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Abstract

This work is an investigation into the curvature related potential for flux to flow in the
radial direction in the back-iron of laminated axial flux machine cores. Analytical and
numerical models are presented. Analysis based on these models has shown that, in
practical axial flux machines, the radial component of the flux density can be neglected
with respect to the flux density distribution in the core back-iron. It has also been found
that if the core permeability, core conductivity and number of poles are sufficiently high
then power loss due to curvature related cross-lamination flux is negligible compared to
normal eddy current losses. A closed form expression to predict losses due to curvature
related radial flux is also presented. This expression allows axial flux machine designers
to make quick assessment of the need to consider these losses when designing axial flux

machines.

iii



Certification of Thesis

I certify that the ideas, experimental work, results, analyses, software and conclusions
reported in this dissertation are entirely my own effort, except where otherwise acknowl-
edged. I also certify that the work is original and has not been previously submitted

for any other award, except where otherwise acknowledged.

Signature of Candidate Date
ENDORSEMENT
Signature of Supervisors Date

iv



Acknowledgments

I would sincerely like to thank and acknowledge the following people for their assistance,

guidance and support throughout the duration of this project.

First of all I would like to thank my supervisor Dr Tony Ahfock. This study would not
have been possible without his continued guidance, support and advice. Throughout
the duration of this project he has been extremely patient, inspiring and has been a

pleasure to work with.

I am also very grateful to Dr Sergey Suslov for his continued support, interest and
assistance in this project. Without his support and advice some of this work would not

have been completed.

I wish to thank the Faculty of Engineering and Surveying and the Office of Research
and Higher Degrees for their support and assistance. My thanks also extends to all

those at the university who made this such a pleasant experience.

Finally, I wish to thank my wife Elizabeth and my family for their continued support

and encouragement.



Contents

Abstract 1ii
Certification of Thesis iv
Acknowledgments v
List of Tables X
List of Figures xi
List of Symbols xiv
Chapter 1 Introduction 1
1.1 Axial Flux Machines . . . . . . . . . . . e 1

1.2 Curvature related radial flux . . . . . . . . .. ... ... ... ..., 3

1.3 Research Aims and Objectives . . . . . . .. ... .. ... .. ..... 6
1.4 Literature Review . . . . . . . . . . . oo 7

1.5 Dissertation Outline . . . . . . . . . . . . . . 9
1.6 Summary of Original Work . . . . . ... ... ... ... ... ... 12
1.7 Publications . . . . . . . . . 14
1.7.1 Publications: . . . . . . . . . 14

1.7.2  Acknowledgement of Contributions by Co-Authors . . . . .. .. 14

Chapter 2 Curvature Related Radial Flux in Axial Flux Machine Cores 16

vi



2.1 Analytical Model . . . . . . ... 17
2.1.1 Single-Phase Excitation . . . . .. .. ... ... ... ... ... 17
2.1.2  Three-Phase Excitation (Rotating Fields) . . . ... ... .. .. 23
2.1.3 Air-gap Flux Density Distribution . . . .. ... .. ... .... 24
2.1.4 The Effect of Curvature on the Radial Flux Density . . . .. .. 25

2.2 Predicted Core Magnetic Flux Density Distribution . . . . . .. . .. .. 27
2.2.1 Experimental Results . . . .. .. ... ... ... ... ... 30
2.2.2  Practical Implications . . . . . .. ... ... L. 32

Chapter 3 The Coupled Network Method 35

3.1 Magnetostatic Analysis without Currents . . . . . ... ... ... ... 37
3.1.1 The Permeance Matrix . . . . . . . .. ... ... ... ... ... 39
3.1.2 Imposed Magnetic Flux . . .. .. .. ... ... ... .. .... 40
3.1.3 Solving the System of Equations . . . .. ... ... ... .... 41

3.2 Eddy Current Analysis using the Coupled Network Method . . . . . .. 42
3.2.1 Alternate Formulation . . . . . . ... ... ... .. ....... 49
3.2.2 Postprocessing . . . . . ... e 50

3.3 Coupled Networks and the Finite Difference Method . . . . .. ... .. 51
3.3.1 Node Equations. . . . . ... ... ... ... . . ... ..., 52
3.3.2 Boundary Conditions . . . .. .. .. ... ... .. .. ..., 59
3.3.3 Loop Currents and the Electric Vector Potential . . . . ... .. 63
3.3.4 Comparing Formulations . . . . . . ... ... .. ... ...... 64

3.4 Axiperiodic Formulation . . . . . . .. .. ... L. 65
3.4.1 The Magnetic Node Equation . . . . . .. ... ... ... .... 65
3.4.2 The Electric Loop Equation . . . . . .. ... ... ... ... .. 69
3.4.3 The Axiperiodic System of Equations . . . . .. ... ... ... 72

vii



3.4.4 Calculating Induced Losses . . . . .. ... ... ... ... ...

Chapter 4 Core Losses and Magnetic Flux Density Distribution

4.1

4.2

4.3

4.4

4.5

4.6

4.7

Eddy Current Loss Separation . . . . . ... .. ... ... .......

Main Flux Loss Prediction . . . . . . . . . . . . . . ... ... ...

Coupled Network Loss Prediction . . . . . .. ... .. ... ... .. ..
Closed Form Expression for Power Loss . . . . . ... ... ... ....
4.4.1 Rotating Fields . . . . ... ... oo
Laboratory Tests . . . . . . . . . . ... . ...
Flux Density Distribution . . . .. ... .. ... ... ..........

Practical Axial Flux Machines . . . . . . . . . . . . . . . ... .....

Chapter 5 Sub-domain Scaling for Finite Element Analysis of Electrical
Machines

5.1

5.2

5.3

Finite Element Analysis and Scaling . . . . . ... ... .. .. .....

5.1.1 The Finite Element Mesh . . . . . . . . . .. .. .. ... ....

5.1.2 Quasi-Static Formulation . . . .. ... ... ... ........
Scaling Equations . . . . . . . . . . ...
5.2.1 Axial Scaling . . . .. ... L
5.2.2 Axial Scaling Transformations . . . ... ... ... ... ....
5.2.3 Energy and Power Invariance . . . . . . . .. ... ... ... ..
5.2.4 Material Non-Linearity . . . . .. ... ... ... .. ... ...

Node and Element Reduction using the Axial Scaling Technique

Chapter 6 Conclusions

6.1
6.2
6.3

6.4

Curvature Related Radial Flux . . . . . . ... .. ... .. ... ....
Losses due to Radial Flux . . . . . . . . . ... . .. ... . ... ....

Magnetic Flux Density Distribution . . . ... ... .. ... ... ...

Sub-domain Scaling for Finite Element Analysis of Electric Machines . .

viii

102

. 116

120

121
121
122

123



6.5 Further Work . . . . . . . . . . . 124

References 126
Appendix A Bessel Function Orthogonality 132
Appendix B Air-Gap Flux Density Distribution 135
B.1 Air-Gap Magnetic Flux Density . . . . . . .. ... ... .. ... .... 135
B.2 Narrow Air-Gaps . . . . . . . . . o e 141
Appendix C Two-Dimensional Magnetostatic Model 142

Appendix D Proof of Sinusoidal Periodicity in the Circumferential Di-
rection 146

Appendix E The Circumferential and Axial Components of:
Vx oWV xT = —jw [u (fxvsz)] 150

Appendix F Published Papers 153

ix



List of Tables

4.1
4.2

4.3

5.1

5.2

Power loss due to cross-lamination flux. . . . ... ... .. ... ... .. 84
Power losses due tomain flux. . . . . . . . ... ... .. ... 85
Comparison between power loss (F) predicted by equation (4.30) and

that predicted by the axiperiodic coupled network method. . . . .. .. 90
Axial Scaling Transformations . . . . . . . .. . ... ... ... ... .. 113
Axial Scaling Transformations continued . . . . . . . . ... ... . ... 114



List of Figures

1.1 Main flux path in an axial and radial flux machine. . . . . . .. ... .. 2
1.2 Axial Flux machine topologies. . . . . . . .. ... ... ... ...... 3
1.3 Magnetic flux paths for zero radial flux (ACB) and significant radial flux
(AB). . . 4
1.4 Magnetic flux path lengths at different radii. . . . . ... ... .. ... 6
1.5 Magnetic flux entering the core at different radii (the amount of flux
being proportional to the shaded area). . . . ... ... ... ... ... 6
2.1 Stator core geometry and coordinate system. . . . . ... ... ... .. 18
2.2 Solutions to the non-linear eigenvalue problem. . . . . .. ... ... .. 21
2.3 Integration contours for Amperes law. . . . . . .. ... ... ... ... 24
2.4 The effect of curvature on the peak radial flux density. . . . . . . . . .. 26
2.5 Error in the truncated infinite series of equation (2.26). . . . . ... .. 28
2.6 Analytically predicted radial component of flux density along a pole-
centre plane. . . . . ... L 29
2.7 Normalised circumferential flux densities through planes half way be-
tween pole centre planes. . . . . . .. ..o Lo oo 29
2.8 Experimental set-up. . . . . . ... o 30
2.9 Test-core voltage measurement. . . . . . . . . ... ... 31
2.10 Measured and predicted circumferential lux. . . . . ... ... ... .. 32

2.11 Normalised circumferential flux density found using the 2D and 3D models. 33

xi



3.1
3.2

3.3

3.4

3.5

3.6

3.7

3.8

3.9

3.10

3.11

3.12

3.13

3.14

3.15

3.16
3.17

3.18
3.19

4.1
4.2

4.3

4.4

4.5

4.6

Core discretization. . . . . . . . . . .. e

Element shape and node position. . . . . . . . ... ... L.
Element structure and associate permeance branches. . . . ... .. ..
Radial permeance branches with their associated loop currents. . . . . .
Norton equivalent circuit . . . . . . .. . . ... ... ...
Element structure including both the magnetic and electric networks.

Permeance branch and its associated loop current. . . . . . .. ... ..

Permeance branch with its loop current replaced by an equivalent branch

Permeance branch and its modified node scalar potentials. . . . . . . ..
A general electric loop structure. . . . . . ... ... ... ... ...
Radial connected permeance branches and their branch magnetic flux. .
Permeance branches with their associated loop currents. . . . . . . . ..
Relative positioning of elements. . . . . . .. .. ... 0oL
Magnetic boundary conditions. . . . . . .. ... ... ... ... ..
Axial symmetry plane and discretisation . . . . .. ... .. .. ... ..

Element structure. . . . . . . . . ... e

r-z plane node configuration and permeance connections. . . . . . . . . .

Electric network. . . . . . ..o

Branch current calculation. . . . . . . . ... Lo

Cross-section of a lamination sheet. . . . . . . . . . . ... ... .. ...
Lamination sheet cross-section. . . . . . . . . . . . . ... ... ...

Plot of integrand of equation (4.20). . . . .. ... ... .. ... ...
Dependence of power loss on frequency. . . . . ... .. .. ... ....

Circumferential current distribution (integrated from r; to r,) along a
pole centre plane (2-pole machine). . . . . . ... ...

Circumferential current crossing the pole-centre plane in one direction. .

xii



4.7

4.8

4.9

4.10

4.11

4.12

4.13

5.1
5.2

5.3

5.4

9.5

5.6

5.7

0.8

Simplified representation of an axial flux machine core. . . . . . . . . .. 87

Core radial divisions used to derive a closed form loss equation. . . . . . 89
Determination of k from hypothetical experimental data. . . . ... .. 95
Experimental results (B, = 0.5T). . . . ... ... ............ 96
Experimental set-up for measuring core losses. . . . . . .. .. ... .. 97
Normalised average radial flux density along a pole-centre plane. . . . . 99

Normalised average circumferential flux density half way between pole-

centre planes. . . . . . ... Lo 100
Finite element 2D mesh . . . . . . . .. ..o oo 104
Axial scaling sub-domains. . . . . . ... oL oo 107
Finite element mesh of a 2D geometry with narrow air-gap region. . . . 117

Finite element mesh of a 2D geometry with scaled (x5) air-gap region. . 117

3D model of the iron cores and air-gap region. . . . . . . ... ... ... 118
Finite element mesh of the geometry of Figure 5.5. . . . . . ... .. .. 118
3D model of the iron cores and scaled (x5) air-gap region. . . . . . . .. 119
Finite element mesh of the geometry of Figure 5.7. . . . . . ... .. .. 119

xiii



List of Symbols

Chapter 2

a core inner radius

b core outer radius

B’ magnetic flux density

H magnetic field intensity
Im Bessel function of the first kind of order m
ko ratio of circumferential to radial permeability
k. ratio of axial to radial permeability

kn Solutions to the non-linear eigenvalue problem of equation (2.21)
l the number of machine poles divided by two
lg air gap axial length

M non-dimensional permeability tensor
M’ permeability tensor

P the number of machine poles

P peak imposed magnetic flux density

r’ radius

t time in seconds
Yo Bessel function of the second kind of order m

denotes physical values or quantities

Xiv



r denotes the radial direction or component

9 denotes the circumferential direction or component
- denotes the axial direction or component
0 core axial length
“ material permeability
¢ magnetic scalar potential
10} non-dimensional magnetic scalar potential
b0 characteristic value of the magnetic scalar potential
w angular velocity in rad/s
Chapter 3
A cross sectional area
B magnetic flux density

B, peak axial magnetic flux injection
E electric field intensity

H magnetic field intensity

I loop current

I vector of loop currents

J electric current density

l path length

P the number of machine poles
P permeance matrix

Q connectivity matrix

T radius

T element inner radius

T core inner radius

To element outer radius

To core outer radius

XV



r element average radius

R electric resistance

R matrix of electric resistance values
S matrix of permeances

S jwS

t time

electric vector potential
vector of induced loop voltages

T
|4
w matrix of permeances
w

JwW
r denotes the radial direction or component
9 denotes the circumferential direction or component
2 denotes the axial direction or component

denote values in the limit A — 0

1) core axial length

A denotes elemental values

0 angular position

I material permeability

p branch permeance
Pro radial branch permeance at the element outer radius
Pri radial branch permeance at the element inner radius
o material conductivity

Pimp vector of imposed magnetic flux at the nodes

Ginduced vector of induced magnetic flux due to induced currents

¢ branch magnetic flux
0} vector of branch flux
P imposed node magnetic flux

xvi



Q
Q

Chapter 4

e T < T T - N v

E

B e I o R~

angular velocity in rad/s
magnetic scalar potential

vector of magnetic scalar potentials

core inner radius

core outer radius

magnetic flux density

peak imposed magnetic flux density

power loss density

electric field intensity

characteristic frequency

classical eddy current loss due to cross lamination flux
core classical eddy current loss

time averaged classical eddy current loss density due to main flux
instantaneous classical eddy current loss
induced current density

constant

ratio of circumferential to axial permeability
number of machine poles

peak imposed magnetic flux density

branch permeance

period of the spatially varying field

total core loss

denotes due to parallel running flux

radius

resistance

denotes a rotating field

Xvii



Chapter 5

B

N S 5|

T
»

o~
Q

skin depth

laminate thickness

electric vector potential
radial component
circumferential component
axial component

core axial length

material conductivity
magnetic flux

angular velocity in rad/s

magnetic potential

magnetic flux density

electric field intensity

transformation function

transformation function

magnetic field intensity

electric current density

scaling factor

air gap axial length

time

denotes a transformed quantity

volume

magnetic energy per unit volume

denotes the radial direction or component
denotes the circumferential direction or component

denotes the axial direction or component

xviil



1 material permeability

o material conductivity

XiX



Chapter 1

Introduction

1.1 Axial Flux Machines

Although the vast majority of electrical motors are of the radial flux type, there is
continued interest in axial flux machines (AFMs). The physical structure, especially the
short axial length, gives AFMs an advantage in applications such as fans, disk drives,
some electric vehicles and generators (Bumby et al., 2004; Patterson & Spee, 1995).
There has also been claims that compared to radial flux machines (RFMs), AFMs have
greater power to weight ratios (Brown et al., 2002; Bumby et al., 2004; Chan, 1987;
Huang et al., 2002; Varga, 1986; Zhang et al., 1996).

Y

The name “axial flux” machine comes from the fact that the air-gap flux in these
machines is in the axial direction. Figure 1.1 shows a typical main flux path for both

an axial and a radial flux machine.

One major disadvantage of the axial flux machine structure is the axial electromagnetic
forces between the machine cores. Where necessary, multiple air-gap topologies can be
used to overcome this problem with the added advantage of increasing the machine’s
output per unit volume (Varga, 1986). A number of axial flux machine topologies have

been proposed by authors such as Varga (1986) and Chan (1987), three of these are
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(a) Main flux path in an axial flux ma-
chine.

(b) Main flux path in a radial flux ma-
chine.

Figure 1.1: Main flux path in an axial and radial flux machine.
shown in Figure 1.2.

The structure of axial flux machines is such that curvature is imposed on flux paths
in the back-iron. This is also the case in radial flux machines (RFMs), however there
is an important difference. In RFMs the direction of curvature is along the plane of
the laminations whereas in AFMs the direction of curvature is perpendicular to the
laminations. The effect of curvature on axial flux machine performance and behaviour
has not been previously reported. It is now shown that core curvature can result in a
radial component in the magnetic flux density distribution. This component has the

potential to cause additional power loss in the core back-iron.
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(a) Single Air-Gap AFM. (b) Double Air-Gap AFM.

(c) Double Air-Gap coreless AFM.

Figure 1.2: Axial Flux machine topologies.

