR/stator angular misalignments on the performance of the
proposed machine. The results clearly indicate that angular misalignment has an insignificant
effect on the machine performance compared with LSR/stator axis misalignment since the study
has been carried out at low misalignment factor due to the air-gap being small and the studied
angular misalignment being limited by the gap distance. More effects of the influence of angular
misalignment such as unbalanced back EMF and cogging torque may be expected at larger air-

gap width.

204



Finally, prototype machines of the proposed AFMGPM machine and the YASA machine were
designed and fabricated for experimental tests. Both machines shared the same stator comprising
12 poles and the same 10 pole rotor. The AFMGPM machine prototype could be assembled by
replacing one rotor of the YASA machine with a rotor of 14 poles. The experimental methodology
was then fully described. It has been shown that the static torque can be measured using the same
methodology as for the conventional PM machine. This can be done by keeping both the stator
and one rotor stationary while the rotor position is changed by the other rotor. Moreover, the
results of both prototypes at no-load and on-load were measured and validated with the FEA
results. The measured results indicate that both prototypes have sinusoidal and approximately
symmetrical 3-phase back EMF waveforms and the YASA machine prototype has a slightly
higher phase back EMF amplitude since the magnetically geared topology has two rotors with
different pole pairs. The AFMGPM machine has significantly higher maximum torque compared
with the YASA prototype, which demonstrates that the torque density of the conventional AFPM

machine can be improved by combining the MG machine with this type of axial flux machine.
7.2 Future work

The aim of this thesis was achieved as the proposed machine demonstrated the expected
electromagnetic performance. However, as a result of this work some research areas for future

development have emerged and are presented as follows:

e During the optimisation process for the proposed machine, the slot opening of the stator slots
was assumed as identical for both the HSR and the LSR sides. It has also been shown that the
slot opening has an important effect on the machine performance. However, since the rotor pole
arcs of both rotors were unequal, individual optimisation of the slot opening of each stator side
should have an impact on the leakage flux as well as the material volume of the machine.
Therefore, the machine performance such as torque, iron loss and power factor at generating
and motoring modes can be expected to be improved when the slot opening is optimised
individually. Moreover, investigations of the slot opening effect for different gear ratios which
can be obtained by other stator / rotor pole combinations (for example, stator with segments of
18 poles), which have more potential rotor pole combinations according to the MG operation
principle should be conducted. Undertaking a comparative study of machines with different
stator segments, examining the effect of the slot opening width for different stator/rotor poles
on the gearing effect performance, and predicting which stator/rotor combination can be
combined with conventional machines to design a magnetically geared machine with high

quality performance is also recommended. Optimisation of the machine parameters including
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air-gap width is essential for this study and a comparative electromagnetic performance can be
carried out under different slot opening of both sides of the stator at different air-gap widths.
This investigation would be a good reference for axial flux magnetically geared machine design

and therefore recommended for future work.

¢ Regarding machine design, surface mounted PMs with axial magnetisation were considered for
the machine topology in which the NdFeB magnet was utilised. Therefore, it would be
interesting to conduct further investigation and performance comparison for various PM
arrangements, such as flux focusing PM, consequent pole and Halbach permanent magnet
arrays, since these arrangements have been utilised for MG topologies and the investigations
show that such topologies have high performance potential. Additionally, while it has been
proved that the flux focusing type has the merit of high air-gap flux density, with the aim of
reducing cost, it would also be interesting to investigate the machine performance with different
rotor PM arrangements utilising different magnet types which have low remanence, such as
Ferrite magnets. Many aspects can be investigated for these topologies. Regarding the magnet
type, a performance comparison can be conducted between surface mounted PM machine,
consequent pole, and Halbach PM array. By introducing a consequent pole, the PM material
would be reduced. In addition, a high torque density could be obtained by Halbach array
according to the previous topologies. On the other hand, the performance of these topologies
can be compared with different low cost PM materials. Therefore, these topologies can be
optimised utilising 2D-FEM, then, with the aid of 3D models, the performance of different
machine topologies (i.e. back EMF, torque, torque ripple and efficiency) should be compared

and investigated.

eFor HEV application, further investigation is recommended of a real driving cycle by
undertaking the control model of the machine under various patterns such as acceleration and
deceleration and preferably in a typical driving cycle of the HEV. Control strategy of this kind
of machine has been describe and the control design is highly recommended. The first part of
the method should be to describe the machine’s dynamic equations and the main control
method. Additionally, practical issues, such as the dynamic start up function, the rotor position
estimation, and the performance of the speed/torque control should be considered. Furthermore,
a control model for the proposed machine utilising MATLAB simulation of the machine under

electric vehicles environments would be recommended for future work.

e The design and analysis of the machines presented in this thesis have been restricted to

electromagnetic performance: thermal and mechanical aspects were not covered due to time
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constraints. For these types of machines in which a modulator with windings is located between
two rotors, a cooling system may be difficult to set up when the machine is operating at high
electrical load. Thus, a thermal analysis should be studied through the design process.
Moreover, the machine suffers from high axial force applied on the machine stator due to
different rotors. Therefore, these aspects are vital to the design. A study can be conducted using
FEM analysis of the machine topology. A thermal lumped circuit method can be also conducted
and then compared to the results obtained by FEM. Moreover, the investigation of the
mechanical aspects such as the forces applied on the rotor back iron and the shaft bearing are
important for the machine mechanical design. By calculating the stress applied on the machine
rotors, the force acting on the rotor shaft and then the bearing system can be estimated. Since
both thermal and mechanical studies are important for axial flux topologies, they are

recommended as worthy topics for future work.
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APPENDIXES

APPENDIX A.