1.2 Curvature related radial flux

Conventionally, design of axial flux machines assumes purely axial and circumferential
flux flow within the laminated stator cores of the machine. This assumption implies
that no radial and thus no cross lamination flux flow occurs within the machine back-
iron. Investigation of flux distributions, based on the assumption of zero radial flux,
results in a radially non-uniform distribution of circumferential flux. This non-uniform
distribution would produce a potential for flux to flow in the radial direction which, if
it occurs, would contradict the original assumption of zero radial flux flow. Thus there

are three possible situations which can occur in the core back-iron:

1) no radial flux flows,
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2) there is significant radial flux flow causing substantial circumferential flux redis-
tribution. That is, the level of radial flux and its effects are such that they cannot

be neglected,

3) the situation is somewhere between that of 1) and 2) but closer to 1). That is,
there exists a radial component of flux density but its effects are small enough to

be neglected.

A simplified representation of a magnetic flux path in an axial flux machine core is
shown in Figure 1.3. The path ACB shown in Figure 1.3 represents situation 1) above.
Substantial shortening of the flux path would occur in situation 2). This cannot happen
without the existence of a radial component in the flux density. The tendency for
magnetic flux to flow radially in the back-iron of AFMs does not seem to have been
considered previously. The question then is whether or not the effects of a radial

component of the magnetic flux density distribution can be ignored.

Figure 1.3: Magnetic flux paths for zero radial flux (ACB) and significant radial
flux (AB).

The curvature related radial component of the magnetic flux density can be ignored

only if its magnitude and distribution are such that:

a) it does not cause significant additional losses due to induced eddy currents, and
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b) it does not have any significant influence on the distribution of both the circum-

ferential and axial components of the flux density.

It seems likely that the above condition a) is satisfied in practice as there has been no
theoretical or experimental work published which suggests that the laminated back-iron
of AFMs suffers from noticeably higher iron losses. However, there is still a need for

some theoretical basis to confirm this.

There are two main physical reasons why core curvature results in a radial component
in the magnetic flux density distribution. First, flux paths are greater at larger radii
due to longer circumferential arc-lengths, as shown in Figure 1.4. Second, if end effects
are neglected then the magnetic flux enters the core from the air-gap axially with flux
density constant in the radial direction and varying sinusoidally in the circumferential
direction. As shown in Figure 1.5, this results in more flux entering the core at larger
radii. These two factors produce a non-zero gradient of the magnetic potential in the
radial direction. This potential may in turn cause a radial component in the flux

density.

Whilst a laminated core is designed to reduce eddy current losses caused by flux flowing
along the lamination planes, laminating cannot impede eddy currents caused by cross-
lamination flux. Radial flux in an AFM core is cross-lamination flux and therefore can

cause substantial amounts of eddy current to flow which may result in significant losses.
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1 pole pitch

r

Figure 1.4: Magnetic flux path lengths at different radii.

Figure 1.5: Magnetic flux entering the core at different radii (the amount of flux
being proportional to the shaded area).

1.3 Research Aims and Objectives

Natural resources and energy savings relate directly to society’s broader aims of sustain-
able living and curtailment of greenhouse gas emission. Electrical motors are significant
consumers of fossil fuel generated energy and the search for lower cost but more effi-
cient electrical motors is ongoing. Iron losses in electrical machines emanate as heat and

thus influence machine efficiency and cooling requirements. Design of efficient machines
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requires a thorough understanding of the loss and flux density distributions within a
machine. This knowledge not only allows a machine designer to minimize losses but it

can also result in savings in core materials.

With these broader goals in mind, the aim of this work was to develop mathematical
models that would allow qualitative investigation of flux density and eddy current

distributions in the back-iron of laminated axial flux machine cores.

Specific objectives were:

1) to develop an analytical model for a simplified axial flux machine core.

2) to develop a numerical model that would allow evaluation of power loss due to

the tendency for flux to flow in the radial direction.

3) to design laboratory tests that would allow some of the predictions of 1) and 2)

to be confirmed.

The rationale behind objective 1) was that an analytical model could be used to par-

tially check the more practical model developed to fulfill the aim of objective 2).

1.4 Literature Review

A good understanding of the nature of the magnetic flux density distribution in the
steel cores of axial flux machines would be an asset to engineers who are designing
or analyzing these machines (Chandler & Patterson, 2001). Unfortunately, there is
very little published work in this area. This is especially true for work that deals
with the flux distribution in the back-iron of AFM cores. Some authors, (Bumby
et al., 2004; Campbell, 1974; Chan, 1987; Zhilichev, 1998), have considered the flux
density distribution in the air-gap region of AFMs, however flux densities in the iron
cores have effectively been ignored since infinite core permeability was assumed. Boldea

et al. (1975), derive expressions for the flux density in the air-gap and machine cores,
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but ignore the effects of finite radius. Huang et al. (1999) derive sizing equations for
AFMs with consideration of the core back-iron depth, which is a significant part of the
axial length of AFMs. However, their approach seems to ignore non-uniformity in the

flux density distribution in the back-iron.

Numerical techniques such as the finite difference and finite element methods have
permitted machine designers to more accurately predict both flux and loss density
distributions. Prediction of core losses in electric machines generally requires numerical
quasi-static analysis. The finite element method has gained significant popularity over
recent years and is possibly the most commonly used technique for electromagnetic

analysis of electrical machines.

The difficulties in performing three-dimensional numerical analysis of electric machines
are well known (Salon, 1995). This is especially true for machines with narrow air-gap
regions (Abdel-Razek et al., 1982; DeBortoli et al., 1991; Feliachi et al., 1983; Guerin
et al., 1994). In order to reduce the often significant computation times and resources
required when performing finite element analysis of electrical machines, techniques
such as the axisymmetric and axiperiodic formulations have been developed. These
techniques, where applicable, have the potential to drastically reduce the problem size.
Unfortunately, not all of these techniques are always available in commercial software

packages.

Although not as popular as the finite element method, the use of coupled networks for
electromagnetic analysis has also been widely reported on by authors such as Demenko
(2000), Balchin & Davidson (1983), Davidson & Balchin (1983), Davidson & Balchin
(1981), Balchin & Davidson (1980), Carpenter (1977), Carpenter (1975a), Carpenter
(1975b), Carpenter (1975¢), King (1966a) and King (1966b). From an engineering
point of view, one significant advantage of this approach is the physical interpretation

it readily lends itself to (Guo & Zhu, 2002; Carpenter, 1975¢; King, 1966a).

The choice of technique used to solve a particular problem often depends on the problem

type and characteristics as well as the availability of hardware and software resources.
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Throughout most of this work, the “brute force” approach to numerical modeling was
found to be unsuitable. This was primarily due to the three dimensional nature of
the problem and limitations in available computing resources. As a result, it has been
necessary to explore unconventional avenues in order to produce numerical models that

were useful to the project.

1.5 Dissertation Outline

A brief outline of subsequent chapters is as follows:

Chapter 2 - The Effect of Curvature on Axial Flux Machine Cores, develops
an analytical model of an axial flux machine core. This model confirms the pres-
ence of a curvature related radial component in the core magnetic flux density
distribution. Three dimensional Finite Element Analysis is also performed to

validate key results predicted by the analytical model.

The analytical model allows us to predict an upper limit for the magnitude of the
radial flux component and determine its influence on the distribution of the axial
and circumferential components of flux density in the core. It also provides some
insight into the effects of varying physical dimensions and material properties on
the flux density distribution in the core back-iron. The solution is an upper limit
in the case of time-varying fields as induced currents will reduce the magnitude

of the radial flux component.

Of practical significance is the prediction of greatest magnetic flux density in
the circumferential direction in the laminations near the outer radius of the core.
This should be taken into consideration if excessive saturation in this region of
the core back-iron is to be avoided. Experimental results are presented which

confirm the predictions of back-iron flux density distribution made by the model.
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Chapter 3 - The Coupled Network Method, develops a coupled resistive-reluctive
network for the purpose of predicting core losses due to radial flux flow in lami-
nated cores. The periodicity of the fields in the circumferential direction in axial
flux machine cores allows the core to be modeled using an axiperiodic formulation.
Using this formulation has the significant advantage of reducing the problem size
and thus the computation resources required to numerically model the core. The
formulation presented is based on the magnetic scalar potential and a reduced
electric vector potential. The term “reduced” is introduced to signify that only

one of the components of the electric vector potential are non-zero.

The axiperiodic formulation is not widely available in commercial finite element
software packages. Therefore, in order to exploit its advantages, all models were
developed in-house. The coupled network method with regular elements was cho-
sen because of the simple geometry of the core and because it lends itself to

physical interpretation.

It is also shown that the coupled network formulation presented here is really

just an application of the finite difference method.

Chapter 4 - Core Losses and Magnetic Flux Density Distribution, uses the
restricted axiperiodic coupled network method developed in Chapter 3 to predict
core losses due to the radial component of the magnetic flux density distribution.
The coupled network formulation is based on a restricted resistive network formed
by setting the core conductivity in the radial direction to zero. This restriction
results in an induced loss calculation due only to the radial component of the
core magnetic flux density. It is shown that the power loss due to radial flux
is decoupled from that due to parallel running or main flux and therefore their
theoretical evaluations can be performed separately. The axiperiodic model is
also used to investigate the frequency dependence of the radial component of the

magnetic flux density.
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A closed form expression for the power loss due to radial flux is also derived.
This expression can be used by axial flux machine designers to make a quick as-
sessment of the requirement to consider power loss due to curvature related cross

lamination flux.

Chapter 5 - Sub-domain Scaling for Finite Element Analysis of Electrical
Machines, presents a sub-domain scaling technique for finite element analysis of
axial flux machines with narrow air-gap regions. It is shown that this technique
has the ability to both reduce the number of nodes required to mesh the domain

as well as improving the mesh quality.

Whilst this technique does not directly contribute to the work presented in the
previous chapters, it does provide a tool which could be used to extend the work

beyond its current limitations.

Chapter 6 - Conclusion, reviews achievements of the research undertaken with re-
spect to its aim and objectives. A section entitled “Further work” is also included
which addresses some of the possible areas in which research could be performed
to extend on the contributions made here. In this section it is argued that the
scaling technique developed in Chapter 5 may prove very useful for further work

in these areas.

Appendices:

Appendix A - Bessel Function Orthogonality, demonstrates the orthogonality
property of Bessel functions with respect to a scaling coefficient over a fixed region
when homogeneous derivative boundary conditions are imposed. This property
is an integral part of the derivation of the analytical model presented in Chapter

2.

Appendix B - Air-Gap Flux Density Distribution, presents an analytical model

of the air gap region of an axial flux machine. Using the derived model it is
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shown that for narrow air-gaps the magnetic flux density becomes independent

of radius.

Appendix C - Two-Dimensional Magnetostatic Analytical Model, derives a
two-dimensional analytical model for the magnetic flux density distribution in the
core of an axial flux machine. This model is compared with the three-dimensional
model of Chapter 2, where it is shown that the two models agree in the limit of

zero radial permeability.

The two-dimensional model is also used in Chapter 4 to provide an equation for

the loss due to parallel running or main flux in axial flux machine cores.

1.6 Summary of Original Work

The original work presented in this dissertation focuses on the prediction of a radial
component of the magnetic flux density in the back-iron of axial flux machine cores.
The radial component investigated here is a direct consequence of the core curvature.
It is shown that its magnitude is dependent on the core material properties and degree
of core curvature. Analytical and numerical tools have been developed that allow the
behaviour of the radial flux component to be investigated. These models also allow
prediction of the induced losses caused by the tendency for flux to flow in the radial
or cross laminate direction. A scaling technique has also been developed to assist in
the finite element analysis of electrical machine with narrow air-gap regions. When
used to analyse axial flux machines, this technique has the potential to reduce the

computational resources required to perform finite element analysis.

It is concluded that in most practical axial flux machines the effects of curvature related
radial flux on the iron loss and flux density distribution can be neglected. However,
the effects of core curvature on the flux density distribution in the back-iron of these
machines cannot be ignored. In this dissertation it is shown that core curvature results
in a non-uniform flux density distribution with radius. Machine designers need to be

aware of this distribution when sizing back-iron if excessive saturation is to avoided.
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Specifically the original contributions reported in this dissertation include:

1)

Derivation of an analytical model of the magnetic flux density distribution in
the core of axial flux machines. This model confirms the presence of a radial
component in the flux density distribution. It also shows that the magnetic flux

density is highest in the laminations near the outer radius of the core.

Development of an axiperiodic coupled network formulation for the prediction of

induced losses caused by the tendency for flux to flow in the radial direction.

Derivation of a closed form expression for the power loss due to curvature related
radial flux. This expression allows axial flux machine designers to make a quick
assessment of the requirement to consider power loss due to curvature related

cross lamination flux.

Development of a sub-domain scaling technique for finite element analysis of elec-
trical machines with narrow air-gap regions. This technique has been developed
as a general tool to assist in the finite element analysis (FEA) of axial flux ma-
chines. It has the potential to significantly reduce the computational resources

required when performing FEA on these and other types of machines.
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e A. Hewitt and A. Ahfock, “Sub-domain scaling for finite element analysis of
electrical machines,” IEE Proceedings - FElectric Power Applications, Vol. 152,
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152, No. 5, September 2005, pp 1350-1358.

1.7.2 Acknowledgement of Contributions by Co-Authors

Firstly I wish to acknowledge the significant contributions made by my supervisor
Dr Tony Ahfock in the preparation and production of this thesis. Not only was the
topic of this project proposed by Dr Ahfock but throughout the course of the research
he maintained a constant interest and provided invaluable assistance and guidance in
the development of this work. Much of the work developed and presented herein was

discussed with and reviewed by Dr Ahfock and for this support I will always be grateful.

I would also like to take this opportunity to acknowledge the contributions made by

my co-authors in producing the aforementioned publications. More specifically;

1) for the publication entitled “Magnetic flux density distribution in axial flux ma-
chine cores” I would like to thank and acknowledge the guidance provided by Dr
Sergey Suslov in developing the analytical solution. I would also like to thank

and acknowledge Dr Ahfock’s assistance in developing the section on experimental



CHAPTER 1. INTRODUCTION 15

results.

for the publication entitled “Sub-domain scaling for finite element analysis of
electrical machines” I would like to acknowledge the contributions made by Dr
Tony Ahfock in proposing the idea and providing his guidance in the development

of the section on material non-linearity.

for the publication entitled “Curvature related eddy current losses in laminated
axial flux machine cores” I would like to acknowledge the contributions made
by Dr Tony Ahfock in developing the sections on loss separation, closed form

expression for power loss and laboratory tests.



Chapter 2

Curvature Related Radial Flux in

Axial Flux Machine Cores

The two main physical reasons for the existence of a curvature related radial component
of the magnetic flux density are longer flux path lengths at larger radii and the amount
of flux being greater at larger radii. The tendency for magnetic flux to flow radially
in the back-iron of AFMs does not seem to have been considered previously. A three-
dimensional (3D) analytical model of the AFM back-iron is presented in this chapter.
An important purpose of the model is to allow investigation of the radial component

of the magnetic flux density.

Determining the magnitude of the radial component will allow us to predict the influ-
ence it has on the distribution of the axial and circumferential components of the flux
density in the core. This will also answer the key question of whether or not the radial
component can be ignored with respect to the flux density distribution. Determination
of the flux density in AFM cores is greatly simplified if the radial component and its

effects can be ignored.

16
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2.1 Analytical Model

An analytical model is now derived for the core of an axial flux machine. This model
provides some insight to the nature of the magnetic flux density distribution inside the
core of these machines and identifies a previously unreported curvature related radial

component of the flux density.

2.1.1 Single-Phase Excitation

For simplicity the following assumptions have been made:

a) magnetic saturation, hysteresis and induced currents can be ignored;

b) magnetic permeabilities in the radial, axial and circumferential directions may

differ from each other, but are all constant;

c¢) the core is uniform rather than laminated. However a significantly lower perme-
ability is used in the radial direction to account for the effect of the low perme-

ability electrical insulation separating the laminations (Reece & Preston, 2000);
d) the regions outside the core (see Figure 2.1) have zero permeability;

e) the core surface adjacent to the air-gap is smooth, that is the effects of teeth and

slots are ignored;

f) magnetic flux enters the core from the air-gap axially with flux density constant

along the radial direction and varying sinusoidally in the circumferential direction.

Assumptions d) and f) imply that end-effects are ignored in the model. In practice
end-effects will result in an increase in the magnetic flux density at the core edges
(Bumby et al., 2004). Whilst it is acknowledged that end-effects need to be considered
when investigating the magnetic flux distribution in the core back-iron, the focus of

this research is on the effect of core curvature on the distribution.
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2a

2b )

Figure 2.1: Stator core geometry and coordinate system.

The problem is formulated based on Maxwell’s equations and the assumptions listed
above. The assumption of no currents in the core allows the magnetic field intensity

H’ to be defined in terms of a magnetic scalar potential ¢’ using

—

0 =-v4. (2.1)

The constitutive relationship between the magnetic flux density B’ and H’ can now be

used to produce the defining model equation
V- (M'V¢) =0, (2.2)

where M’ is the permeability tensor given by

w0 0
M=10 pu 0 |- (2.3)
0 0 p

The boundary conditions are:

1) Magnetic insulation along the lower z’-plane boundary,

B

0 (2.4)

2'=0
2) The magnetic flux injection boundary,

(Y
Bl|,_s;= Psin <?) (2.5)



CHAPTER 2. CURVATURE RELATED RADIAL FLUX IN AXIAL FLUX
MACHINE CORES 19

3) Magnetic insulation at the inner and outer radial surfaces,

B7/"|r’:a and r'=b 0 (26)
where B, and B are the axial and radial magnetic flux densities respectively, P is the

peak imposed flux density, a and b are the inner and outer core radii, respectively, ¢ is

the core thickness, and 0 < 0 < 27 is the angular coordinate.