THEORY OF ELECTROMAGNETIC AND DESIGN METHODOLOGY

A.1 Introduction

This section firstly presents the principle of electromagnetic design of PM machines followed by
the optimisation procedures used in this study. The methodology used for studying the machine
under investigation in this thesis is then presented, including design assumptions, the finite
element method setting, and optimisation processes.

A.2 Basic magnetic principle of PM machines
A.2.1 PM magnetic flux density

In PM synchronous machines, the PM is the main flux source since the torque production is
proportional to the flux. The machine’s magnets can be located either in the rotor or stator. The
magnetic flux density obtained by the PM can be classified as having two components. One is
the normal component (residual) which is therefore due to the PM material characteristics during
the magnetisation process. This value is constant and does not increase with the applied magnetic
flux intensity. The second component of the flux density is caused by the external magnetic flux

intensity. Therefore, the flux density obtained by PM material can be given by:
By = By + popir Hyy (A1)

where B, and u, are the magnet remanence and the relative permeability, respectively. The
typical flux density characteristic of the magnet can be presented in the second quadrant of its B-
H curve (demagnetisation curve) as indicated in Fig. A.1. The magnet demagnetisation curve has
a straight line which can be presented by (A.1), and the flux density at zero excitation is the
remanent flux density B,. When external excitation is acting against the magnet flux, the flux
density collapses to zero and the corresponding magnetic field strength in this case is known as
coercivity H.. The behaviour of PM can be obtained in terms of the relationship of the magnetic
flux density Bn and the magnetic field strength Hy, (Operation point). This point changes along

the demagnetisation line according to the air-gap length and the stator demagnetisation flux.
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Fig. A.1 Demagnetization curve of PM material.

For surface mounted PM rotors, a simplified method can be used to calculate the operating point
of the demagnetisation characteristics of the magnet. This method is described for application to
the proposed axial flux surface mounted PM topology. Fig. A.2 shows the radial cross-section of
the proposed topology where the flux paths are indicated. Utilising the flux path scheme, the air-
gap flux density can be derived from the following equation [HAN94]:

VxH=] (A2)
By assuming that the stator and rotor iron have infinite permeability and when the magnet leakage

flux is neglected, the topology no-load axial flux per pole can be approximated and expressed by:
HpLy +HyLy =0 (A.3)

where: H,, and H, are the magnetic flux intensities in magnet and air-gap, respectively. L,, and
Ly are the length of the magnet and air-gap, respectively. The air-gap flux density B, can be
obtained in terms of its magnetic field intensity by B, = u,H,, where p, is the vacuum
permeability.

From (A.3) and (A.1), the PM flux density can be derived as:

Bng

By = By — Uy Im

(A.4)

When the leakage flux is neglected, the flux passing through the air-gap ¢gis equal to the PM
flux ¢,,, and the PM flux density in terms of air-gap flux density can be expressed as:
bm = ¢g
(A5)
BpAm = ByA,

Substituting (A.5) into (A.4), the operating PM flux density is:
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By

B = —T7an (A.6)

Tir g a,

When the PM and the air-gap areas are assumed to be approximately the same (a,, = 1) this leads

to:
B
Bpn =By = — A7
1+Hrﬁ ( . )
= - , -a Rotor
W S N ]
Flux ] A ] ] .
path T Stator (bv Air-gaps
N S ]
W » Rotor

Fig. A.2 Axial cross section of double rotor AFPM topology.

However, when the stator phase winding is fed by current I, (A.3) can be rewritten as
HpLy + HyLy = NI (A.8)
Therefore, the PM flux densityB,,, in the air-gap with the presence of stator excitation is expressed

by

. Ag L, NI

By = —po An L, (Hn — m) (A.9)

This indicates that the air-gap line explained in Fig. A.1 moves parallel to the original load line

by approximately (_L—NI), and the operating flux density is further reduced to a new value of B,,,

(Fig. A.1).
A.2.2 Electromagnetic torque production

With the presence of current-carrying stator coils, a linear current density in a conducting medium
induces alternating field strength outside the surface. This linear current density (A) corresponds
to the tangential magnetic field. The torque can be obtained by the tangential force acting on the
rotor disc produced by the armature current flux, which can be calculated according to Ampere’s

equation [GIE08]
dFy = A(r)(B, x dS) (A.10)

where Byis the average air-gap flux density produced by the rotor magnet and, dS is the surface
element. A(r) is the RMS linear current density which is a function of the radius and can be

expressed by
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A(r) = mgls (A.11)

where: m and N are the number of phases and the number of turns per phase, respectively. I is
the stator phase RMS current. By assuming that dS = 2mrdr, and considering the fundamental

winding factor kw, the average electromagnetic torque can be in general represented by

mNkyIs
nr
R, (A.12)
T = 2mNI, kagf rdr = mNI k,,B, (R3 — R})
R;

dT = rdFr = A(r)(By X 2nr?dr)= (By X 2mr2dr)

A.3 Design and analysis methodologies of axial flux machines

For radial machines, 2D-FEM has been utilised to optimise and analyse the machine topologies.
The accurate electromagnetic study of axial flux machines requires a 3-D model FEM due to the
inherent 3D geometry and flux distribution [PAR05], [MARO08]. However, for many researchers
this is not preferred method since it is time consuming. Therefore, numerical analysis and 2-D
FEA have been used as alternative solutions for machine analysis [VANO3]. In this thesis, both
2-D and 3-D analyses are utilised. For the machine optimisation, a 2-D FEA model is developed
for the proposed axial flux machines by utilising ANSYS Maxwell software. In addition, the 3D
model based on the optimal dimensions obtained by 2-D FEA is designed and analysed utilising
JMAG 3-D software.

A.3.1 Design assumptions and constant parameters

Before beginning the design and analysis of the proposed axial flux machine, certain initial
constraints must be considered. In fact, every design has its practical constraints, and these differ
with the type of application. It is well known that a machine’s inner and outer diameters are the
two most important design parameters. Since, the outer diameter is always limited by the system
of the application, and the ratio of inner to outer diameter (split ratio) needs to be considered as
it has a crucial impact on the machine characteristics. Generally, the torque/power of the machine
can be maximised for a given machine diameter at a given speed. By considering the simulation
time of the machine model as well as the manufacturing costs, the outer diameter of the proposed
machine was selected to be 90 mm with axial length of about 25 mm. Moreover, in the case of
small machines, the number of stator poles is mostly limited due to the reduced available winding
space. Therefore, 12 segments are selected for the stator poles since this number is preferred for
small machines and the machine is proposed for low speed application. On the other hand, the

machine stator current is calculated by considering constant copper loss of 30 W. This value is
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selected for the proposed machine according to the previous prototypes which have been built in

the university laboratory and allow for the maximisation of the efficiency.

A.3.2 Design and analysis methodology of 2-D models

The axial flux machines can be calculated analytically or by 2-D FEM approximation. 2D-FEA
is based on taking a 2-D plane of the model at a specific radius value. The modelling can be
executed by a radial cutting plane at the axial machine average radius, which is then analysed
into a 2D radial or linear model [GIR08]. In the current study, where a 2-D linear topology is
considered: if the corresponding radial topology had been utilised for the proposed machine
which has two rotors, an accurate PM angle and its stator side slot opening for the inner rotor
might not been obtained. Therefore, a 2-D plane was obtained using a linear machine, as
described in Fig. A.3.

(a) Axial flux machine model

T — Ty —

(b) Linear model of the proposed axial machine.

Fig. A.3 Process of the 2-D plane approximation.

For axial flux machines, normally a symmetrical section of the machine is modelled to reduce
the simulation time. The results can therefore be multiplied by the symmetrical machine sections
which can be used for YASA machines. However, the proposed AFMGPM machine is not
symmetrical since it has two different rotors, which means that the machine has to be completely
designed and modelled. As indicated in the figure, the axial length Ly of the axial machine is the

same as the width of the linear topology. The total length L of the linear topology is the same as
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the circumferential length of the axial topology at the mean diameter (Dm), and can be calculated
by:

L =mnD,, (A.13)
where the mean diameter Dr, is obtained by the inner (Din) and outer (Dout) diameters of the axial
topology.

_ Dy + Doyt (A.14)

Dm 2
Moreover, the machine’s circumferential lengths can be converted to linear with the same
method; for example, the rotor and stator pole pitches for the linear model 7 ,,, can be calculated
utilising the axial flux machine stator pole pitch angle and the rotor pole pitch angle 6; ,,as:
(A.15)

where 6, and 6, are measured in radius, in which all the machine arcs need to be converted
utilising (A.15). The 2-D software was used for global optimisation of the proposed machines in
this thesis. During the optimisation process, the machine volume was kept constant (constant
outer diameter and axial length). Fig. A.4 shows the no-load flux line results of the 2-D model

design of the proposed machines utilising 2-D FEA.
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(b) MG12/5-7 machine
Fig. A.4 Flux lines of the 2-D model of the machines under study.
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A.3.3 Design and analysis methodology of 3-D model

Since the radial edge effects is not considered when the 2D model of axial flux machine is
developed, 3D-FEM was preferred for accurate analysis. Due to asymmetric shape of the
proposed topology, a full 3-D model is designed with the aid of IMAG software. The optimal
dimensions produced by the 2-D model are utilised for the design of the 3-D model for the
proposed machines. The machine has constant outer diameter and axial length of 90 mm and 25
mm, respectively. Electromagnetic analysis of the proposed machines has been implemented
using a non-linear FEM model with time step simulation. The software settings used to perform

the performance of the machines is described as follows.

The software is prepared for the proposed topologies analysis. A transient response analysis is
chosen since the MMF and the rotational motion of the rotors have time varying phenomena. In
order to calculate the machine performance involving rotational motion, a mesh generation has
to be obtained. The mesh generation in 3-D models involved division of the motor model to a set
of elements to define the machine’s geometry. Moreover, each part in the machine constriction
may be defined by a different generated mesh size according to the behaviour of the flux passing
through the machine element. For radial machines, a slide mesh function could be selected to
generate a mesh in the air-gap. However, in JMAG software, automatic meshing of the
surrounding air volume of the model is offered. The meshing of an axial model could be generated
automatically according to the position of the moving part at each analysis step. The meshing for
stator and rotor parts is created once, while the mesh of the air-gap between the stationary and
movable parts for the 3-D model is regenerated for each moving part position. The mesh at each
analysis step (patch mesh) is utilised to link stator and rotor meshes across the boundary. The
mesh size of the 3-D model of the machine determines the accuracy and the time of the analysis
results. Therefore, to examine the accuracy of results and the time of the proposed topologies,
different mesh sizes of the proposed machine are utilised. It should be mentioned that the meshing

size differs according to the change in the direction and amount of magnetic flux on each part.

Fig. A.5 depicts the influence of the air-gap mesh size on the machine performance. The mesh
sizes of the rotor back iron, stator core and the PM are fixed, while the air-gap meshing size is
changed in each case. The air-gap mesh is created by selecting the surface of the PM of both
rotors and both stator surfaces facing the air-gaps. It can be seen that the LSR average torque is
slightly affected by the mesh size in general, while the torque equality is significantly improved
at finer mesh as indicated in Fig. A.5(a) and (b), respectively. In addition, the fundamental

components of the machine back EMF and the machine PM eddy current loss are examined at
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different mesh sizes, as indicated in Fig. A.5 (c) and (d), respectively. The mesh size in general
has an insignificant effect on the back EMF amplitude, while it has a minor changing on the eddy

current loss.