In coordinate form equation (2.2) becomes

P 08 & P

The problem is non-dimensionalised as follows
o= rb
¢ = dpo (2.8)
o= 20

where b is the core outer radius ¢ the iron axial length and ¢q, the characteristic value

of the potential, is defined in equation (2.14). The permeability tensor (2.3) becomes

1 0 O
M=10 k O (2.9)
0 0 k,

where kg = po/pr, and k, = p./pr. The non-dimensional form of equation (2.7) is

¢ 10¢  kegd?¢ bk, 0%¢

— t-———+ 555 — = 2.10
oz Tror T oz T e a2 (2:10)
and the non-dimensional boundary conditions are
9¢

— =0 2.11
az 0 ) ( )

Po 09 . (po

kz r e A = P e

WS 0z, 2

09
~ 0z

= sin (p—9> , (2.12)

z=1
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and
9¢

— 2.1
5 0 (2.13)

r=s and r=1
where s = (a/b). Equations (2.11), (2.12) and (2.13) arise from the dimensional bound-
ary conditions (2.4), (2.5) and (2.6), respectively, and we choose

Ps _ P§

0: p—
¢ kopir iz

(2.14)

to simplify the boundary condition (2.12).

We now use separation of variables to solve (2.10). Substituting

¢=R(r)-¢(0) Z(2)

in equation (2.10) gives

R" 1R kyy  kb*Z
2 - 2 _ 2.1
R + r R * r? ¢ + 02 Z 0 (2.15)

"

where the primes denote the respective derivatives. Consistency within equation (2.15)

requires that

Z// 52
=kl 5—, n=123,... 2.16
Z n kazv n 9 Ay Jy ( )
and
Lo (to ensure angular periodicity) (2.17)

¥
where k,, are real constants and | = (p/2). Substituting (2.16) and (2.17) into (2.15)

gives

R’ 4+ 7R + (r’k2 — kel?) = 0. (2.18)
We now make the following simplifying substitution
m = 1kg (2.19)
which reduces (2.18) to
rR +rR + (r’k2 —m*R =0. (2.20)

Equation (2.20) is a Bessel Differential Equation (BDE), the solution of which is of the

form Ry, (k,r) = c1Jm(knr) + oY (kyr) where J,, and Y, are Bessel functions of the
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first and second kind of order m,respectively. Enforcing the radial boundary condition

(2.13) leads to the nonlinear eigenvalue problem for k,

/ ’

Fo (ky) = J, (kns) Y, (kn) — J

m m

(kn) Y, (kins) = 0, (2:21)

the solutions of which are shown in Figure 2.2.

0.6

0.4

0.3

0.2

F K

0.1

10 20 30 40 50 60 70 80 90 100

Figure 2.2: Solutions to the non-linear eigenvalue problem of equation (2.21) shown
by * for m = /50 (i.e. I =1, pp = 10004, and g, = 20u,) and s = 75/175.

Equation (2.16) is now solved using boundary condition (2.11) as follows:

Z s 02
Z = Mg =

= Z = Acosh(gnz)+ Bsinh(g,2)

=7 = g,Asinh(g,2) + gnBsinh(g,z). (2.22)

where A is some constant and g, = [(kzné) / (b\/%z)} Enforcing (2.11) reduces (2.22)

to
Z = Acosh(gnz). (2.23)
The solution for ¢ is now
> T (kns) .
= -y h . 2.24
1) nZ:l Ch | I (knr) Y (k) m(knr)] sin(l6) cosh(g,z) (2.24)
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In order to algebraically simplify the solution (2.24) we redefine the coefficient C,, so

that
0 (K 8) sin(16) cosh(gnz)
- - Y,
¢ nzl Cn | I (k) = G720 m(/-cnr)] o sinh(g)
= 3 Jrln(kns) Sin(lﬁ) egn(z—1) + e—9n(z+1)

Applying boundary condition (2.12) to equation (2.25) results in the following infinite

series
= T (k)
Ch | Im(knr) — LY, (ky, =1. 2.26
3 Co | Imlhur) = G2V r)] (226)
The orthogonality properties
; 1
/rRZn dr =55 [(m? — k25%) RZ, (kns) — (m* — k2) R2, (k)] (2.27)
and
1
/rRm(k:nr)Rm(k:er)dr =0, n#e, (2.28)
where
T (kps)
Ron Oher) = i (k) = 525 Yo ()

and k,, and k. satisfy the nonlinear eigenvalue problem (2.21) are shown in Appendix
A. Using the orthogonality relationships (2.27) and (2.28) the unknown coefficients in
(2.25) are found to be

1 ’
2k721 fr I (knr) — )‘]/’7((:”‘3 Yo (kpr) | dr

m? (R2, (kns) — R2, (k) + k2 (R2, (kn) — s2R2, (kps))

C, = (2.29)

where:

R (kns) = Jm (kns) — k Yy, (kns).



CHAPTER 2. CURVATURE RELATED RADIAL FLUX IN AXIAL FLUX
MACHINE CORES 23

In accordance with equations (2.1),(2.2), (2.3) and (2.8) the components of the dimen-

sional magnetic flux density within the core are given by

’ ILLTP(S 3¢

B p— —_— 2-

" b Or’ (2.30)
/ ,U,@P(S 8¢)

B, = — 2.31
0 wobr 00’ (2.31)
r o

B. = P (2.32)

2.1.2 Three-Phase Excitation (Rotating Fields)

The solution to a balanced three phase system is of the same form as that of the single
phase system and can be found by modifying the injection boundary condition (2.5) to

become
' . : : 2\ . 27
B, = P |[sin (10) sin (wt) + sin <l«9 + ?) sin (wt - —)
3
=3 P cos (wt +16) (2.33)

where w = 27 f, f is the supply frequency and t represents time. The solution for ¢ is

then

3 — Cn J) (knt) eIn(z=1) 4 g=gn(z+1)
¢ - 5 cos (Wt + l@) ; g_n [Jm (knr) - miny (knT)] [ 1= e—an

(2.34)

Equations (2.30),(2.31) and (2.32) can then be used to predict the magnetic flux density

distribution in the core.
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Such a rotating field could be produced by either a static three-phase set of windings

or by a set or rotating magnets.

2.1.3 Air-gap Flux Density Distribution

The analytical model developed in Section 2.1.1 is based on an assumption of magnetic
flux entering the core from the air-gap axially with the flux density being constant in the
radial direction and varying sinusoidally in the circumferential direction. Previous work
performed by Chan & Leung (1980), Chan (1987) and Zhilichev (1998) show that this is
a good approximation when end effects are neglected. Chan (1987) gives an expression
for the air-gap flux density however the assumptions and boundary conditions used are
not clear. A complete derivation of the air-gap flux density is presented in Appendix B.
The prediction of constant axial magnetic flux density with radius is not surprising for
narrow air gaps. This can be seen by applying Ampere’s law for a contour defined over
the angular displacement of one pole pitch as shown in Figure 2.3. For practical core
permeabilities the magnetic field intensity H can be neglected inside the cores making
the integral equal to 2H.l, where H, is the axial component of field intensity in the
air-gap and [, the air-gap length. The current enclosed by any such constant radius
contour will be constant and therefore H, is also be constant with radius. Thus the
magnitude of the axial component of the magnetic flux density will be independent of

radius.

Stator

<———————— onepolepitchatr,,, ————

-

air-gap — ! ! |

<— one pole pitch atr,,—>

Rotor

Figure 2.3: Integration contours for Amperes law.
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2.1.4 The Effect of Curvature on the Radial Flux Density

The static three-dimensional solution of Section 2.1.1 predicts a radial component of
the magnetic flux density B; in the core of axial flux machines. The magnitude of this
component is given by equation (2.30) where ¢ is fully defined by equations (2.25) and
(2.29). Tt is apparent from equations (2.30) and (2.25) that the magnitude of B, is
influenced by the material permeabilities in the axial and radial directions, the core
axial length, the imposed magnetic flux density and the core outer radius. The dif-
ferential term in equation (2.30) seems to obscure the influence of the circumferential
permeability and the curvature of the core. However, inspection of equation (2.19)
reveals that the Bessel function order is determined by kg = ug/p, and I = p/2. There
is also a measure of curvature present in the term s = a/b in equation (2.29). Qual-
itatively we would expect the circumferential permeability to play an important role
in determining B; as it is a significant component of the main flux path reluctance.
As discussed earlier, the two main reasons for the existence of B, are the variations in
the main flux path reluctance or length with radius and the greater amount of flux at
larger radii. Both of these variations are influenced by the core curvature and thus it

is worth investigating the effect of curvature on the peak magnitude of B;.

If the core curvature is defined as the inverse of the average core radius, then variations
in the curvature are achieved by varying the values of a¢ and b in the analytical solution
of Section 2.1.1. Isolation of the curvature effect is achieved by maintaining a constant
value for the imposed magnetic flux per pole pitch. The radial and axial lengths of the
core as well as the pole pitch should also be kept constant. This can be achieved by
considering a single pole pitch of a machine in which the number of poles is varied in
order to keep these values constant. For a constant imposed flux per pole pitch

b b
k://cos(p—e>7“898r:(a+b>(b—a),
2 p
a 0

the average pole pitch k1 = m(a+b) /p and the core radial length ko = (b —a) are

kept constant. Varying core curvature in the model whilst keeping the desired variables
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constant is achieved by first choosing practical values for k1 and ko. These constants
along with an arbitrary starting value for the number of poles are then used to determine
the core inner and outer radii. The number of poles is varied to give modified values
for the inner and outer radii which in turn change the core curvature. The influence of
core curvature on the the peak radial flux density component is shown in Figure 2.4.
The curves in Figure 2.4 also show the variation in the peak value of B,/n for differing

circumferential permeabilities over a range of curvature values.
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Figure 2.4: The effect of curvature on the peak radial flux density.

It can be seen from Figure 2.4 that the magnitude of the B; is small in comparison
to the peak air-gap flux density. This is true even when a core exhibits a relatively
large amount of curvature and low magnetic permeability; the potential for radial flux

to flow increasing with curvature and lower permeabilities.
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2.2 Predicted Core Magnetic Flux Density Distribution

The model proposed in Section 2.1.1 was evaluated for the following realistic physical

parameters
a = 0.075m,
b = 0.175m,
6 = 0.1m,
p = 2

pg = pz = 10004,

where pi, is the permeability of free space. A laminate stacking factor sf = 0.95 is

assumed resulting in an effective radial permeability (u,) (Reece & Preston, 2000) of

Hair

My = m == 20#0. (235)

The convergence results of the infinite series given in equation (2.26) at the magnetic
flux injection boundary for a truncated number of terms is shown in Figure 2.5. All
numerical results presented here are obtained using 60 terms in the series which guar-

antees errors of less than 1077,

The model predicts the existence of a radial component in the magnetic flux density
with peak values along the pole-centre planes, shown in Figure 2.6. Finite element

analysis using FEMLAB (COMSOL, 2004) makes practically the same prediction.

It can be seen from Figure 2.6 that the peak radial flux densities are small compared
to the peak air-gap flux density P. The predicted radial flux component under the
assumption of no induced currents should be regarded as an upper limit. In practice
levels of radial flux will be smaller, possibly by as much as an order of magnitude, due
to the shielding effect of the eddy currents induced as a result of the tendency for flux

to flow radially.

Figure 2.7 shows theoretically predicted flux densities through planes half way between
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Figure 2.5: Error in the truncated infinite series of equation (2.26).

pole-centre planes. Only the circumferential flux density component is non-zero on
these planes. An economically designed core will have an axial length such that the
back-iron experiences its overall peak flux density on those planes. The top and bottom
curves in Figure 2.7 show that there is a significant difference between peak flux densities
experienced by laminations at different radii. The presence of a radial component in the
flux density causes this difference to be reduced. This is to be expected as radial flux
results in a redistribution of the flux. However, as pointed out previously, the magnitude
of radial flux assumed in Figure 2.7 should be regarded as an upper limit since the
shielding effect of induced eddy currents is likely to be significant. A safe approach
when sizing the axial length of the core back-iron is to assume that the radial component
of the flux density is equal to zero. Under this assumption, flux redistribution cannot
occur and the lamination near the outer radius will experience the greatest overall
circumferential flux density. Figure 2.7 also shows that the circumferential flux density
near the outer radius is much higher than the average core back-iron circumferential

flux density.
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Figure 2.6: Radial component of flux density along the pole-centre plane using
n = 50 modes for the analytical solution given in equation (2.25) .

2

1.8f B
2 -
‘@ 1.6F _ -7 A
g Outer radi e
2 uter radius T
x 14F = 4
= i -
£ 1.2 - 4
c
Sz
0= L
EEDCD 1 ~
5~ =
S o7
6 Nelny .
it Inner radius
o}
2 0.6 1
[
1S radial permeability = 0
(=] 0.4r . - 7
z - — - radial permeablllty:ZOuO

0.2+ average value B

O L L L L L L L L L

Figure 2.7: Normalised circumferential flux densities through planes half way be-
tween pole centre planes.
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2.2.1 Experimental Results

Direct physical measurement of the flux density in the core of an electrical machine is
impossible. Measurements of the amount of flux crossing areas in planes perpendicular
to laminations (r-z planes) have been made. The experimental set-up used is shown
in Figure 2.8. This set-up was constructed specifically for the purpose of investigating
the flux distribution in the test core. The slotted bottom core was wound as a 2-pole
single phase stator and was energized from a 50 Hz sinusoidal a.c. supply. There was
a uniform air-gap of approximately 1 mm between the bottom core and the unslotted

test-core. The test-core remained magnetically unsaturated during testing.
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Figure 2.8: Experimental set-up.

Measurements were made using two probes P1 and P2, as shown in Figure 2.9. The
measurement points Z1 and Z2 are at the same radial distance from the central axis.
Point Z2 was located on the air-gap side of the test-core. Access to point Z2 was via one
of the slots in the bottom core. All the slots were filled to about eighty percent making
it possible to both insert a specially made probe in the selected slot and to make good
electrical contact with the test-core at measurement point Z2. The selected slot was
positioned so that Z1 and Z2 were located on the plane half way between pole centre
planes. Careful removal of insulating material was necessary to ensure good electrical

contact at Z1 and Z2.
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Figure 2.9: Test-core voltage measurement.

Measurements were made at ten different locations between ' = a and r’ = b. The
normalized amount of flux at v’ was calculated as the ratio

net measured voltage (1)

2.36
net measured voltage (r’' = a)’ (2.36)

where the net measured voltage is the difference between the actual measured voltage
and the measured voltage due to end flux per turn. Net measured voltage rather than
actual voltage is used in equation (2.36) so that there is consistency with theoretical
predictions which assume zero end flux. Voltage due to end flux was measured by
means of a coil spanning one pole pitch of the test core and located so that it links all

the end flux entering the core.

The normalised amounts of measured flux are shown in Figure 2.10. Equation (2.31) is
used to compare theoretical predictions with measured values. The solid line in Figure
2.10 represents a two-dimensional analytical solution obtained in the limit u,, — 0. The
assumed value of P in equation (2.31) is such that the total circumferential flux through

the plane half way between pole centre-planes was equal to the measured value.

If flux density was independent of radius, then the graph shown in Figure 2.10 would be
a straight line passing through the origin. However, it is clear that both the theoretical
curves and the measured data suggest greater flux densities at larger radii. Since flux
density is proportional to the gradient of the curves, the experimental results can be
used to obtain an estimate of the ratio of the flux density near the outer radius to the
average flux density. This is found to be approximately 1.37 for the considered geometry

and is in good agreement with the theoretical prediction if the radial component of
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Figure 2.10: Measured and predicted circumferential flux.

the flux density is assumed to be zero (which would be the case if there was ‘perfect
shielding’ due to induced eddy currents). If there were no shielding effect, in theory
B, would assume the levels shown in Figure 2.6. Figure 2.10 gives theoretical curves
corresponding to both the ‘perfect shielding’ (u, — 0) and ‘no shielding’ (u, = 20u0)
situations. These curves are relatively close to each other and therefore, while the
experimental results provide convincing evidence that the flux density is significantly
greater at larger radii, they cannot be used to confirm that shielding due to eddy

currents has a dramatic effect on the amount of the radial flux component.

2.2.2 Practical Implications

Both theoretical and experimental results show that the magnetic flux density in the
circumferential direction is highest in the laminations near the outer radius of the core
of AFMs. This should be taken into consideration if excessive saturation in this region

of the core back-iron is to be avoided (Hewitt et al., 2005).

In RFM cores, if end effects are neglected, the use of 2D models for purposes such

as prediction of tooth saturation level and electromagnetic torque is justified because
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of the absence of axial flux. On the condition that the radial component of the flux
density B]. can be ignored, 2D modeling is also justified for AFMs. However for a given
AFM, several 2D models would be required. Assuming slot-width does not vary with
radius, laminations closer to the inner radius would be modeled with relatively smaller

slot-pitch and tooth-width compared to laminations closer to the outer radius.

The magnitudes of B, shown in Figure 2.4 suggest that in practice the radial compo-
nent of the magnetic flux density can be ignored with respect to its influence on the
distribution of the circumferential and axial components of the flux density in the core.
This offers the significant advantage of being able to use 2D models as suggested above.
The removal of the radial flux density component also significantly simplifies the ana-
lytical solution for the flux density distribution in the core. A 2D analytical solution is
presented in Appendix C. Comparing the 3D and 2D solutions for the non-dimensional
magnetic scalar potential ¢ given by equations (2.25) and (C.19), respectively, it can
be seen that the 2D solution is of a much simpler form and is thus easier to evaluate.
A comparison of the normalised circumferential flux density component through planes
half way between the pole centre planes found using the 2D and 3D solutions are shown

in Figure 2.11.

outer radius

=
[}
T
I

Normalised circumferential flux density (Be’/P)
=

05 I I I I I I I I I
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

z' (m)

Figure 2.11: Normalised circumferential flux density found using the 2D and 3D
models.
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These curves show that in the limit p,, — 0 the 3D model will produce the same results

as that of the 2D model.

While the magnitude of B! is significantly less than that of the main flux components
the question of induced losses caused by this component still needs to be addressed.
It has long been standard engineering practice to use laminated cores to reduce eddy
current losses. Unfortunately the radial component of the flux density flows in a cross
laminate direction and thus induced losses may be significant, even for relatively low
values of BJ.. In Chapters 3 and 4 numerical techniques are developed and the losses

caused by the tendency for radial flux to flow are investigated.



Chapter 3

The Coupled Network Method

Predicting losses due to the radial component of the magnetic flux density in the stator
back-iron requires numerical quasi-static analysis of the core. There exists a number of
techniques to perform such an analysis including the Finite Element Method (FEM),
Integral equation methods and Finite difference methods (Chari & Salon, 2000).

The finite element method has gained significant popularity over recent years and is
possibly the most commonly used technique for electromagnetic analysis of electrical
machines. There has also been a number of different formulation developed based on
the finite element technique (Ratnajeevan & Hoole, 1995). Finite element formulations
have been extensively implemented in a number of commercially available software

packages.

A less common technique for electromagnetic analysis is the coupled network method.
This method uses a coupled magnetic and electric circuit representation of the domain.
The magnetic or reluctance network has been comprehensively reported on by a num-
ber of authors and has been compared with the finite difference and finite element
methods (Balchin & Davidson, 1980; Carpenter, 1975¢; Chari & Salon, 2000; Demenko
et al., 1998; Sykulski, 1995; King, 19664; King, 1966b). The coupled network formu-

lation is based on two physically separate but electromagnetically coupled networks.

35
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The magnetic and electric networks are commonly referred to as the reluctance and
resistance networks respectively. The use of coupled networks for electromagnetic anal-
ysis has also been widely reported on in published papers such as Demenko (2000),
Balchin & Davidson (1983), Davidson & Balchin (1983), Davidson & Balchin (1981),
Balchin & Davidson (1980), Carpenter (1977), Carpenter (1975a), Carpenter (1975b),
Carpenter (1975¢), King (1966a) and King (1966b). Roisse et al. (1998) and King
(1966b) used coupled networks to analyse synchronous and induction machines respec-
tively, including the effects of saturation and motion. One important advantage of the
coupled network approach is the physical interpretation which the network formulation

provides (Carpenter, 1975¢; Guo & Zhu, 2002; King, 1966a).

In general, three dimensional numerical quasi-static electromagnetic analysis of regions
involving currents requires the solution to be formulated in terms of a scalar and vector
potential. These formulations require the solution of four unknowns per node in a
discretised system. In order to reduce computation times and resources, techniques and
formulations have been developed to reduce the number of degrees of freedom for some
problems. In some instances it is possible and practical to model a three dimensional
domain as a two dimensional problem with appropriate boundary conditions. The
axisymmetric and axiperiodic formulations are examples of these. Where commercially
available software does not include these formulations the user is required to either

modify existing code or to generate in-house code to solve their particular problem.

The analytical model presented in Chapter 2 showed that the core magnetic flux density
varies sinusoidally in the circumferential direction. This is a direct consequence of the
angular periodicity in the imposed magnetic flux density at the core-air gap boundary.
The periodicity in the circumferential direction allows a slotless axial flux machine
core to be modeled using the axiperiodic formulation. This formulation is not widely
available in commercial finite element software packages. For this reason and because
of the simple geometry of the core as well as the physical interpretation offered, the
coupled network method has been chosen to provide quasi-static analysis of an AFM

core.
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In the following sections a coupled resistance-reluctance network formulation will be
presented. We begin with a generic three dimensional coupled network formulation.
The resistive network is then restricted to a series of planar networks, the purpose
of which is to determine the losses due to and frequency dependence of the radial
component of the core magnetic flux density. It is also show in Section 3.3 that the
coupled network formulation derived here is in fact just an application of the finite

difference method.

An axiperiodic coupled network formulation is presented in Section 3.4. This formu-
lation is used in Chapter 4 to predict the induced losses in axial flux machine cores

caused by the tendency for flux to flow radially.

3.1 Magnetostatic Analysis without Currents

In magnetostatic analysis where no electric currents are present the magnetic field
intensity H can be defined in terms of a magnetic scalar potential 2. In a current free
region

VxH=0,
and thus the magnetic scalar potential €2 can be introduced through
H=-vQ. (3.1)

The magnetic flux density B is related to the magnetic field intensity through the
constitutive relation
B=uH

where p is the material permeability. Consequently B can be expressed as

B =—uvQ. (3.2)

The magnetic flux density distribution in the core of an axial flux machine can be deter-

mined by solving equation (3.1) and imposing appropriate boundary conditions. The
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reluctance network formulation presented here numerically solves for €2 by discretising

the core using regular elements. Magnetic nodes are assumed at the element centroid

as shown in Figures 3.1 and 3.2.

Figure 3.1: Core discretization.

Ar

Figure 3.2: Element shape and node position.
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The formulation is based on the equation
pPQ = ¢imp (3'3)

where P is the permeance matrix, €2 is a vector of magnetic scalar potentials at the
nodes and @;myp is a vector of the imposed magnetic flux at the nodes. The resulting
system of equations is solved to determine 2. The derivation of the permeance matrix

P and the imposed magnetic flux vector @;mp will now be shown.

3.1.1 The Permeance Matrix

The system of equations is derived by considering magnetic Ohms law and the solenoidal
condition of the magnetic flux density V - B = 0 at each node in the discretized space.
The resulting system of equations are the same as those used in electric circuit node
analysis where electrical admittances are replaced by magnetic permeances. Magnetic
branch permeances are calculated on an element by element basis using element lengths,
areas and material permeabilities. Figure 3.3 shows a typical element structure with

its associated node and permeance branches.

Figure 3.3: Element structure and associate permeance branches.

The magnetic scalar potential €2 is calculated at the nodes. Each node is connected to

its six surrounding neighbors by permeance branches. The branch permeances p are
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defined by
P=" (3.4)

where [ is the path length, u the material permeability and A the cross sectional area of
the flux path. In order to simplify permeance calculations elements have been chosen
such that material boundaries lie either at nodes or coincide with element boundaries.
The resulting permeance matrix P is sparse with the diagonal entries equal to the sum
of all permeances connected to a node and the off-diagonal entries the negative of the

permeances connecting the nodes.

3.1.2 Imposed Magnetic Flux

Based on the assumption of the magnetic flux entering the core from the air-gap axially
with the flux density being constant in the radial direction and varying sinusoidally in
the circumferential direction, the magnetic flux injection vector ¢;myp can be found.
The imposed magnetic flux for nodes located at the injection boundary of the core are

found using the element axial areas (see Figure 3.1).

At an average element radius of
T+ To
2

/l’;::

(3.5)

where 7; and r, are the element inner and outer radii, respectively, the element axial

injection area is given by
A = AO7F(ro—r;)
2 _p2
= a0 (250, (36)

Here Af, shown in Figure 3.2, is given by A0 = 27w /ng, where ny is the number of

divisions used to discretise the core in the circumferential direction. The imposed
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magnetic flux over an arbitrary element j is given by

Gimp; = //Ezcos (%)7“8987’

r15 01

= B: (ng — r%j) [Sin (1%) — sin (%)]
p
_ QBZ A " p«92j p‘glj
= Al [bm( 5 > n( 5 (3.7)

where r1; and ry; are the inner and outer radii of the j th element, 61; and f5; are the

angular limits of the element, B, is the peak axial magnetic flux injection at the core
surface and p the number of machine poles. The element angular limits 61; and 6o;
can be replaced by the constant Af = (A2; — 61;) and the node angular position 6; by

rewriting the trigonometric difference in equation (3.7) as

sin s} _ sin ) = sin ro; + pody _ sin pb; _ pob
2 2 2 4 2 4
A 0;
= 2sin <pT> Cos <%> . (3.8)

Substituting equation (3.8) into (3.7) results in

4B, A . (pAo p;
¢zmpj = 7@ Sin <T) COS (7> . (39)

For small angular discretization A§ — 0 the approximation

. (pAGY\ _ pAb
sin | —— )~~~

can be used to reduce equation (3.9) to

Gimp; = B.Acos <> ) (3.10)
3.1.3 Solving the System of Equations
Having constructed the permeance matrix P and the vector of imposed magnetic flux

@imp equation (3.3) can be solved to determine the values of the scalar potential £ at

the nodes. Solving this matrix equation requires the permeance matrix to be inverted
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which may cause difficulties if the matrix is very large. The size of P will depend on
the number of elements (or nodes) used in the core discretization. Discretization needs
to be sufficiently fine to describe variations in the magnetic field. Sparse matrices and

numerical inversion techniques can be used where required.

3.2 Eddy Current Analysis using the Coupled Network
Method

The system of equations for a coupled magnetic and electric networks is now derived.
These equations are derived based on the interaction between the two networks as
described by Faraday’s and Ampere’s laws. The formulation derived here is restricted
to that required to predict curvature related power loss in laminated axial flux machine
cores. This is achieved by setting the conductivity in the radial direction o, to zero.
Imposing this restriction results in only axial and circumferential components in the
current density and only the coupling between induced currents and radial permeance

branches need be considered.

Consider the modified magnetic or reluctance network described by

PQ = ¢imposed + ¢induced (3.11)

where @imposed is a vector applied or imposed magnetic flux at the nodes and ¢ ;nduced
a vector of induced magnetic flux at the nodes due to induced currents. Let ¢ induced
be represented by a vector of loop currents I and a connectivity matrix Q which links

the loop currents to node flux injections to give

PQ = ¢imposed - QI (312)

or equivalently

pPQ+ QI = ¢imposed. (3.13)

The connectivity matrix Q can be derived by considering two magnetic branches con-

nected to a common node j as shown in Figure 3.4. Let each magnetic permeance
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branch be enclosed by an associated current loop, also shown in Figure 3.4. The source
of this current being the emf induced by a time varying magnetic flux in the permeance

branch. This will be discussed further in the following sections.

Figure 3.4: Radial permeance branches with their associated loop currents.

The loop currents of each of the magnetic branches can be replaced by Norton equivalent

circuits as shown in Figure 3.5.

s <T> Pik

Loy <D Py

Figure 3.5: Norton equivalent circuit .

The Norton equivalent circuit of Figure 3.5 shows how the magnetic branch loop current

modifies the magnetic flux entering node j, which is the basis for the derivation of the
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Q matrix. For any arbitrary node j the Q matrix will have two entries

QU:J3) = pik (3.14)

Q1) = —pij- (3.15)

The permeance matrix P and the vector of imposed magnetic flux ¢imyp of equation

(3.13) is found in the same way as described in Sections 3.1.1 and 3.1.2.

We now derive a system of equations for the unknown loop currents. As stated earlier

these loop currents are the result of the induced emf given by Faraday’s law

., 0B
E.-dl=—[]Z2.ds.
pEa=-[] G0

The element structure which includes both magnetic permeance branches and electric
loop resistances is shown in Figure 3.6. The electric network is formed by a system of
resistive loops surrounding the magnetic branches. Resistance values are found using
element lengths, areas and material conductivity ¢ in a similar way to that used to

calculate the magnetic permeances. The branch resistances being defined by

where [ is the path length and A the path cross sectional area.

The resistance values are not calculated using the same element dimensions as those
used for the permeances. This is because the elements which define the electric network
effectively lie between the elements of the magnetic network. The elements in both
instances have the same shape and share common axial and radial lengths. Only the
element average radii differ. If the magnetic elements have average radii denoted by
rj for 7 = 1,2,3,... and the element radial length is Ar then the electric elements
have average radii given by (r; + Ar/2). In the magnetic network the nodes lie at the
element average radii in the radial direction, and similarly this can be considered the
case for the electric network. The resulting discretization can then be considered as a

radially staggered mesh between the magnetic and electric networks.
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Figure 3.6: Element structure including both the magnetic and electric networks.

The loop current equations are derived by expressing the magnetic flux in a permeance
branch in terms of the magnetic scalar potential at the branch nodes and the branch
loop current. For the general branch shown in Figure 3.7 the loop current can be

represented as a branch mmf = I; as shown in Figure 3.8.

Figure 3.7: Permeance branch and its associated loop current.

It should be noted that in order to satisfy Ampere’s law for all contours the loop current
must be associated with the magnetic branch flux to which the loop current is linked.

This requirement is further discussed in Section 3.3.3.

The branch magnetic flux ¢, is now expressed in terms of the branch loop current I;

and the node scalar potentials 2; and Q. From equation (3.2) the branch flux can be
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J
Figure 3.8: Permeance branch with its loop current replaced by an equivalent
branch mmf.

written as

¢ir =BA = —AuvVQ

= o) (3.16)

where B is the branch magnetic flux density, A is the element cross sectional area and [
the branch length. Comparing equation (3.16) with equation (3.4) it is seen that (3.16)

can be rewritten as
bk = ik (4 — Q) . (3.17)

Figure 3.8 shows that the branch loop current modifies the node magnetic potentials.

The modified node potential are shown in Figure 3.9.

Adding the loop current term given in equation (3.17) results in

ik = pik [ + 1) — Q]

= pjk (Qj — Q%) + pikd;. (3.18)
In matrix form this system of equations is written as

¢ = WQ + SI, (3.19)
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j
(©+1)

Figure 3.9: Permeance branch and its modified node scalar potentials.

where ¢ is a vector of branch flux, €2 a vector of magnetic scalar potentials, I a vector

of loop currents and W and S are matrices of permeance values given by

W (5,j) = pjk (3.20)
W (k) = —pjk (3.21)

and
S(5,5) = pik, (3.22)

respectively. The loop voltages V; can be found using Faraday’s law. For fields varying
harmonically in time the loop voltages are defined by

09,
ot

Vi= = —jwdik, (3.23)

where w = 27 f and f is the frequency of the harmonic time variation. Substituting

equation (3.18) into (3.23) in matrix form gives
V = —jwp = —jwWQ — jwST (3.24)

where V is a vector of induced loop voltages. The loop currents can be determined by

using loop analysis theory. Loop analysis produces the system of equations
V =RI (3.25)

where R is a matrix of loop resistances.
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The resistance matrix R is found by applying Kirchhoff’s voltage law around each
loop (i.e. loop analysis). For the arbitrary loop i, j, k, shown in Figure 3.10, the loop

equation is given by

Ro (Lijk — Lijr1) + B (Lijr — Lijik) + Ro (Lijk — Lijk—1)
VR (Lijp—Lij14) =V (3.26)

where V is the distributed loop emf and the loop branch resistances are defined by

r/Af
Ry = ———— 3.27
o oo ATrAZ’ (3.27)
Az
= _— .2
1. o, rAOAr (3:28)

R, R,

(V3

AN —

AYAYAYAY

Figure 3.10: A general electric loop structure.

The resulting R matrix will be a sparse matrix with diagonal entries equal to the sum
of the branch resistances forming the individual loops, and off-diagonal entries equal

to the negative of the resistance of the common branch.
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Substituting equation (3.25) into equation (3.24) results in

RI = —jw(WQ+SI)
=W + (R+5)1=0 (3.29)
where W = JwW and S = jwS. Quasi-static analysis requires the system of equations

defined by equations (3.13) and (3.29) to be solved simultaneously. The resulting system

of equations is then

. = |—. (3.30)
W

3.2.1 Alternate Formulation

The quasi-static formulation given in equation (3.30) solves for both the vector of
magnetic scalar potentials 2 and the vector of loop currents I simultaneously. The
system of equations can be rewritten such that only the magnetic scalar potentials are
solved for. The derivation is the same as that presented previously up to equation

(3.24). Using equation (3.25), equation (3.24) can be rewritten as

RI = —juWQ—jwSI
= -WQ-SI
~1—1 -
=1 = —[R+S} WQ. (3.31)

Substituting (3.31) into equation (3.13) results in

~1-1 -
¢imp = PQ—Q[R-FS} WwWQ
-1 .17t
-0 = [P —Q [R n s] W} Dimp (3.32)
which permits € to be solved for without solving for I. Having solved for €2 the loop

currents can subsequently be calculated using equation (3.31).

The choice of formulation will depend on the type of matrix solver used. The augmented
matrix system given by equation (3.30) is constructed from sparse and diagonal ma-

trices. For models requiring very fine discretization the number of node can be quite
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large and, unless sparse techniques are used, computing memory requirements will be
large. Matrix inversion is also required which may cause matrices to become full. The
formulation given in equation (3.32) does not require the augmented matrix of equa-
tion (3.30) however it does require multiple matrix inversions and more computational
steps. The choice of formulation should be based on the model size (number of nodes)

and the type of solution technique chosen.

3.2.2 Postprocessing

Having solved for €2 and I the magnetic flux density distribution and induced core losses
can be found. The magnetic flux density in any magnetic branch can be calculated using
equations (3.16) and (3.18). If desired, the magnetic flux density at the nodes can be
found by taking the average of the branch magnetic flux densities connected to that
node. For example, the radial component of the magnetic flux density at node j can
be found using

_ Gij + bk

B = =51

where the magnetic branch flux are as shown in figure 3.11 and A is the element cross-
sectional area in the radial direction. As magnetic flux density is a vector quantity

averaging must be performed over magnetic branches in the coordinate directions.

The induced losses in the core are calculated using loop current differences. The loop
current difference or electric branch current (i.e. the current in the common branch
resistance between adjacent loops) can then used in an IJZR]- calculation over the do-
main. The summation of all these losses giving the total induced core losses. Current

density distribution can also be calculated using the branch currents.
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Figure 3.11: Radial connected permeance branches and their branch magnetic
flux.

3.3 Coupled Networks and the Finite Difference Method

The finite difference method replaces the describing electromagnetic partial differential
equations by difference equations. The domain is divided into cells (of finite area or
volume) by a grid and the equations are written for the unknowns at the nodes. This
process replaces the original partial differential equations with a set of simultaneous
equations which are solved to give the unknown variables at the nodes. The finite
difference method was one of the first numerical methods developed and is a well known

and accepted technique for solving differential equations (Chari & Salon, 2000).