Generally, according to the obtained results, the mesh size of the machine parts should be finer
than 1.5 mm. However, for high torque equality and accurate torque ripple and eddy current loss,
a fine mesh of the air-gap (> 1 mm) is always preferred for this machine.
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Fig. A.5 Influence of the mesh size on the AFMGPM machine performance.

Therefore, a machine mesh size of 1.2 mm for the PM, stator and rotor cores is selected for
assessing the influence of machine parameters on the output torque. However, for losses and
cogging torque performance studies, a finer mesh size of the air-gap is preferable to improve the
flux performance and more results accuracy. Hence, for such calculations, at the magnet and the
stator surfaces facing the air-gap a surface mesh of 0.2 mm can be assigned. Table A.1 indicates
the size of mesh for each part utilised for different performance studies of the proposed machines.

Fig. A.6 also shows the mesh generated in the proposed topology for different study cases.
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Alternatively, the air gap meshing can be created by designing the air-gap as a part attached to

both stator and rotor inner sides and assigned as a vacuum, (see Fig. A.7(a)). In this case, a very

small distance between the assigned gaps attached to stator and rotor could be achieved here

corresponds to the slide meshing in radial topologies as indicated in Fig. A.7(b). This method is

used in the proposed machine to confirm the selected mesh method, in which the machine

performance is studied at small air-gap mesh size of (0.2 mm) and with 1 mm for the stator core

and the rotor PMs. The machine performance utilising this meshing method is included in Fig.

A.5, as (All air-gap meshing) point. As can be seen in Fig. A.5, the machine performance is

slightly changed compared to the proposed meshing method. Moreover, this method is time

consuming to simulate the machine for one electrical cycle.

(a) Mesh view for the machine performance

study

Fig. A.6 Mesh generation for the proposed axial flux model.

calculations

Table A.1 Mesh size of each element

Study Element Mesh size
(mm)
. Stator, rotor cores and PMs 1.5
e e s 2
torque Stator and PM surfaces (Facing the air-gap) 0.4
Air boundaries 2
Stator, rotor cores and PMs 1.2
Machine performances Stator windings 1.5
(torque, EMF and flux) Stator and PM surfaces (Facing the air-gap) 0.4
Air boundaries 15
Stator, rotor cores and PMs 1
Cogging torque and Stator windings 15
tosses Stator and PM surfaces (Facing the air-gap) 0.2
Air boundaries 1

(b) Mesh view for loss and cogging torque
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(b) Mesh view for all gap meshing
(Air-gap =0.2 mm, stator and PMs=1mm)

(a) Air-gap geometry.

Fig. A.7 Air-gap manual geometry and the corresponding mesh size.

On the other hand, for the proposed magnetically geared machine, transient analysis is carried

out under the software settings described as follows:

1. The periodic time for one electrical cycle is calculated according to the considered rotor
speed n, , in which a speed of 400 rpm is always assumed for the YASA machine and the
HSR of the AFMGPM machine. Therefore, the periodic T time can be calculated as:

_1_ 60
T = it Sec. (A.16)

where f and p are the frequency and the rotor pole pairs, respectively.

2. The number of steps can be decided according to the required accuracy. For example, the
number of steps per electrical angle needs to be high when the cogging torque / loss are
calculated at normal and for manufacturing tolerance studies. Therefore, for normal
calculations such as torque and back EMF, a minimum step of 2 is considered for each

electrical angle.

In IMAG software, the iron loss is calculated according to the loss curves of the material provided
by the manufacturer which were imported to the software (see Appendix C). Additionally, the
magnet eddy current loss is calculated according to the magnet conductivity without considering
the skin effect since the machine is analysed at low speed. Basically, the cause of eddy current is
the variation of the flux density, which is transmitted through the magnet surface. Therefore, the
eddy current can be obtained by the magnetic flux passes through the magnet surface. The PM

skin depth o caused by its eddy current could be calculated by [LEZ11].
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o= \/i:i (A.17)

where: p and p are the resistivity and the permeability of the PM, and w is the angular frequency
(2rf). By calculating the variation of the flux density on the magnet surface, and by applying
FFT for the obtained flux density, the frequency dominated the eddy current loss can be known.
Therefore, to do this, the flux density is calculated at different locations in the middle of the rotor
magnet. These locations are explained in Fig. A.8(a), in which Point (1) is located on the PM
surface, Point (2) is located at approximately 0.75 mm from the magnet surface, and Point (3) is
located in the middle of the magnet thickness of 1.5 mm from the PM surface. Moreover, at each
point, the axial flux density waveforms and the corresponding harmonics at no-load and at rated
current are calculated and plotted in Fig. A.8(c) and Fig. A.8(c), respectively. Meanwhile, Fig.
A.9 shows the x-y flux density components which are also measured on the surface of the magnet
at the middle air-gap radii. It can be seen that the working fundamental harmonic, which should
dominate to the eddy current through the magnet is the same as the flux density fundamental
harmonic for all components. Therefore, for the utilised magnet, the resistivity p and the relative
permeability u, are 1.4e-06 Q.m and 1.05, respectively. The calculated skin depth of the magnet
at the fundamental frequency of 33.33 Hz is 100 mm. Moreover, the eddy-current component
which can be induced in the PM because of the variation of the magnetic flux harmonics caused
by the stator slotting is negligible.