It will now be shown that the coupled network formulation of Section 3.2 is in fact just
a finite difference formulation to the quasi-static problem. This is demonstrated for the
restricted coupled network used to predict induced losses due to the radial component
of the magnetic flux density. Justification for isolating this component of the losses is

discussed in Chapter 4.



CHAPTER 3. THE COUPLED NETWORK METHOD 52

3.3.1 Node Equations

Most electromagnetic analysis is based on solving the differential form of Maxwell’s
equations on a domain with specified boundary conditions. There are a number of dif-
ferent formulations which permit these equations to be solved whilst offering a reduced
number of unknowns. One way of achieving this is to express the system of differential
equations in terms of scalar and vector potentials. Here we choose to rewrite Maxwell’s
equations in terms of an electric vector potential T and a magnetic scalar potential 2.
The (T — Q) formulation is derived from the quasi-static approximations to Maxwell’s

equations

VxH = J, (3.33)
V-B = 0, (3.34)
. 0B
VxE = — 3.35
x =, (335)
vV.J = 0, (3.36)
and the constitutive relations
B = uH (3.37)
J = oE. (3.38)

The solenoidal condition of equation (3.36) allows J to be defined in terms of an electric
vector potential T by
J=VxT. (3.39)

Substituting (3.39) into equation (3.33) allows us to express H in terms of T and a
magnetic scalar potential €2 by

H=T-vQ. (3.40)

Using the constitutive relation given in equation (3.37), equation (3.34) can be written
in terms of T and Q as

V-MCF—VQ>:0. (3.41)
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Equation (3.35) is also rewritten in terms of T’ and € using equations (3.37), (3.38) and
(3.40) to produce

V x (a*1v x T) - —% [u (T— VQ)} . (3.42)

For sinusoidally varying quantities taking the partial derivative with respect to time is
equivalent to multiplying by jw, where j = +/—1, and w is the angular frequency in
radians per second. Thus equation (3.42) can be written in complex phasor notation
as

V x (a*lv X f) = —jw {u (f— VQ)] . (3.43)

The partial differential equations (3.41) and (3.43) are now expressed in difference form

and compared with the system of equations produced by the coupled network method.

For algebraic simplicity we rewrite equation (3.41) as
V-ul —V -V =0. (3.44)

We now restrict our analysis to those terms required to predict the losses due to the
radial component of the magnetic flux density. As stated in Section 3.2, this is achieved
by setting the conductivity in the radial direction o, to zero and results in only axial
and circumferential components in the current density. The induced current density

can thus be fully described by choosing an electric vector potential of the form

T = T,# + 00 4 02 (3.45)

Using the central difference approximation and equation (3.45) the first term in equation

(3.44) can be written as

u Tiv1k —Tic1jk

and the second term as

20 5k — Qiv1jk — Qic15k n Qi 1k — itk
Hr Ar? Hr 2rAr
256 — Qi1 — Qij1k N 29 5k — Qijrr1 — Qi jr—1
r2AQ? Hz Az?

(3.47)
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where the subscripts 7,7 and k represent variations in the radial, circumferential and ax-
ial directions, respectively. These two equations are represented in the coupled network

formulation by the equation

PQ+QI = ¢imposed (3.48)

where the @imposed terms of equation (3.48) are non-zero only at nodes located at an
imposed magnetic flux boundary. For nodes not at the imposed magnetic flux boundary
equation (3.48) is reduced to

PQ+QI=0. (3.49)

The P term in equation (3.49) at a magnetic node i, j, k is given by

(ke — Qit1,jk) Pro+(Qije — Qi1 jk) prit(Qijk — Qij+1.k) po+(Qijk — Qij—1,k) Po
+ (ke — Qi) pz + (Qije — Qijr—1) pz, (3.50)

where the permeances are defined by

pr (1 + 55) AGAZ

Pro = Ar ; (3.51)
= b (r— :7;) AHAz’ (3.52)
po = %, (3.53)
0y = %. (3.54)

Substituting (3.51), (3.52), (3.53) and (3.54) into equation (3.50) and simplifying results

in the expression

(2 ik — Qig1 e — Qim1j k) TAOAZ +u (i1 ik — Qigr1jk) AOAZ

Hr Ar " 2
(29 .k — Qi e — Qij—1.k) ArAZ (2 .k — Qi k1 — Qi j—1) TAOAY
+ Ho rAf + K Az ’
(3.55)

and dividing each term of (3.55) by rA0ArAz gives

(26 — Q16 — Li15k) (Qim156 — Qit1,,)
Hr Ar2 2rAr
2%k — Qi1 e — Qij—1.k) ny (2% .k — Qi k1 — Qi jk—1)
r2 A6 z Az2 ’

+ Hr

+ 16 (3.56)
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Comparing the expressions given in (3.56) and (3.47) it can be seen that PQ/ (rArAf6Az)

and the finite difference form of —V - uV§2 result in the same nodal expressions for €.

In the coupled network formulation setting o, to zero results in a series of isolated
electric planar networks. Using equations (3.14) and (3.15) the QI term of equation

(3.49) expressed about magnetic node i, j, k is given by
prolijr — prili—1jk (3.57)
where the loop currents are as shown in Figure 3.12 and the permeances are those given

by equations (3.51) and (3.52).

¢ i+1,jk

¢ i-1jk

Figure 3.12: Permeance branches with their associated loop currents.

Substituting the permeance expressions given in (3.51) and (3.52) into equations (3.57)
and simplifying gives

b
Ar

and dividing by rA0ArAz results in

ik + Li1jk)
2

(Ii,j,k — Ii—l,j,k) rAOAz + AOAz (3.58)

pr Gije = L) o i Tigik + Lio1)

Ar Ar 2r Ar ' (3.59)

The coupled network formulation is based on a series of “magnetic nodes” (at which we

solve for §2) and a series of loop currents which enclose the magnetic branches connecting
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these nodes. The finite difference method however is based only on a discretising grid
and its associated nodes. For consistency between the two methods we define a “branch

electric vector potential” T in terms of the adjacent node potentials as

_ T . Ty
Tijk = i +2 1) (3.60)

Equation (3.46) is rewritten in terms of branch potentials to give

% (ﬁ]k - Tz‘—l,j,k;) + % (T”k + le‘—l,j,k) . (3.61)

Comparing equations (3.59) and (3.61) it can be seen that these equations are the same

where

Lijx =T jxAr (3.62)

It should be noted that in order to write equation (3.61) from equation (3.46) the

approximation
T _ e Tk + Tim1j) (3.63)
r 2r .
was made. The error introduced by making this approximation is given by
p o Cage+ Tioagr) 2 Tigp
2r 2r
Tk = 2T+ Tic1jik)
2r
2 52
AT 0°T
_ 3.64
2r  Or? 300

It can be seen from equation (3.64) that using such an approximation will result in
a system which is second order accurate. This is reasonable as the central difference

approximation used in the finite difference formulations is of the same order of accuracy.

We now compare the finite difference and coupled network solutions to equation (3.43).

Substituting (3.45) into equation (3.43) and expanding the left hand side gives

. 1 0°T, 10°T.\ [ 1 0°T, 1 0T, 1 0°T, 1 0%°Ty
Pl — ——— | +0 | — - + lim |— - — +
r2o, 002 oy 022 ro, 000r 120, 00  0.>0 |10, 0200 o, 022
. < 1 0*T, 1 9T, 1 9%*Ty 1 0°T,

P -

09 9200 | oy 02 + [mr 900z 120, 062 D (3.65)
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and similarly the right hand side of equation (3.43) becomes

. L o, 9 O » on .
—jwp Trr + jw pr T + %%0 + pag -k - (3.66)

For losses due to the radial component of the magnetic flux density we only need to
consider the radial components of (3.65) and (3.66). This means that we do not need
to use the limit terms of equation (3.65). However, as shown in Appendix E, if the
circumferential or axial components of equation (3.65) are to be used then these terms

cannot be neglected.

Equation (3.43) is represented in the coupled network formulation by equation (3.29)

which can be rewritten as

RI = —jw(SI+WQ)

= —SI-WwWqQ.

The electric vector potential term 77 in equation (3.66) is accounted for in the coupled
network formulation by the SI matrix equations. The resulting system of equations
given by

=81 = —p;;1; (3.67)

where the radial permeances p;; are defined by

L (TZ' + %) AOAz
pl]_pT’_ A’)"

(3.68)

and I; is a loop current circulating around the radial permeance branch between nodes

i and j. Substituting (3.68) into (3.67) gives

I‘
—SI = —u.—-~ (rAdA
S /’LT’ AT (T 9 z)
= —uT; (rA0Az) (3.69)
and thus
—SI = —jwSI = —juwu, T; (rA0Az) . (3.70)

The substitution I;/Ar = T; in equation (3.69) can be made as T; can be interpreted
as the loop current per unit length in the radial direction over element i (see Figure

3.13). This relationship was shown in equation (3.62).
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i+1 i+1
_____________ &

element i+1 s 1
\ |

Figure 3.13: Relative positioning of elements.

The radial component of the gradient of the magnetic scalar potential given in (3.66) is
accounted for in the coupled network formulation by the W terms. For the reduced
formulation (o, = 0) the W matrix contains only radial permeances. The resulting

system of equations given by —~WQ is

—jwpr (ke — Qit1jk) = jwur( +1’]’ZT 3k (rAf0Az). (3.71)

Dividing equation (3.71) by rAfAz gives

) Qit1jk— ik
o St P ) (3.72)

which is the central difference approximation of the jwu,92/0r term in equation (3.66)

expressed about a mid-way node 1.

The radial component of expression (3.65) is represented by the term RI in the coupled
network formulation. This can be seen by first expressing the radial component of (3.65)
in difference form as shown in equation (3.73).

-1 Tijpin — 2Tk + Tij—1k 1 Tijagr — 2T 50 + T je—
r2o, AH?2 ol Az2

(3.73)

By substituting the resistance expressions given in equations (3.27) and (3.28) into
equation (3.26) and simplifying gives

A Lijesr — 2Lk + Lige—1) Az Lijrie — 206+ Lij-1s) (3.74)
ooz Ar o AN Ar ' '
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Dividing (3.74) by rA0Az and writing in terms of T} reduces the equation to

oo Az2 r2o, AG?2 '

which shows that the resulting nodal equations given by V x (U*1V x T, T) using the

finite difference method (3.73) and the coupled network formulation (3.75) are the same.

3.3.2 Boundary Conditions

The magnetic boundary conditions are as follows,

1) magnetic insulation for r < r; and r > 7y,
2) magnetic insulation for z < 0 and

3) imposed magnetic flux density at z = 4.

These boundary conditions are the same as those used in Section 2.1.1. The boundary

conditions and domain are shown in Figure 3.14.

Imposed magnetic flux
density at z=6

T T 7=
| |
| |
I | |
| | z=0

Magnetic insulation
for z<0

Magnetic insulation
for r<r,and r>r,

Figure 3.14: Magnetic boundary conditions.

The magnetic insulation boundaries are enforced in the coupled network formulation by
the removal of all nodes and permeance branches beyond the domain. This is equivalent
to assuming zero permeability outside the domain. In the finite difference formulation

the magnetic network is formulated in terms of the magnetic scalar potential €2 which
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is solved for at the nodes. A magnetic insulation boundary condition is described by a
zero gradient in {2 normal to the boundary. This is equivalent to having an extra node
just beyond the domain with the same potential as that of the node at the boundary.
For example consider the insulation boundary at the outer radial limit of the domain.
If we place an additional node radially outside the boundary and set its potential equal
to that of the boundary node then the derivative in the radial direction will equal zero.
Substituting Q41 = ;% into (3.47) and considering only those terms which are
differentiated with respect to the radial direction we get

Qi1 — Qijk
2rAr ’

MQMk_QFMﬁ
" Ar?

+ iy (3.76)

Equation (3.76) coupled with the circumferential and axial components of equation
(3.47) then defines the finite difference method node equations at the magnetic in-
sulation boundaries. The equivalent coupled network system of equations is given in
equation (3.50). Setting py, to zero, substituting (3.52), (3.53) and (3.54) into equation

(3.50) and simplifying gives the node boundary equation

(Qi,j,k — Qi—l,j,k) T‘A@AZ (Qi,j,k — Qi—l,j,k) AT‘AGAZ

a Ar I 2Ar
n 16 (QQZ,],k - Qi,jJrl,k - Qi,jfl,k) ArAz + 1 (2&217]71€ - Qi,j,k+1 - Qi,j,k*l) TAGAT.
rAf Az
(3.77)
Dividing the radial terms of (3.77) by rA0ArAz gives
Qijr—Qi-1jk Qi—1k — Qijk
s . (3.78)

2rAr

Comparing equations (3.76) and (3.78) it is seen that the magnetic insulation boundary
condition is imposed in the same way in both the finite difference and coupled network
formulations. These same arguments can be used to show that the magnetic insulation
boundary conditions at the inner radius (r = r;) and the at lower axial limit (z = 0) of

the domain also result in the same boundary equations for the two formulations.

In the coupled network formulation the imposed magnetic flux boundary is enforced
using a known magnetic flux injection @mposea at the nodes located on the boundary

z = 0. The imposed magnetic flux at the nodes being calculated as shown in Section
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3.1.2. Imposing a node magnetic flux in the finite difference formulation can be achieved
by considering an extra set of nodes Az axially above the boundary z = §. The scalar
potential of these nodes being chosen such that they give a desired gradient in the
scalar potential. For an axially imposed magnetic flux density at the boundary the
finite difference boundary node equations are derived using the general node equation
given by (3.47). For the imposed axial magnetic flux boundary condition we need only

consider the axial components of (3.47), i.e.

20 i p — Diibar — k1
[y —2L ZXZ; LI (3.79)
Let the boundary node be designated i, j, k and the node Az axially above be i, j, k+ 1.
We choose this node to have a potential €2; ; 141 which will result in the desired imposed

magnetic flux at the boundary node. The electric vector potential T is zero outside the

domain and thus the axial component of the electric field strength H is defined by
H,=-VQ

where the gradient of 2 is taken in the axial direction. This allows the imposed axial
magnetic flux density B, to be expressed as

[9)9]

_Bz = Usz = _,uz&-

(3.80)

The differential term in equation (3.80) is approximated in the region outside the do-

main by
Qi1 — Qijik
Az '

We can now write an expression for the imposed axial magnetic flux ¢, at a boundary

B, =p. (3.81)

node in terms of the gradient of the scalar potential. The elementary area normal to
the imposed flux density is given by rAfAr and thus the imposed axial magnetic flux

over an element is given by

¢, = B,rAOAr

Qin —
= pu.rA0Ar ’J’kJrZZ bk (3.82)

which is rearranged to obtain

Qijk = Qijrr) __ —¢e
Az wr AOAT

(3.83)
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where the left hand side of equation (3.83) is the negative of the difference approxima-
tion of the gradient of the scalar potential at the boundary. Expanding (3.79) results
in

pe Qigik = Qi) o Qigik = Qijr—r)

Az Az Hz Az?

and replacing (€2 j 1 — Qi j k+1) /Az with the expression found in equation (3.83) gives

_¢z
rAOArAz

(ke —Qijk—1)

+ s A2

: (3.84)

In the coupled network formulation the imposed magnetic flux boundary nodes are
defined by equation (3.48). Outside the domain no loop current exist and thus equation

(3.48) reduces to
PQ = pimposed- (3.85)
For a boundary node i, j, k, with an imposed axial magnetic flux ¢, the axial component
of equation (3.85) is
Pz (Qijk — Qijr—1) — 02 (3.86)
where p, is defined by equation (3.54). Substituting equation (3.54) into (3.86) and
dividing by rA0ArAz gives

Qg — Qijr—1) b
Ha Az? rAOArAz

(3.87)

which is the same boundary node equation as that imposed by the finite difference

method (see equation (3.84)).

Electric insulation is assumed everywhere outside the domain. The mid-node equations
for the electric vector potential T, using the finite difference and coupled network for-
mulations are given in equations (3.73) and (3.75), respectively. In the coupled network
an electric insulation boundary condition is equivalent to setting all loop currents to
zero outside the domain. It was shown in Section 3.3.1 that the reduced electric vector
potential T, can be thought of as the loop currents per unit length in the radial direc-
tion over each element. This means that Tr is also zero outside the domain which is
not surprising since J will be equal to zero in this region. At the domain boundaries

z = 0 and z = ¢ this is enforced in equations (3.73) and (3.75) by setting j;‘i’j7]g+1 to
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zero at z = ¢ and Tid,k,l to zero at z = 0. At both boundaries the resulting boundary

node equations for the two formulations are the same.

It was shown in equations (3.76) and (3.78) that the magnetic insulation boundary
conditions at the domain radial limit 7 = r, results in the same boundary node equation
for the magnetic scalar potential 2 in both the finite difference and coupled network
formulations. We must now consider the influence of the electric vector potential terms
on the node equations at the radial boundaries. These additional terms are given
by equations (3.59) and (3.61) for the coupled network and finite difference methods,
respectively. In both formulations an electric insulation boundary at r = r, can be
imposed by setting I; ;1 = T”k = 0 where the subscript ¢ denotes the mid-node
radially outside the domain boundary. In either case it can be seen from equations
(3.59) and (3.61) that this will result in the same boundary node equation. This will
also be the case at the inner radial boundary » = r; in which case we would set
Ii k= Ti—l,j,k = 0. It should also be noted that due to the decoupling of the electric

networks in the radial direction equations (3.73) and (3.75) do not contain j:‘iiLLk

terms. This means that these equations do not contain boundary terms.

3.3.3 Loop Currents and the Electric Vector Potential

For the reduced electric vector potential T = T,# the radial component of the magnetic

flux density is described by
By = pr Hy = puiy (TT - VTQ> (388)

in accordance with equation (3.40) and the constitutive relationship (3.37). The radial

magnetic flux ¢, flowing in an elementary area rAf8Az is given by

¢, = B, rAOAz

= urA0Az (Tr — VTQ)

wrr AOAZ
B v (i1, — Qijk)

= P AT+ pr (i — Qig1jik) - (3.89)

= urrAGAZTT -
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The relationship between the electric vector potential Tr, the magnetic scalar potential
 and the magnetic branch flux ¢, can be seen from equation (3.89). In the coupled
network formulation T, are loop currents per unit length in the radial direction. These
loop currents modify the branch magnetic flux as shown in Figures 3.7 and 3.8. Equa-
tion (3.18) defines the interaction between the magnetic and electric circuits used in
the coupled network formulation. Comparing equations (3.18) and (3.89) it can be seen

that these are the same if the substitution I = ArT} is made in equation (3.18).

3.3.4 Comparing Formulations

It was shown in Section 3.3.1 that the node equations for the magnetic scalar potential

Q) and the reduced electric vector potential T="T, given by:

PQ

1) RrAIAS and —V.uVQ,

2) ﬁ and V- uT;,

3) TAI;IAZ and V x (a*1v x T) ,

4) % and — jwu (Tr - VQ)

are the same. The T' — Q) quasi-static formulation requires equations (3.41) and (3.43)
to be solved simultaneously. The coupled network formulation requires equations (3.13)
and (3.29) to be solved simultaneously. Thus the coupled network formulation and the
finite difference method result in practically the same system of equations for both the
magnetic scalar potential and the electric vector potential at the nodes. It was also
shown in Section 3.3.2 that the two methods result in the same set of node equations for
the imposed boundary conditions. Thus it can be concluded that the reduced coupled
network formulation presented here is really just an application of the finite difference

method.
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3.4 Axiperiodic Formulation

A slotless axial flux machine core can be modeled by considering only a single plane
of fixed angular position. This simplification can be made because of the angular
periodicity in the core-air gap boundary condition and the uniformity of the core in the
circumferential direction. It is shown in Appendix D that if the boundary condition
(excitation) is sinusoidal in the circumferential direction then all resulting fields are also
sinusoidal in the circumferential direction. Reducing the three dimensional problem to
a two dimensional axiperiodic problem offers significant savings in the number of nodes
and thus unknowns required to describe the fields in the core. The T — 2 formulation is

chosen here and is expressed in terms of a coupled network (or finite difference) system

An axiperiodic model of a restricted coupled network formulation is used. The restricted
network being formed by a full three dimensional magnetic reluctance network coupled
with a series of planar resistance networks. This formulations is chosen to provide a
prediction of the induced core losses caused by the radial component of the magnetic
flux density. The planar resistive network is the result of setting the radial component of
the core conductivity o, to zero. A validation of this restriction is provided in Chapter

4.

3.4.1 The Magnetic Node Equation

We will now derive the axiperiodic coupled network formulation for the magnetic node
equation

PQ + QI = ¢imposed~

The core is discretised in the radial and axial directions within a chosen cutting plane
as shown in Figure 3.15. Figure 3.16 shows the elementary volumes used in the disreti-

sation as well as the magnetic node associated with elementary volume j.
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|
Cutting plane :
.
i r "
a.) Plan view of the core showing b.) Symmetry plane showing element
the symmetry cutting plane. discretisation and permeances.

Figure 3.15: Axial symmetry plane and discretisation

Figure 3.16: Element structure.

Volume elements are considered in the limit of A8 — 0. Element permeances in the

limit are defined as

 uerAOAz

Ap, = QA (3.90)
e ArAz

Apy = 22— —~¢ 3.91

P g (3.91)
1 r AOAT

S il 92

Ap. o (3.92)

where the subscripts 7,6, z denote the radial, circumferential and axial directions, re-
spectively. The permeances connected from node j to adjacent nodes are shown in
Figure 3.17. Circumferentially displaced nodes located in planes at 6 + Af (not shown
in Figure 3.17) are represented by Qg; at ( — Af) and Qg at (0 + A6).
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r

Figure 3.17: r-z plane node configuration and permeance connections.

Conservation of magnetic flux at node j requires that

(% — Qi) Apri + (5 — Qo) Apro + (5 — Qzw) Apzu + (5 — Q1) Apy
+ (5 — Q1) Apeor + (2 — Qor) Apor — IriDpri + [jApro = AP, (3.93)
where I,; and I; are the loop currents circulating around permeance branches p,; and
Pro, respectively, and A®; is the imposed magnetic flux at node j. For regular elements
of a fixed volume (i.e. constant Ar, Af and Az) the radial and axial permeances shown
in Figure 3.17 are given by the permeance expressions of equations (3.90) and (3.92).

In the circumferential direction the permeances Apg; and Apg, are equal to Apg given

in (3.91), and thus equation (3.93) becomes

(Qj - Qrz) APrL,% + (Q] - Qro) Apr|r+% + (Q] - Qzu) Apz + (Q] - Qzl) Apz_
Lri Aprl, s + 1 Apr|,y ar + (205 = Qg1 — Qoy) Apg = AP (3.94)

A Taylor series expansion is taken about 6 to express €2g; and g, as

o0 92Q; AG?
and
0% 920 AG?
Qr = + =5 Ab + 55 5 T (3.96)
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respectively. Substituting these expressions into equation (3.94) and dividing by A6

we obtain

(9 = Qi) pp|,_ar + (@ = Qo) prf,ar + (Y = Q) P, + (9 — Qa1) P, —

9%Q; AD,
e . _ J o J
bl ar 15 orlysy = g phl, = g0 397
where
;o T Az
Pro = TA (3.98)
e ArAz
py = —— (3.99)
, T Ar
= T A, 1
Pz As (3.100)
The imposed magnetic flux at node j is given by
A®; = B(0)rAbAr, (3.101)

where B (0) is the imposed axial magnetic flux density. The right-hand term of equation
(3.94) is then
P, = B () rAr (3.102)

and thus equation (3.97) becomes
(5 — Q) PHT,% + (25 — Qo) p;|r+% + () — Q) plz‘r + (95 — Q) Plz|r -

02Q;
892 p6|7~

I p;‘r_% + I pHH_% — = B(0)rAr. (3.103)

Sinusoidal variation in the angular component 6 is assumed and thus the second deriva-

tive of the scalar potential with respect to 6 at node j will be given by

829j P 2
= (§> . (3.104)

Substituting (3.104) into equation (3.103) leads to

(Qj — Q) PHF% + (Qj — Qo) PHTJF% + (Qj — ) P,/z|,n + (Qj - Q) Plz|r -

P 2
Im‘ p;|r7% +Ij ,OHTJF% + Qj <§> pg‘r =B (9) TAT, (3.105)
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which is rearranged to give

2
0 (] oty 4200+ (B) 6L ) = Oy = o bl

Qzy p;‘,a —Qy plz‘r — I pﬂr_% + Ij p;‘r—l—% =B (9) TAT? (3106)

From equation (3.106) it can be seen that the diagonal entries of the permeance matrix

P for the axiperiodic formulation are given by

o P\?
P(j,3) = o, s + Al ar + 20+ (5) b, (3.107)

and the off-diagonal entries will be the negative of the branch permeance connecting
node j to its adjacent nodes, where all branch permeances are found using equations

(3.98) through (3.100).

It can also be seen from equation (3.106) that the Q matrix will be formed using

Qi) = i,y ar (3.108)

and

Qi) = = pi],_ac - (3.109)

3.4.2 The Electric Loop Equation

We now consider the electric loop equation
W+ (R+8)1-0

for the axiperiodic formulation. Nodes in the electric network are regularly spaced
with distances between adjacent nodes equal to Ar, Az and A# in the radial, axial
and circumferential directions, respectively. Because a radially staggered grid between
the magnetic and electric networks is used, if the coordinates of the magnetic nodes
are (Tm,0m,2m), then the coordinates of the electric nodes will be given by (r,, +

Ar/2, 0, £ A0/2, 2z + Az/2).
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As was the case in the magnetic node equation, the volume elements of the electric
network are considered in the limit A8 — 0. Element resistances are defined by

Az

AR, = —— 11

r o, rAOAT (3.110)
rA6

ARy = ———— 3.111

0 oo AzAr’ ( )

where the subscripts 7,6, z denote the radial, circumferential and axial directions, re-

spectively. The path in which loop current I; flows is shown in Figure 3.18.

AB AB AB

AAMA—4—ANMA——ANMA——

I;

Az

"M ANNA——

I, I I
Az Loop R
R, R,

"M ANA——

Figure 3.18: Electric network.

Applying Kirchhoff’s voltage law and Faraday’s law around loop j gives the loop equa-
tion

0AQ;
ot

(Ij — IT) ARy + (Ij - IB) ARy + (I] — IL) AR, + (Ij — IR) AR, = — , (3112)

where A¢; is the flux flowing magnetic branch j which links electric loop j taken in

the limit A§ — 0.
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It was shown in Section 3.2 that the electric loop equation used in the coupled network

formulation can be used to rewrite equation (3.112) as
RI = —jw (WS + SI), (3.113)

where RI is the left hand side of equation (3.112) and the right hand side is represented
by —jw (WS + SI). The elements of the W and S matrices are defined in equations
(3.20) through (3.22). Equation (3.112) can thus be rewritten as

(Ij —IT) ARQ—F(I] —IB)ARg—l—(Ij —IL)ARZ—F(I] —IR)ARZ =

— Jw (5 — Qo) Apro + IiApro|, (3.114)

where Ap,, is defined by equation (3.90) at r = r; + Ar/2.

A Taylor series expansion is taken about 0 to express Ir and I, as

ol; 021 Ah?
IR:Ij-I—a—HJAQ-FaTz]T—I— (3.115)
and
ot — ingy ZLAC (3.116)
L= 90 962 2 '

respectively. Substituting equations (3.115) and (3.116) into equation (3.114) and di-
viding by Af we obtain

%I,

(Ij - IT) Rt/9 + (Ij - IB) RIG - 902 Rlz = —jw (Qj — Qo + Ij) p/r|r+% ’ (3'117)
where

r

R = — 3.118

0 oo AzAT’ ( )
Az

R, = 3.119

# o,rAr ( )

and pl. is defined by equation (3.98).

Due to the sinusoidal variations in the loop currents /; with angular displacement ¢ we

can write the second derivative term in equation (3.117) as

621 P\ 2
=- (5) I, (3.120)
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where p is the number of machine poles. Substituting equation (3.120) into equation
(3.117) leads to

p

2
2) LR, = —jw (% = Qo+ ) pr, ar - (3121)

(1 — Ir) Ry + (I; — 1) Ry + (

It can be seen from equation (3.121) that the diagonal entries of the resistance matrix

R for the axiperiodic formulation are given by
. / P\?
R(j,j) = 2R} + (5) R.. (3.122)

where Rj, and R/ are given by equations (3.118) and (3.119), respectively. The off-
diagonal entries of R being equal to —Rj (i.e. the negative of the resistances common

to the adjacent loops).

It can also be seen from equation (3.121) that the W and S matrices for the axiperiodic

formulation are given by

W (3:3) = Pl pae (3.123)
W (j;ro) = = prf, o (3.124)
and
S(G,7) = P,y o - (3.125)
2

3.4.3 The Axiperiodic System of Equations

The coupled network formulation was described in Section 3.2 and is defined by equation
(3.30). The P, Q, R, W and S matrices required to write the system of equations for
an axiperiodic formulation have been derived in Sections 3.4.2 and 3.4.1. The imposed

magnetic flux vector ¢ can be found by using equation (3.102).

Using these matrices, equation (3.30) and the sinusoidal variation in the circumferential
direction the magnetic fields and induced currents can be found/approximated at any

point within the domain.
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3.4.4 Calculating Induced Losses

Induced losses in the coupled network method are calculated using an I?Rb calculation,
where I, are the resistance network branch currents and R the branch resistances in
which the current flows. Figure 3.19 shows the relationship between the loop and

branch currents.

- AYAYAYAY
! !
I, bl I] bR I
R, %?’z
AAYAAY

L.

Figure 3.19: Branch current calculation.

The branch currents are calculated using the superposition of the loop currents in
common branch resistances. From Figure 3.19 it can be seen that the resulting branch

currents are given by

Iyr = 1 —Ig,
Lip = I;—1Ip,
Ly = I —1Ip,
Ly = I;—1Ir

and the induced losses associated with loop j are thus

(Ir + Iir) R. + (Igr + 1) Ry.
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For the axiperiodic formulation, we solve for loop currents in the r — z plane with
variation in the circumferential direction assumed sinusoidal. The branch currents in
the axial resistances are found using the Taylor series expansion given by equation
(3.115). The resulting branch current Iz using this expansion can be approximated

by

Iirp = Ij—1Ig

ol
S50 (3.126)

Q

The general form of the loop currents I; in the circumferential direction are given by

. 0
I; = I;sin (%) , (3.127)

where p in the number of machine poles and fj is the peak value of I;. Substituting

equation (3.127) into equation (3.126) gives the branch current expression

. pA
Iyp ~ _ijTe cos (%6> . (3.128)

From equations (3.119) and (3.128) the induced losses due to an axial branch resistance

R, is given by

2 pl o 2 B)Q 2 (P9 BzA0
IR, ~ I} (2 cos (2 > oA (3.129)
and due to a circumferential branch resistance Ry by
Al
2Ry = (I — Ir)? —/——. 3.130
bT+lo ( J T) O'QA’I"AZ ( )

Using the circumferential periodicity, for a given radius and axial position, the total

losses due to axial branch resistances are found by the integral

2w A
2,2
~ P 2 9 p@ Az IT{'p Az
(%) i 0 = = 3.131
/ i\y) % ( 2 > o, rAr do,rAr ( )
0
and similarly, the losses due to circumferential resistances are found by
2w 0
A ~\2 | P T T A A\ 2
I~ Ir) sin? (2 00 = (4~ 1r)". 3.132
/ ( j—Ar) s < 2 ) opArAz opArAz \7 T ( )
0

The total core losses due to the radial component of the magnetic flux density are

calculated using the summation of the values given by equations (3.131) and (3.132)
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for all planar resistive networks. This requires a summation over all radii and axial

elements used in the discretization.

The restricted axiperiodic coupled network formulation presented here is used in Chap-
ter 4 to predict the induced losses due to the radial flux component as well as its

dependence on frequency.



Chapter 4

Core Losses and Magnetic Flux

Density Distribution

In Chapter 2 it was concluded that curvature related radial flux density is relatively
small compared to the peak axial and circumferential flux densities even when the
shielding effect of induced eddy currents is ignored. However, the model used in Chapter
2 was a magnetostatic one and thus could not address the question of power loss

resulting from curvature related radial flux.

We will now use a quasi-static electromagnetic model in the form of the axiperiodic
coupled network formulation, derived in Chapter 3, to predict classical eddy current
loss due to the radial flux component as well as its dependence on frequency. The
classical eddy current power loss due to curvature related radial or cross-lamination
flux will also be compared with classical eddy current loss due to the main or parallel

running flux to show that in most practical instances it can be neglected.

For simplicity and brevity, classical eddy current loss will now be simply referred to as
either induced loss, eddy current loss or power loss. In Section 4.5 we will investigate
experimental techniques which allow classical eddy current loss to be separated from

hysteresis and excess loss.

76
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4.1 Eddy Current Loss Separation

The coupled network formulation derived in Chapter 3 is based on a restricted resistive
network formed by setting the core conductivity in the radial direction o, to zero. This
restriction results in a series of planar resistive networks coupled only to the radial
permeance branches of the full three dimensional permeance network. The restricted
network is chosen so that the losses due to and frequency dependence of the radial
component of the core magnetic flux density can be determined. It is now shown that
the power loss due to radial or cross-lamination flux is decoupled from the power loss
due to parallel running or main flux and therefore their theoretical evaluations can be

performed separately.

Induced currents within a lamination sheet are made up of the superposition of eddy
currents due to flux that runs parallel to the lamination faces (or “main” flux) and
eddy currents due to cross-lamination flux. Let the distribution of eddy currents due
solely to a given distribution of parallel running flux be given by X and similarly, the
distribution of eddy currents due solely to a given distribution of cross-lamination flux
be given by Y. We now show that the power loss due to eddy current distribution X
and that due to eddy current distribution Y are mutually independent and that the
interaction between the two eddy current distributions contribute zero net additional

power loss.

The power loss density D at any given point within a laminate is given by

o (Joc+ Jop)”  (Jae + Jop)’
D:_p+(9 + Gp) +(J +Jp)’ (4_1)

Or g9 Oz

where J,,,, Jg, and J,, are the radial, circumferential and axial components of the in-
duced current density due to parallel running flux, respectively, Jy. and J,. are the
circumferential and axial components of the induced current density due to cross-
lamination flux, respectively and o,, oy and o, are the radial, circumferential and

axial components of the material conductivity, respectively.
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Expanding the right hand side of equation (4.1) results in

2 2 2 2
D:ﬁ+ﬁ+ﬁ+&+‘]_ﬁ3+2J66J6P+2JZCJZP_
Oy (o) O oy’ o (o Oz

(4.2)

The first three terms of equation (4.2) represent contributions to power loss density
due to parallel running flux alone. The fourth and fifth terms represent contributions
to power loss density due to cross-lamination flux alone. The last two terms represent
contributions to power loss density which result from the interaction between the two

sets of induced currents.

The following realistic assumptions are now made:

1) Jp. and J,. are constant along a radial line within a laminate; and

2) If z is measured radially from the laminate centre, as shown in Figure 4.1, then

Jop (x) = —Jop (=) and J (x) = —Jzp (—2).

Figure 4.1: Cross-section of a lamination sheet.

Based on these assumptions, it is clear that the last two terms in equation (4.2) do not

contribute to the total power loss in the lamination.