As indicated in Fig. A.8(c) and Fig. A.9, the effect of the stator flux density is insignificant at the
frequency of the fundamental harmonic. In addition, the eddy current loss is studied for different
HSR speeds with the highest frequency of the highest speed being 833.3 Hz. The calculated skin
depths of the magnet at the fundamental frequency of 833.3 Hz are approximately 21 mm.

Therefore, the skin depth being neglected at all studied frequencies.
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Fig. A.8 Flux densities inside the magnet at different magnet locations.
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Fig. A.9 Flux density at the magnet surface (Point 1).
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APPENDIX B.

COMPARATIVE STUDY OF AXIAL FLUX MAGNETICALLY
GEARED MACHINE AND YASA MACHINE.

B.1 Introduction

The proposed machine is based on a conventional YASA machine in that it has approximately
the same structure. The main difference is that YASA machine includes two identical PM rotors
while the proposed AFMGPM machine is created with different rotor pole pairs for the two rotors
shown in Fig. B.1 . A performance comparison between AFMGPM and the corresponding
conventional axial flux YASA machine is presented in this section. The AFMGPM and YASA
machines have the same stator construction in which iron segments are equipped with
concentrated windings to form the stator. However, since the AFMGPM machine has two rotors
with different pole-pair numbers, the magnetic gear effect can be obtained to increase the machine
torque density. The performance comparisons at no-load and on-load conditions are then studied
using 3D-FEM.

10590

3D Model Rotorl PMs Stator segments Stator windings Rotor2
(a) YASA machine

D0%

3D Model HSR PMs Stator segments Stator windings LSR
(b) AFMGPM machine

Fig. B.1 Machine topologies.
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B.2 AFMGPM and YASA machine geometries

Since the first topology of the proposed magnetically geared machine, designated as MG12/5-7,
has a 12 pole stator and two different rotors of a 10 pole HSR and a 14 pole LSR, two YASA
machine topologies with 12 pole stators are considered for comparison. The first YASA machine
topology, designated as YASA12/10, has a 10 pole rotor: the second topology, designated as
YASA12/14, has a 14 pole rotor. Similarly, the proposed MG12/4-8 topology is compared with
YASA12/8 with 8 rotor poles and YASA12/16 with 16 poles. With the same machine volume,
axial length and copper loss, the AFMGPM machine and YASA machine topologies have been
optimised for maximum torque. The specifications, optimal dimensions and materials of the

machines are listed in Table B.1.

Table B.1. Machine optimal dimensions and rated parameters

MG | YASA | YASA | MG | YASA | YASA

Parameter 12/5-7 | 1210 | 12/14 | 12/4-8 | 12/8 | 12/16
High speed (RPM) 400 400 - 400 400 -
Low speed (RPM) 285.5 - 285.5 200 - 200
High speed rotor pole No. (Pn) 10 10 - 8 8 -
Low speed rotor pole No. (Pi) 14 - 14 16 - 16
Stator Pole Number (St) 12 12 12 12 12 12
Machine Inner Diameter (mm) 30 30 30 30 30 30
Machine Outer Diameter (mm) 90 90 90 90 90 90
Axial Length (mm) 25 25 25 25 25 25
Air gap Length (mm) 0.5 0.5 0.5 0.5 0.5 0.5
Number of turns of armature 80 80 80 80 80 80
coil/phase
Packing factor 0.5 0.5 0.5 0.5 0.5 0.5
High speed rotor pole arc 34 36 i 39 38.7 i
(degree)
High speed rotor PM Thickness 3 5 i 25 181 i
(mm)
Low speed rotor pole arc (degree) | 25.4 - 22.8 22.5 - 18.9
Low speed rotor PM Thickness 35 i 99 25 i 542
(mm)
Slot Area (mm?) 44 48 52 52 49 52
Armature st?:;)rrn,)é\xlal Length 12 13.66 14 13 14.2 14.3
Rotor Axial Length (mm) 6 5.17 4.9 5 4.9 4.85
Irms (A) 13.5 14.5 14.8 14.8 14.3 15
PM volume (mmd) 26263.6 | 16587.6 | 16691.2 | 19348 | 13270 | 17509.1
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B.3 Comparison of MG12/5-7 with conventional YASA12/10 and YASA12/14 machines

For the AFMGPM machine, two no-load conditions are taken into consideration in this study.
The first condition is that in which the relative angle between HSR and LSR pole axes is zero
elec. deg., and thus, the MG effect torque is cancelled. Moreover, with the aim of obtaining
maximum MG effect torque, both rotors are located at a relative angle of 90 elec. deg. between
the rotor pole axes. Furthermore, since the proposed machine has two rotors with two different
poles and speeds, either HSR or LSR can be considered as an output rotor, which connects to the
drive load. Therefore, the MG12/5-7 machine performance is compared with YASA12/10 when
the 10 pole HSR is assumed to be an output rotor in which the LSR of 14 poles is connected to
the prime-mover. Similarly, the machine is compared with YASA12/14 when the 14 pole LSR is

assumed to be an output rotor.

B.3.1 Cogging torque

A comparison of the no-load results of the proposed MG12/5-7 and YASA topologies is firstly
obtained. For the magnetically geared machine simulation, the initial positions for HSR and LSR
are adjusted at zero. Moreover, for comparison purposes, the cogging torque for one rotor of the
YASA machines is individually examined using FEA, which allows the calculation of the
cogging torque of each rotor separately. Furthermore, the YASA and AFMGPM machines are
driven by a prime-mover at rated speeds. The cogging torques of the HSR of AFMGPM and
YASA12/10 machines are compared in Fig. B.2. It is clear that the HSR of the proposed machine
has the lowest cogging torque amplitude of 0.03 Nm while amplitudes of the total and individual
rotor cogging torques are approximately 0.16 Nm and 0.08 Nm, respectively. Moreover, Fig. B.3
indicates a comparison between the LSR and YASA12/14 cogging torques. As shown, the LSR
also has a small cogging torque amplitude of 0.06 Nm compared to the YASA12/14 total and
individual cogging torques of 0.24 Nm and 0.12 Nm, respectively.
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Fig. B.2 Comparison of HSR and YASA12/10 cogging torques and the corresponding
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Fig. B.3 Comparison of LSR and YASA12/14 cogging torques and the corresponding

harmonics.