The decoupling between power loss due to the parallel running flux and that due to
cross-lamination flux allows them to be calculated separately. There are well established
methods for the calculation of power loss due to parallel running flux (Lammeraner &

Stafl, 1966) and these are applicable to the laminated cores of axial flux machines.

Here we will consider only the power loss due to cross-lamination flux. Although cross-

lamination and parallel running flux are both present in the model, eddy currents due
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to parallel running flux have been eliminated by assuming zero radial conductivity.
Whilst this assumption makes power loss due to parallel running flux equal to zero, we
have now shown that this will have no effect on the power loss due to cross-lamination

flux.

4.2 Main Flux Loss Prediction

An expression for induced power losses due to the time varying main or parallel running

flux is now derived. We begin with the following reasonable assumptions:

b) By and B, are independent of radius within a laminate,
c) E, =0 (ie. o, = 0),

d) Ep(z) = —Ep(—x) and

where B is the magnetic flux density, E is the electric field intensity, o is the material
conductivity, the subscripts r, # and z denote the radial, circumferential and axial
directions, respectively and x represents the radial distance from the laminate centre,

as shown in Figure 4.2.

Substituting E, = B, = 0 into the Maxwell equation

—

V x E =—jwB (4.3)

and expanding results in the following system of equations

10E, 0E,
r o0 o, (4.4)
OE,
iwBy = 4.
JwBy B (4.5)
_jwB, = L9(rEe) (4.6)

r or
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Based on assumption b) equation (4.6) can be rewritten as
rEy = —ijz/r dr. (4.7)

We now express Fy in terms of x by making the substitution r = r. + x in equation

(4.7) to give
xX
Eyg(re+xz) = —jwB, / (re +z)dz
0

= —jwB.ax (rc + E) : (4.8)

c

Figure 4.2: Lamination sheet cross-section.

Equation (4.8) is rearranged to give
(4.9)

Now —t/2 < z < t/2 and thus for any practical core x < r. which allows us to make
the approximation

Eyp ~ —jwB,x. (4.10)

Similarly, F, is expressed in terms of x using equation (4.5) to give
xT
E, = / jwBydx

0
= jwByzx. (4.11)
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The current density within a laminate is found by substituting equations (4.10) and

(4.11) into the constitutive relation J = o E to give
J= Jr ' — ogjwB,x 0+ o,jwByx 3. (4.12)

For isotropic material (i.e. 09 = 0, = o) the power density D is given by

—

D = E-J
= o (jwz)® (Bj + B2)

= —ow’2® (B + B?) (4.13)

and the power density averaged in the thin direction of the laminate D is given by

2%
D = Z/de
0

B _Jw2t2 (B + B2) (4.14)
- 12 ' ’

From equation (4.14) the time averaged power loss density due to the main flux within
a laminated core is found to be

ow?t?
24

F,= (Bi + B2). (4.15)

This result is not surprising being the cylindrical co-ordinate form of the well known
expression (Lammeraner & Stafl, 1966)

242
t
F,= =B

(4.16)

Using the 2D magnetic flux density distribution derived in Appendix C and equation

(4.15), the main flux losses within a laminated core are given by

Witlo cosh (%) ? sinh (%) ) ?
Fp = 24 / P\/ kzg m COSs (ZG) + Pm S1n (ZG) dV
|4

b
B wit?o P36 / r!

T gsinh? (g)

[sinh (2g) + 2g] dr’

a

b

+/ m[smh<29)—2g]dr’ . (4.17)

a
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where g, k.9, a and b are defined in Appendix C. We now redefine g as

Gbv/ k.9
/ )

r

(4.18)

where

G = > (4.19)

Substituting equation (4.18) into equation (4.17) and rearranging gives

b
o V2omP26§ 2 sinh (2GVk.9 %)
P 96 Gby/k.gsinh? (Gv/Ezo %)

(kzg + 1) dr'!

b
27/
+ kp—1)dr'| . (4.20
[ s o 1] 0

GVE0%)

It can be seen from equation (4.20) that the core loss density distribution due to the
main magnetic flux components are dependent on b/r’, the material permeability ratio
k.9 = po/p. and G. Figure 4.3 shows plots of the integrand of equation (4.20) for

varying values of G with k.9 = 1.

25F

0.5

0
0.06 0.08 0.1 0.12 0.14 0.16 0.18
r'(m)

Figure 4.3: Plot of integrand of equation (4.20) for varying G and k9 = 1.
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Axial flux machine designers can use equation (4.20) to directly predict classical eddy
current loss due to the main flux or to investigate the loss density distribution with
radius for varying values of G. Figure 4.3 allows a machine designer to predict the
radial variation in the loss density, averaged in the axial and circumferential directions,
for varying physical dimensions and number of poles. The example shown in Figure
4.3 demonstrates that as G falls the loss density distribution tends to increase rapidly
towards the outer radius. Integration of the curves given in Figure 4.3 can also be used

to give total core loss due the main flux.

4.3 Coupled Network Loss Prediction

The axiperiodic coupled network formulation presented in Section 3.4 has been used to
make predictions of the power loss due to curvature related cross-lamination flux. The
assumed nominal core characteristics are: r; = 0.075 m, r, = 0.175 m, § = (0.2/p) m,
pr = 2040, ft = jtg = p, = 10004, 0, = 0 S/m, 09 = 0, = 5 x 105 S/m, w = 1007
rad/s, t = 0.27 mm and B.=07T.In practice it would be expected that the core
back-iron length § be progressively reduced with increasing number of poles p. For this
reason § has been chosen to be inversely proportional to the number of poles. Power

loss predictions are shown in Table 4.1 and Figure 4.4.
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Table 4.1: Power loss due to cross-lamination flux.

Number of poles | Losses (W) for | Losses (W) for
p = 1000w, © = 5000,
2 1.62 0.074
4 0.48 0.021
6 0.24 0.011
8 0.14 0.006
18
16 — 2-pole 1
E 4-pole
< 14t :
k5
£ 12t :
=
|
B 1r .
52
2 " osf .
3
a 0.6+ i
o
5]
= 0.4 .
g
0.2f .
% 10 20 %0 20 50 60
frequency(Hz)

Figure 4.4: Dependence of power loss on frequency.

For comparison, classical eddy-current power loss due to the main flux, F}, , have been

evaluated using equation (4.20). These values are given in Table 4.2.
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Table 4.2: Power losses due to main flux.

Number of poles | 2 4 6 8

E,(W) 6.15 | 3.07 | 2.05 | 1.52

The following observations can be made:

a) The power loss F has a strong dependence on the number of poles and on the

relative permeability of the core.

b) Except for the two-pole case and at low values of core permeability, the power
loss due to cross-lamination flux is insignificant compared to the power loss due

to the main flux.

¢) The power loss due to cross-lamination flux may be expressed as

F =k\7, (4.21)

where k is independent of frequency but is a function of the core physical dimen-
sions, material properties, number of poles and B, (r). Good fits to the curves
shown in Figure 4.4 were obtained with & chosen to be 0.2285 and 0.0691 for the

2- and 4- pole cases, respectively.

The explanation for observation c) is based on characteristics of the circumferential
component of the induced current which is shown in Figures 4.5 and 4.6. The first
point is that the induced current experiences high resistance circumferentially since it
is restricted to flow through a thin layer near the flat surfaces of the core because of
the skin-effect. The second point is that the total circumferential current (Figure 4.6)
is practically independent of frequency. The high circumferential resistance, compared
to the axial resistance, implies that practically all the power losses are associated with
the circumferential component of current. Thus there exists a current, which is almost
independent of frequency, flowing through a cross-sectional area that is proportional to

the skin-depth. This implies that the power loss is proportional to the square root of
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Figure 4.5: Circumferential current distribution (integrated from r; to r,) along a

pole centre

Circumferential component of current
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Figure 4.6:
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4.4 Closed Form Expression for Power Loss

The relative significance of power loss due to cross lamination flux depends on several
factors including the number of poles, material properties physical dimensions and
operating frequency. A closed form expression for the power loss due to radial flux is
now derived. This expression can be used by axial flux machine designers to make a
quick assessment of the requirement to consider power loss due to curvature related

cross lamination flux.

G2 ANAN—

Figure 4.7: Simplified representation of an axial flux machine core.

As shown in Figure 4.7, the core is represented by a simplified equivalent coupled
reluctive-resistive network. The reluctive circuit contains only three nodes. Nodes A
and B are located on the pole centre plane at (r; + (r, —r;) /4,0,6/2) and

(ro — (ro — 1) /4,0,9/2), respectively, where r; and r, are the core inner and outer
radii, respectively and ¢ is the core axial length. The third node represents the plane of
uniform magnetic potential which is equidistant from adjacent pole centre planes. The
resistive circuit is a single loop linking the reluctive branch which represents permeance

in the radial direction between nodes A and B.
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The following assumptions are now made:

a) Half of the flux per pole that enters the core from the air-gap between r =
ri+ (ro — ;) /2 and 7 = r, flows through branch BO. This is represented by ¢ oyt
in Figure 4.7.

b) Half of the flux per pole that enters the core from the air-gap between r = r;
and r = r; + (r, — r;) /2 flows through branch AO. This is represented by ¢, in
Figure 4.7.

c) The resistance of the resistive loop is sufficiently small such that the induced
current cause the net flux flowing in the reluctive branch between nodes A and

B to be practically zero.
d) Reluctance in the axial direction is assumed to be zero.
e) Branch BO represents flux paths between r = r; + (r, — r;) /2 and r = r,.
f) Branch AO represents flux paths between r = r; and r = r; + (r, — 1) /2.

g) Due to the skin effect, the circumferential component of the loop current decays
exponentially from the core flat surfaces with characteristic decay length equal

to the skin depth.

Based on these assumptions and Figure 4.8 equations (4.22) through (4.27) are now
derived. The flux exiting the core from the air-gap between r = r; + (r, — ;) /2 and

r =r, is given by

To

>
out = / / B, sin (%9> 00O
) 0

(T0+TZ'

_ B. (Bro+13) (1o — 14) (4.22)
4p ’ '

where B, is the peak air-gap magnetic flux density and p the number of machine poles.

The flux entering the core from the air-gap between r = r; and r = r; + (1, — 7;) /2 is
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r+(r-r)i4
Figure 4.8: Core radial divisions used to derive a closed form loss equation.
given by
(rotry) =
2 P 0
bin = / / B, sin (%) 900
&7 0
_ B, (31 + 1) (1o — rz‘). (4.23)
4p
The permeance of branch BO is given by
. pod (F25)
out — T N\
77(%7704 Z)
p
2ppgd (ro — 15
_ 20 (ro—1i) (4.24)
7 (3r, +7i)
The permeance of branch AO is given by
P pod (5)
in (i To—mi)
7T(T'¢+#)
P
2ppgd (ro — 13
PLo (7’0 TZ) (425)
m(3r; +15)
The axial and circumferential components of the loop resistance are given by
)
R pr—
N (7‘071"1')71'<me>
O
2pd
- d (4.26)

O, (’I“g — T?)
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and

71.(”";”)

Ry = L

o9 (ro — 1) S
T (ro +13)

2 0pp S (1o — 1)’

respectively, where S is the skin depth defined by

[ 2
S = .
WHrOo

In accordance with assumption c), the loop current linking the permeance branch AB

is given by

I = Qout - Qm

P, out R

1dp?

and thus the induced core loss F' is found using
F = pI*(R.+2Ry)

B2r? (r2—r2) | 2p6
M352p3

O,

B (r2 -

¢out o ¢m

)

7 (1o +ri)2
Spoy

(4.27)

(4.28)

(4.29)

(4.30)

Loss predictions made using equation (4.30) and the axiperiodic coupled network for-

mulations are given in Table 4.3.

Table 4.3: Comparison between power loss (F) predicted by equation (4.30) and
that predicted by the axiperiodic coupled network method.

Loss prediction (W) 2-pole | 4-pole | 6-pole | 8-pole
using equation(4.30) 2.66 0.672 | 0.308 | 0.171
using the axiperiodic coupled network method 1.62 0.482 0.236 0.144
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Table 4.3 shows that equation (4.30) tends to over estimate power loss. This is to
be expected given the fairly crude assumptions on which equation (4.30) is based on.
For example, assumption c) results in an over estimation of the induced current while
assumption g) means that the current will be forced to flow in a high resistance path.
The nature of these assumptions are such that they lead to an overestimation of power
loss. Although the predictions made by equation (4.30) may not be very accurate,
predicted losses can still be used by machine designers to allow a quick decision to be
made on whether or not there is a need for detailed investigation into power loss due

cross-lamination flux.

4.4.1 Rotating Fields

The imposed magnetic flux boundary condition derived in Section 3.1.2 is for the case
where the fields are stationary with respect to the core and pulsating at frequency
w. That is, the imposed magnetic flux density distribution B (r,6,t) is given by
B, (1) cos (wt) cos (ph/2), where B (r) is the peak value of the magnetic flux density
in time at the pole planes. In practice, a rotating air-gap magnetic field is more likely.
It is now shown that, for any given B, (r), the power loss for the rotating field case is

twice that for the pulsating field case.

The power loss density D in the core is given by

-1

o 0 0
D= [J- f} 0 o5 0| (4.31)
0O 0 o,

where J is the current density and o,, g9 and o, are the radial, circumferential and
axial components of the core conductivity. For consistency with the coupled network
formulation derived in Chapter 3, we express J in terms of the electric vector potential
T using

J=VxT. (4.32)

It was shown in Chapter 3 that, in order to predict the losses due only to the ra-
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dial component of the magnetic flux density, the induced current density can be fully

described by choosing an electric vector potential of the form
T = T,# + 00 + 03. (4.33)

Substituting equation (4.33) into (4.32) gives

T, » 107,
oT, 5 19T,

J=0r+ 9% 1"802'

(4.34)

The core power loss density D given in equation (4.31) can thus be written in terms of

1 /0T \> 1 [0T.\?
D_g(&)+£ﬁ<%>. (4.35)

For the axiperiodic case presented in Section 3.4, the electric vector potential is of the

—

T as

form

T, (r,0,z,t) = T (r, z) cos (wt + ©) cos <p?0) , (4.36)

where T' (r, z) is the peak value of T, in time on a pole-centre plane and ¢ is the phase

angle between T, and B (7,0, z). Substituting equation (4.36) into (4.35) results in

AN\ 2
1 for 2 2 (DY
D = 0_—9 <E> COS (wt + C)O) COS (7) +

N AREC I o (PO
=) T — . (4
p <2> cos” (wt + ) sin 5 (4.37)

Based on equation (4.37), the instantaneous power loss F' () in the core is given by

d 1o 2m
F(t) = ///D r000roz
0 r; O

6 To AN 2

_ rcos? 1 (9T L2V g2

= Tcos (wt+90)// o \ +azr2 (2) T<| rordz, (4.38)
0 r;

where § is the core axial length and r; and r, are the core inner and outer radii,

respectively. From equation (4.38), the power loss in the core F' is given by
P
F(t)ot

0
T A 2
i Bl AR)
// - <82> + pag (2) T°| roroz, (4.39)
0

T

1
F =

ol

v | 3
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where P = 1/f is the period of the field.

The T, given in equation (4.36) and used to derive equation (4.39) is for the case where
the field is stationary with respect to the core and pulsating at frequency w. For a
rotating field the electric vector potential will be of the form

T, (r,0,z,t) =T (r, z) cos <wt +¢— 1%0) , (4.40)

where T' (r, z) is the peak value of T} in time. This was demonstrated using the principle
of superposition in Section 2.1.2 for a three phase system. Substituting equation (4.40)

into (4.35) results in

AN\ 2
1 (of 0 | 2 . 0
D — <8 ) cos? <wt—|—<p— p—> +— (B> 72 sin? <wt+<p - %) . (4.41)

_0_9 Bz 2 o,r4 \2

where the subscript r denotes a rotating field. The instantaneous power loss Fr (t) in
the core due to the rotating field is given by

To 2T

6
Fr(t) = ///DR r000roz
07 0
Pl far\t 2
— e P\ p2
= 71'// p (&z) +Jz7“2 (2) T<| roroz. (4.42)
0

From equation (4.42), the power loss in the core F is given by

P
1

0
Pl (ot 2
P\* 2
— | = - T . 4.4
// o9 <8z> +O'Z’I“2 (2) roroz (4.43)
0

Ti

I
3

Comparing equations (4.39) and (4.43) it can be seen that the core loss due to a rotating
field is twice that due to the pulsating field. Thus the coupled network formulation of
Chapter 3 can be used with the imposed magnetic flux boundary given in Section 3.1.2
and the power loss for a rotating field of the same peak amplitude will be twice that of

the pulsating field case.
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4.5 Laboratory Tests

The theory and loss predictions presented in Sections 4.3 and 4.4 point to the likelihood
of increased core loss due to the curvature of the core in axial flux machines. Curvature
related loss cannot be separately measured as it is part of the total input power to the
machine. Its extraction from total measured core loss could, however, be based on its

relationship with frequency. Total core loss, Pr, can be expressed as
Pr=F +kif +kof*? + ks f?, (4.44)

where F' represents loss due to cross-lamination flux, kqf represents hysteresis loss,
ko f3/2 represents excess loss (Barbisio et al., 2004; Fiorillo & Novikov, 1990) and k3 f?

represents classical eddy-current loss due to main or parallel running flux.

As shown in Figure 4.9, if there is a significant amount of eddy current loss due to
cross-lamination flux, then the axiperiodic model predicts a non-linear relationship
between Pr/f and f, irrespective of the value of ko. The non-linearity is characterised
by a minimum turning point occurring at frequency f,,. The more significant the loss
due to cross-lamination flux, compared to classical eddy current and excess loss, the
higher the value of f,, and the easier it would be to locate using test data. The practical
identification of the turning point at f,, requires tests to be performed over a frequency
range extending sufficiently below f,,. Indication of the existence of a turning point
by test data would signify the presence of a significant amount of power loss due to
cross-lamination flux. Conversely, it can be shown that if F' is equal to zero, no turning

point exists in the Pr/f against f graph.
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Figure 4.9: Determination of k£ from hypothetical experimental data.