B.3.2 No-load air-gap flux density

identical for the compared air-gap flux densities.

Fig. B.4 plots a comparison between the air-gap flux density of YASA12/10 and the air-gap flux
density measured on the HSR air-gap, together with Fig. B.5 showing the air-gap flux density of
YASA12/14 compared to the air-gap flux density of the LSR. The flux density is measured in the
middle thickness at the mean circumferential radii of the air-gaps. It is obvious that the
fundamental component amplitudes of the HSR and LSR flux density are slightly higher than
those of YASA12/10 and YASA12/14, respectively. However, the harmonic profile is almost
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Fig. B.4 Comparison of the HSR air-gap flux densities of MG12/5-7 and YASA12/10.
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Fig. B.5 Comparison of the LSR air-gap flux densities of MG12/5-7 and YASA12/14.

B.3.3 Electromagnetic torque

In addition to the MG and on-load torques, the torque of the AFMGPM machine at no MG effect
is obtained and also compared with YASA machine torque. The torque can be obtained when the
relative angle is adjusted to zero elec. deg. and the rated current is applied to the stator winding.
In this case, only the armature current torque which results from the interaction between the rotor
PM field and the current in the stator windings is obtained for both rotors. Fig. B.6 compares the
LSR torque with the total and individual rotor torques of YASA12/14 and Fig. B.7 illustrates a
comparison between the HSR torque and the torques of YASAL12/10. The results indicate that the
electromagnetic torques of YASA12/10 and YASA12/14 are significantly higher than HSR and
LSR torques, respectively, meaning that the torque of the YASA machines is dominated by both
rotors. However, compared to the YASA machines’ individual rotor torque, LSR torque is
approximately the same as the individual rotor torque of the YASA12/14 machine while HSR is
slightly higher than the torque of YASA12/10 produced by one rotor. Moreover, the torques
produced by both AFMGPM machine rotors have low torque ripple compared to the YASA

machine torque.
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Fig. B.6 Comparison of the torque of HSR at no MG effect with the torque of YASA12/10.
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Fig. B.7 Comparison of the torque of LSR at no MG effect with the torque of YASA12/10.

B.4 Comparison of MG12/4-8 with conventional YASA12/8 and YASA12/16 machines

Correspondingly, since the MG12/4-8 machine has two rotors in which the HSR and the LSR
have 8 and 16 poles, respectively, a performance comparison between this machine and YASA
machines is also performed. The performance of YASA12/8 with 8 poles and YASA12/16 with
16 poles at different load conditions is compared with the AFMGPM machine.

B.4.1 Cogging torque

Fig. B.8 compares the HSR cogging torque with total and individual rotor cogging torques of
YASA12/8. It can be seen that the cogging torques of both machines are generally high.
Moreover, the cogging torque of YASA12/8 has the highest amplitude of approximately 0.8 Nm
while the cogging torque amplitude of the HSR is slightly lower by approximately 0.1 Nm. The
cogging torque of one rotor of YASA12/8 machine has low amplitude compared to the HSR
cogging torque: approximately half of the total cogging torque of YASA12/8. Similarly, the
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cogging torques of the LSR and YASA12/16 are compared in Fig. B.9. The LSR has a
significantly lower cogging torque amplitude of approximately 0.03 Nm while the total and
individual cogging torque amplitudes of YASA12/16 are approximately 0.36 Nm and 0.18 Nm,
respectively.
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Fig. B.8 Comparison of the cogging torques of HSR and YASA12/8.
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Fig. B.9 Comparison of the cogging torques of LSR and YASA12/16.

B.4.2 No-load air-gap flux density

Fig. B.10 shows a comparison between the air-gap flux densities of HSR and YASA12/8 and Fig.
B.11 compares the air-gap flux density measured in the LSR air-gap with the air-gap flux density
of YASA12/16. It is obvious that the fundamental harmonic amplitude of flux density of
YASA12/8 of approximately 0.95 T is slightly higher than the flux density amplitude of the HSR
of 0.85 T. However, the LSR has an amplitude of the fundamental component of just over 1 T
while the flux density amplitude of YASA12/16 is approximately 0.95 T. The flux density in Fig.
B.10(b) and Fig. B.11(b).

238



Flux density (T)
S o ° —
[9%) (35 -~ [3)

S
(=]

w

‘lux density (T)

I
'
e o
-~

--2--MG-HSR —*— YASA12/8

M
ey

0

30 60 90 120 150 180 210 240 270 300 330 360
Rotor position (mech. deg.)

(a) Waveforms

=3

MG-
09 2MG-HSR
BYASA12S
08
=07
o
= 06
205
< 04
0.3
02
=
0.0 T —
1 2 3 4 5 6 7 8 9 10 11 12 13 14
Harmonics

(b) Harmonic spectra

Fig. B.10 Comparison of air-gap flux densities of HSR and YASA12/8.
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Fig. B.11 Comparison of air-gap flux densities of LSR and YASA12/16.

B.4.3 Electromagnetic torque

Similarly, the HSR and LSR torques are calculated at rated current and at a relative angle between

both rotors of zero elec. deg. In this case, the MG effect is cancelled, and the torque obtained by
both rotors is due to the armature current only. The LSR and YASA12/16 torques are studied and
compared in Fig. B.12. YASA12/16 has a significantly higher total torque of 3.2 Nm, obtained
by both rotors; however, the torque obtained by the LSR and torque of the individual rotor of

YASA12/16 are approximately the same average torque of approximately 1.55 Nm. Moreover,

the HSR and YASA12/8 torques are compared in Fig. B.13. It can be noticed that the torque of

YASA12/8 is also high compared to the torque of the HSR of the proposed machine. However,

the torque obtained by the HSR of approximately 1.28 Nm is slightly higher than the torque of
1.2 Nm obtained by the individual rotor of YASA12/8.
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Fig. B.12 Comparison of YASA12/16 machine torque with on-load LSR torque at no MG
effect.
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Fig. B.13 Comparison of YASA12/8 machine torque with on-load LSR torque at no MG effect.

In addition, the torque performance of the proposed MG12/4-8 machine at different current
densities and copper loss is also compared with the YASA machines. Fig. B.14 compares the
torque of MG12/4-8 with those of YASA12/16 and YASA12/8 at different current densities. It
can be seen that the torque — current density characteristics of all machines are linear. However,
when the LSR is assumed as output torque, the LSR has greater torque compared to the total
torque of YASA12/16 when the current density is lower than 27 A/mm?, as can be seen in Fig.
B.14(a). Additionally, the HSR has a superior torque over current density up to 17 A/mm?
compared with YASA12/8, as indicated in Fig. B.14(b). Moreover, in comparing the torque of
the individual rotor of the YASA machines, the HSR and LSR always have superior torque

performance over the current density range.
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Fig. B.15 (a) shows a comparison of the LSR and YASA12/16 torques over the variation of
copper loss. Fig. B.15(b) indicates a comparison between the HSR and YASA12/8 at different
copper losses. Obviously, the LSR has a greater torque performance at low copper loss range.
YASA12/16 has a higher torque performance above copper loss values of approximately 200 W.
Moreover, the HSR has larger torque when the copper loss is lower than 100 W when compared
with YASA12/8. Fig. B.16 shows a comparison of the output torque per used magnet volume
against the current density performance between AFMGPM and YASA machines. It is obvious
that both LSR and HSR have higher performance over the current density values compared to the
individual rotors of YASA12/16 and YASA12/10, respectively. However, compared to the total
torque per PM volume, LSR has a superior performance when the current density is below
approximately 25 A/mm?2. The HSR has a higher performance of current density up to 12 A/mm?,

—_
—

——MG- LSR
—*—YASA 12/16
—-YASA12/16 - Rotor 1

—_
(=]
1 1

Average torque (Nm)
[ " T " I T+ N B~ RN o]

5I IIO 1I5 2I0 2I5 SIO 3I5 40
Current density (A/mm?2)

(a) Torque-current density curves of LSR and YASA12/16

8

~¥-- YASA 12/8 N
- 71 —a-MG-HSR s
Z 64 -—o-—-YASA12/8-Rotor ] X
2 X
5 5 4 X .
3 3 e N e
= e AT
& 4 e
g o o
2 Aﬁ o]
< 3 o - L Jﬂ__.o
pE Pl e
2 4 X o®
X L
1 _,x" o2 -
X e
oo

llO 1I5 2I0 2I5 SIO 3I5 40
Current density (A/mm?2)
(b) Torque-current density curves of HSR and YASA12/8
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Fig. B.16 Comparison of torque/PM volume — current density curves of MG12/4-8 with
YASA12/16 and YASA12/8.

In addition, when the magnetic gear effect is cancelled, and a rated current is applied to the
AFMGPM machine windings, the performance of HSR and LSR torques are compared with the
electromagnetic torque of YASA12/16 and YASA12/8, respectively. Fig. B.17 compares the
torque at different current densities and Fig. B.18 shows the comparison of torque — copper loss
between MG12/4-8 and Y ASA machine topologies. It can be seen that when the magnetic gearing
effect is cancelled for MG12/4-8, the total torque performance over the current density and copper
loss variations of the YASA machines is always higher. However, the HSR and LSR torque
performances are approximately the same as the individual rotors of YASA12/8 and YASA12/16,
respectively, over current density and copper loss variations.
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The torque per magnet volume against the current density of both machines is also compared in

Fig. B.19. It is clear that the total torque per PM volume performance over the current density of
both YASA topologies is higher compared with the proposed MG12/4-8. Moreover, both LSR

and HSR have considerably lower torques per PM volume performance at different current
densities compared with YASA12/16 and YASAL12/8, respectively. It should be noted that more
magnet volume is used for MG12/4-8 (19348 mm?®) whereas YASA12/8 and YASA12/16 have a

magnet volume of approximately 13270 mm? and 17509 mm?, respectively.
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Fig. B.17 Comparison of torque — current density curves of MG12/4-8 at no magnetic gear

effect with YASA12/16 and YASA12/8.
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Fig. B.18 Comparison of torque — copper loss curves of MG12/4-8 at no magnetic gear effect
with YASA12/16 and YASA12/8.
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Fig. B.19 Comparison of torque per PM volume — current density curves of MG12/4-8 at no
MG effect with YASA12/16 and YASA12/8.

B.5 Losses and efficiency

With the aid of 3D-FEA, iron loss and eddy current PM loss have been calculated for the machine
topologies. Moreover, since MG12/4-8 has two rotors with different speeds, the iron losses of
YASA12/8 and YASA12/10 are calculated at the same speed of HSR (400 rpm). Moreover, the
loss of YASA12/16 is calculated at the same speed of LSR of MG12/4-8 (200 rpm) and
YASA12/14 at rated speed of 285.7 rpm which is the same speed as LSR of MG12/5-7. The iron
and eddy current PM losses in AFMGPM and Y ASA machine topologies at rated speeds under
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no-load condition are compared in Fig. B.20. The compression indicates that MG12/5-7 has
higher iron loss and hence higher total losses. However, YASA12/10 has the highest PM loss
among the other topologies whereas low PM losses are noted for YASA12/16 and YASA12/14
in which the losses are calculated at low speeds. Moreover, Fig. B.21 compares the on-load iron
and eddy current PM losses as well as the corresponding efficiency of the topologies. Overall,
the iron and PM eddy current losses slightly increase compared to the no-load condition.
Moreover, the efficiency at rated conditions is calculated and compared. The copper loss is
assumed to be constant of 30 W for all topologies. It is clear that in spite of a relatively high iron
loss of MG12/5-7, a superior efficiency of approximately 86 % is obtained due to higher output
torque compared to the other topologies. However, YASA12/16 has a significant low efficiency
as it is calculated at low speed.
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Fig. B.20 Comparison of no-load losses of the proposed magnetically geared machine

topologies with YASA machine topologies.
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Fig. B.21 Comparison of on-load losses and efficiency of the proposed magnetically geared

machine topologies with YASA machine topologies.
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B.6 Summary

A comparative study of AFMGPM topologies with the corresponding Y ASA machine topologies
has been performed and investigated with the aid of 3D-FEA. Two AFMGPM topologies are
compared with four YASA machine topologies: the performance of MG12/5-7 is compared to
YASA12/10 and YASA12/14; MG12/4-8 is compared to YASA12/8 and YASA12/16. The no-
load performances, such as cogging torque, flux density, flux linkage and back EMF, have been
analysed and compared. Moreover, the torque performance of the AFMGPM machine at different
load conditions is compared to the torque of YASA topologies. The simulation results show that
a significantly lower cogging torque can be obtained by the proposed machine compared with the
YASA machine. Moreover, the back EMF amplitude of MG12/5-7 is higher than YASA12/14
and slightly lower than YASA12/10 when calculated at rated speeds. Moreover, the proposed
machine compared with the YASA machine can obtain a significantly higher torque density at
no-load and on-load conditions. Furthermore, the torque performance is higher when the LSR is
considered as an output rotor. In addition, the HSR and LSR of the proposed machine have higher

torque performance compared to the YASA machines’ individual rotor torques.

As indicated by the data presented in this Chapter, it can be concluded that the proposed
magnetically geared machine has high performance in any operating condition. In other words,
the proposed machine has high torque and efficiency at MG and magnetically geared machine
modes. Moreover, when the MG effect is cancelled and with the benefit of two different pole
rotors, the proposed machine can work as two synchronous PM machines with different speeds

and torques, which cannot be achieved with a conventional YASA machine.
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APPENDIX C.
MATERIAL CHARACTERISTICS

C.1 Soft magnetic composite material characteristics

SMC material has been used for the FEA of the machines in this thesis. This material is widely
used for AFPM machines due to its manufacturing simplicity as well as low iron loss. Typical B-
H curve characteristic is shown in Fig.C.1. Moreover, the material iron loss variation with the

frequency of the flux density is plotted in Fig. C.2.

GKN SMC 70 H
(7.4 g/lcm?) 1.5 1

a0
A na ey
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Fig.C.1. B-H curve characteristic of SMC material.
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Fig. C.2. Iron loss characteristics for different flux density amplitudes and frequencies.
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C.2 Mild steel lamination B-H curve

Laminated steel has been utilised for the stator segments of the prototype machine. The B-H
curve of the material is obtained in Fig. C.3.

2.5

Flux density B (T)

0 10000 20000 30000 40000 50000
H (A/m)

Fig. C.3. B-H curve characteristic of mild steel lamination.
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APPENDIX D.

PROTOTYPE DESIGN DRAWINGS

For experimental test purposes, the proposed AFMGPM machine and the YASA machine are
designed. The construction and the prototype used materials are explained in Fig. D.1 With 12
stator segments and two identical 10 rotor pole rotors in which both rotor shafts are physically
connected to each other. The YASA prototype construction and dimensions are shown in Fig.
D.2 (a). For the same prototype of YASA machine, the proposed AFMGPM prototype is
assembled by replacing one 10 pole rotor by 14 pole rotor as indicated in Fig. D.2 (b). In this
case, both rotors are connected utilising axial thrust bearing to allow free rotating of both rotors.
The rotor connection diagram of both machines is indicated in Fig. D.3. In addition, Fig. D.4,

shows the details of the prototype parts and their dimensions.

LSR — 4 M asr

Stator segment holder—{— 1 — PM )
Stator segment —} - — Rotor back 1ron

Stator coil Rotor Holder
E OQuter side frame
Ball bearings —,

LSR shaft HSR shaft

Material legend

I Ssilver steel

[ ] Aluminum

77} Magnetic material (Laminations)
E=J Magnetic material (mild steel)

B 2 Vagnets
PCB material
[ Copper
FEl Tufnol

Axial thrust bearinM

Outer frame Y

Fig. D.1. Prototype machine and material legends.
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(b) AFMGPM machine
Fig. D.2. Prototype dimensions.

(a) YASA machine rotors (b) AFMGPM machine rotors
Fig. D.3. Assembled machine rotors.
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(b) Rotor back iron
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(c) Rotor shaft details

(d) Rotor magnet holders

(e) Stator segment holders
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(f) Stator segment

(g) Stator segment arrangement
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(h) Prototype side frame
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(1) Prototype outer frame

Fig. D.4. Construction and dimensions of prototype parts.
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