Equation (4.45), which is obtained by substituting equation (4.21) into (4.44), is now
used to show how loss due to cross lamination flux can be separated from the other
core loss components.

Pr k

7 = Tf + k1 + kg\/? + ks f (4.45)

The turning point located at f = f,, in Figure 4.9 is found by differentiating equation

(4.45) with respect to f and equating to zero, that is

k k
—5]‘;13/2 + TQf— + k3 =0. (4.46)

Equation (4.46) is then be rearranged to give

k= kofm + 2ksf3/2. (4.47)
Using equation (4.45) at points @, and @, in conjunction with equation (4.47), it can

be shown that ( f)
_2\/f_m(Qn_Qm)+k2fm 3—2v2
N (VZ-1) (4.48)

where @, and @, are defined in Figure 4.9. Equation (4.48) allows k to be estimated

k

from experimental data. If accurate estimation of ks is not possible, and it is assumed
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to be equal to zero (resulting in k3 assuming its maximum possible value), equation
(4.48) returns the lower bound for k. Equation (4.49), which is based the assumption
of k3 being equal to zero (which results in k9 assuming its maximum possible value),

gives the upper bound for k:

Vv 2fm (Qn - Qm)

B EEENG)

(4.49)

By comparing equations (4.48) and (4.49), it can be deduced that the maximum error
from assuming a zero value for k9 in equation (4.48) is 41%. However, such a high error
is unlikely in practice as classical eddy-current loss will always be relatively significant

compared to excess loss.

Figure 4.10 shows experimental data for test cores with physical dimensions r; =
0.075m, r, = 0.175m and § = 0.1m. The test set-up is shown in Figure 4.11. Core loss,

for both cores, was obtained by subtracting copper loss from the total measured power.

0.5 7

0.451 Lk 4

0.35 e .

0.3F ~F : 4

PT/f
o
&

T

<
\

i

0 I I I I I I I
0 10 20 30 40 50 60 70

f(Hz)

Figure 4.10: Experimental results (B, = 0.5T).

Experimental results suggest that core loss due to cross-lamination flux is not signif-

icant. That is, there is no indication of the existence of a turning point for varying
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<—slotless core

<—2mm air-gap

Qv

Figure 4.11: Experimental set-up for measuring core losses.

<— single-phase
wound core
(24 slots, 2-pole)

test frequencies. From measurements made with one of the cores wound as a toroidal
transformer, the core permeability was estimated to be greater than 5000u,. From
manufacturer’s data oy was estimated to be about 4.5 x 10°S/m. Based on these values
the axiperiodic model predicts the losses due to cross-lamination flux to be 0.311W at
50Hz. This is relatively small compared to the total measured core loss of approximately
21W of which 10W is estimated to be hysteresis loss. It is not surprising, therefore,
that the experimental data points in Figure 4.10 do not indicate the existence of a

significant amount of power loss due to cross-lamination flux.

4.6 Flux Density Distribution

It was predicted in Chapter 2 that curvature related radial flux density is relatively small
compared to the peak axial and circumferential flux densities even when the shielding
effect of induced eddy currents is ignored. The model used to make this prediction was
a magnetostatic one and thus could not be used to investigate the frequency dependence

of the radial component.

The axiperiodic coupled network model developed in Section 3.4 has been used to
analyse the flux density distribution in a core with the following nominal characteristics:
r; =0.075 m, r, = 0.175 m, 0 = (0.2/p) m, u, = 20u,, pig = p1 = 100044, 0 = 0 S/m,
0p =0, =5x10% S/m, w = 1007 rad/s and B, = 0.7 T.

Figure 4.12 shows theoretical predictions for the normalised radial flux density as a
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function of radius, and averaged over the core axial length. Similarly, Figure 4.13
shows the normalised circumferential flux density as a function of radius, averaged over

the core axial length.

Based on these results the following observations can be made:

a) The peak radial flux density is much smaller than the peak axial or circumferential

flux densities.

b) The radial component of the magnetic flux density is almost non-existent under
a.c. conditions. This is theoretical confirmation of what was already postulated

in Chapter 2 based on magnetostatic analysis and experimental results.

¢) The amount of radial flux, although small, is a strong function of core permeabil-
ity.
d) The circumferential flux density is greatest near the outer radius of the core. As

stated Chapter 2, this must be accounted for when sizing the back-iron of axial

flux machines.
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Figure 4.12: Normalised average radial flux density along a pole-centre plane.
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Figure 4.13: Normalised average circumferential flux density half way between
pole-centre planes.
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4.7 Practical Axial Flux Machines

It has been the aim of this research to predict the magnetic flux density distribution and
power loss due to curvature related radial flux in the back-iron of axial flux machines.
Whilst these aims have been achieved, the assumptions upon which the models have
been based does limit their practicality. In practice, core losses and the magnetic flux
density distribution will be affected by material non-linearities, end effects, air-gap
length, magnet shape in the case of permanent magnet machines and the presence of
slots. Further to the work carried out here, the influence of these factors should be

investigated.

In order to relax some of our assumptions it would be necessary to include the air-
gap region in the core model. This in itself may present additional difficulties when
using techniques such as the Finite Element Method (FEM). Whilst FEM is now a well
accepted tool for the design and analysis of practically all types of electrical machines
(Binns et al., 1992; Salon, 1995) it does struggle with the small air gap length of
electrical machines (Salon, 1995). This is fundamentally due to the increase in the
number of nodes or elements required to mesh sub-domains of poor aspect ratio. This
situation is common when modeling electrical machines which incorporate narrow air

gap regions relative to other dimensions.

A scaling technique is developed in Chapter 5 which provide one way of reducing the
number of nodes required when performing finite element analysis of electrical machines
with narrow air-gap regions. Whilst this technique does not directly contribute to the
work presented here, it does provide a tool which could be used to extend the work

beyond its current limitations.



Chapter 5

Sub-domain Scaling for Finite
Element Analysis of Electrical

Machines

We will now develop a scaling technique which can be used when performing electro-
magnetic finite element analysis. This technique has the ability to overcome problems
associated with meshing domains of poor aspect ratio. Such a situation occurs com-
monly when modeling electrical machines which incorporate narrow air-gap regions
with respect to dimensionally much greater steel cores. Here we will develop the scal-
ing technique with a focus on scaling in the axial direction for the finite element analysis

of axial flux machines.

Although not of direct application to the work presented previously, it will be shown
that the scaling technique is a general tool for the finite element analysis of electrical
machines. As such it has the ability to permit further analysis which would allow some
of the assumptions made in this project to be relaxed. For this reason and because of its
general usefulness, sub-domain scaling for finite element analysis of electrical machine

is now presented.

102
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5.1 Finite Element Analysis and Scaling

Finite element analysis is now a well accepted tool for the design and analysis of prac-
tically all types of electrical machines (Binns et al., 1992; Salon, 1995). Finite element
magnetostatic analysis allows machine designers to investigate phenomena such as sat-
uration and magnetic torque, while quasi-static analysis can be used to predict eddy

current losses and associated heating.

The small air gap length of an electrical machine compared to its other dimensions can,
however, make it difficult or even impossible to obtain accurate field solutions (Salon,
1995). Techniques based on the use of shell elements (Guerin et al., 1994), specialist
air-gap elements (Abdel-Razek et al., 1982; Feliachi et al., 1983) or the coupling of finite
element analysis with an analytical solution (DeBortoli et al., 1991), have been proposed
to overcome this problem. There have also been other techniques (Choi et al., 2001;
Henrotte et al., 1999; Melissen & Simkin, 1990; Ouazzani et al., 1999), not specifically
related to electrical machines, on geometry transformations and for overcoming meshing
difficulties in the finite element method. All of these techniques require some form of
modification to the finite element formulation. The method proposed here is based on
a rescaling of the air gap region. The original problem, with the narrow air gap, is

mapped onto a scaled problem with an improved aspect ratio.

Compared to previous techniques, a major advantage of the proposed method is that,
when applied to axial flux machines, it can be simply implemented using any standard
finite element package. In addition, techniques such as shell elements do not permit the
user to investigate the fields in the air gap region whereas the scaling method provides

the user with field solutions in all sub-domains.

5.1.1 The Finite Element Mesh

The Finite Element Method (FEM) is based on the discretization of the domain under

consideration. The mesh quality or element aspect ratio can have a significant effect on
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the solution accuracy (Adams & Askenazi, 1999; Chari & Salon, 2000). When meshing
geometries of poor aspect ratio, or where adjacent sub-domains of large scale differ-
ences exist, the mesh quality can deteriorate if the number of elements is insufficient.
Maintaining good element quality often requires vast numbers of elements and their as-
sociated nodes. This can be most easily seen in a two dimensional example. Consider
the domain represented in Figure 5.1 where a large sub-domain is adjacent a much

smaller one and triangular elements have been chosen.

+——sub-domain 2

l¢—— sub-domain 1

Figure 5.1: Finite element 2D mesh .

The nodes at the boundary between the two sub-domains are common to the elements
on either side and thus the element sizes are comparable near the boundary. Due to the
thinness of Sub-domain 1 the maximum characteristic size (d) of an element in this re-
gion is equal to the region’s height. Ideally, the element shape is an equilateral triangle.
This restriction alone requires a significant number of elements to mesh a region which
is thin in one direction and significantly larger in the other (i.e. poor aspect ratio). At
the boundary, the elements in Sub-domain 2 have edges of the same lengths as those in
Sub-domain 1 because of their common nodes. Away from the boundary the elements
can grow in size, however, this requires a gradual transition in order to maintain an ac-
ceptable element aspect ratio. In these circumstances the number of elements required
to mesh the domain rapidly increases as d decreases. Depending on desired accuracy of

the solution in Sub-domain 1, the maximum element size may not be desirable which
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will further exaggerate the problem. This problem is considerably worse when perform-
ing three-dimensional meshing on geometries containing sub-domains with poor aspect
ratios. Such a situation occurs when modeling electrical machines which incorporate a
small air gap region compared to other dimensions. The number of nodes determines
the computing resources required to solve a finite element problem and thus it is highly

desirable to reduce this number whilst retaining the desired solution accuracy.

Sub-domain rescaling provides one way of overcoming this problem. The rescaling tech-
nique can be regarded as a transformation of the problem domain into another domain
in which meshing can more readily be achieved. The transformation generally involves
changes in dimensions, material properties and source current densities. Such a trans-
formation is useful where the flux density in the transformed sub-domain, B /(7“/, 0, z/),

can be calculated and thus the flux density in the original sub-domain, B(r, §, z),found.

The reduction in the number of nodes due to the scaling process will be problem
dependent. At one extreme, scaling a problem which has an already large air gap
region may not produce any benefit. On the other hand there will be instances where,
due to very poor aspect ratios in the geometry, an acceptable finite element solution
may not be possible without the use of some form of scaling. An excessively small air

gap may even cause generic meshing algorithms to fail or produce a poor quality mesh.

It may seem, particularly in cases where there are regions in which the field variables
change rapidly in space, that the coarser mesh produced by the scaling process will
result in increased solution errors. However, if adaptive meshing methods are used this
will not be the case. Even where adaptive meshing is not available manually controlled

mesh refinement can be used to improve solution accuracy (Hewitt & Ahfock, 2005).

5.1.2 Quasi-Static Formulation

There are a number of different quasi-static finite element formulations, two of the

more common being the magnetic vector potential-electric scalar potential (A — ¢) and
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electric vector potential-magnetic scalar potential (T' — €2) formulations (Ratnajeevan
& Hoole, 1995). Regardless of the formulation type all are based on the quasi-static

approximation to Maxwell’s equations:

V-B = 0 (5.1)

VxH = J (5.2)
ﬁ OB

VxE = - (5.3)

where B is the magnetic flux density, H the magnetic field intensity, J the current

density, E the electric field intensity and t is time.

The scaling technique developed here is based on these equations and not a finite
element formulation. This has the advantage of not requiring specialist finite element

formulations or element types.

5.2 Scaling Equations

Scaling in the axial direction is desirable when modeling axial flux machines in which
the air gap length is defined in the axial (or z) direction. Scaling in the radial direction
is equally attractive when modeling radial flux machines. Transformations for radial

scaling have been presented in Hewitt & Ahfock (2005).

The focus here is on the development of an axial scaling technique for the finite element
analysis of axial flux machines with narrow air gap regions. Whether modeling the
entire machine or some part of it which includes the air-gap, scaling has the potential
to reduce the number of elements required to mesh the domain. This also means a

reduction in the total computational cost of solving the problem.
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5.2.1 Axial Scaling

Consider an axial flux machine (AFM) with its domain divided into the three sub-

domains
a) Sub-domain 1: —z<z<0
b) Sub-domain 2 : 0<2z<z,
¢) Sub-domain 3 : Ze < 2 < 2y

as shown in Figure 5.2.

Z=Z, T T

I I
: : Sub-domain 3

! !
2= Sub-domain 2

z=0 T T

7 I I
: : Sub-domain 1

I I

z=-Z, . .

Figure 5.2: Axial scaling sub-domains.

It is proposed that Sub-domain 2 be scaled by a scale factor ks in the axial direction
so that it then occupies the extended region 0 < z < kgl,. Sub-domains 1 and 3 have
none of their dimensions scaled and thus their respective field variables are unchanged.

Sub-domain 3 does however undergo a translation of its axial position as defined by
T _
2t =z+1g (ks —1) (5.4)

in order to permit the expansion of Sub-domain 2. As Sub-domains 1 and 3 are not

scaled, the boundary conditions between them and the scaled region remain invariant.

The transformation that maps the physical dimensions of the original problem onto

the dimensions of the transformed problem are fully defined by k. Based on this
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transformation, the relationships between the field variables in the original problem
and the corresponding field variables in the transformed problem can be found. In

general these take the form of
GT (07, 2") = y(ks) G (1,6, 2)

where G” represents a transformed quantity in the transformed domain, G is the cor-
responding quantity in the original domain and y(ks) defines the relationship between
them. The functions represented by y(ks) are derived by ensuring that if G7 satisfied
Maxwell’s equations in the transformed domain, then G satisfied Maxwell’s equations
in the original domain. In other words, y(ks) permits the field solutions obtained in
the transformed problem to be converted into the corresponding field solutions to the
original problem. Having derived the y(ks) functions for all the field variables, the
relationships between the material properties of the original problem and those of the

transformed one can be deduced.

5.2.2 Axial Scaling Transformations

In the scaled sub-domain, let the coordinate system be transformed according to

rT o=
0T = o, (5.5)
I = ksz.

Let the magnetic flux density B and the magnetic field intensity H in this region be

transformed by

Bl = f.B, (5.6)
By = foBy, (5.7)
BI' = f.B., (5.8)
HI = g.H,, (5.9)
HI' = gyHy, (5.10)

)

HY = g¢.H., (5.11
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where all scale factors are functions of z only. Expanding V - B =0in cylindrical

coordinates results in
10(rB,) 10By 0B,

r Or +;89+8z

In the scaled region equation (5.12) becomes

= 0. (5.12)

la(TfTB,«) lafGBG iaszz
r or r 00 ks Oz

= 0. (5.13)

For both equations (5.12) and (5.13) to hold for all (7,6, z) it is required that

of:
B, =0 5.14
P (5.14)
and
eIk
fr="Ffo=1"" (5.15)
Equation (5.14) requires that f, = k, where k is independent of z, and thus
k
f’r‘ - k_s’
k
= — 1
o= o (5.16)
f» = k.

The unknown constant & in (5.16) is found by considering the boundary condition
between Sub-domains 1 and 2. In order to satisfy the continuity of the normal com-
ponent of B across the boundary it is required that f, = k = 1. Substituting k£ = 1
in equation (5.16) and in accordance with equations (5.6), (5.7) and (5.8) the resulting

transformations for the magnetic flux density components are

B
B =
T kjs’
B
Bf = 22 (5.17)
ks
B = B..

It should be noted that f, = 1 also satisfies the continuity of the normal component of

B across the boundary between Sub-domains 2 and 3.

The quasi-static approximation of equation (5.2) guarantees the solenoidal condition

V-J=0. As both B and J are are defined through the same divergence condition, J
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will have the same transformation functions as that of B, that is:

J,
T o _ Zr
o=

Ji
JI = k—“’ (5.18)
JI = ..

The transformation functions for the magnetic field intensity H can be found by ex-

panding equation (5.2) in a cylindrical coordinate system to obtain

=7

7 FaHZ - @] ; [OHT - GHZ] L Fa(ng) 184,

"7 e T oz 9z or ror r 00 (5.19)

In the transformed region the radial component of the current density J! can be ex-
pressed in terms of the magnetic field intensity H” by substituting equations (5.10)
and (5.11) into (5.19) to give

T 10H]  0Hj

" r 00 0zT
_ 16(ngz) 6(99H9)
T or 00 ko2

g: 0H, 1 0(geHy)
r 00 ks 0z (5.20)

At z = 0 the boundary condition Hy; = H;o where the subscripts 41 and 5 represent
the tangential components of the magnetic field intensity H in Sub-domains 2 and 3,
respectively, must be fulfilled. Sub-domain 3 is unscaled and thus H is unchanged in
this region. At the boundary this requires H,o = H,3 and Hgs = Hpy3. This will also
be the case at the z = ks, boundary (i.e. between Sub-domains 1 and 2). These
boundary conditions are satisfied by setting g, = go = 1 in equations (5.9) and (5.10),

respectively. Substituting J! = J,./ks and g = 1 in equation (5.20) results in

ﬁ _ %aHZ B iaHg
ks r 00 ks Oz
10H, O0OHy
= oo 20 21
= Jy ks9: a0~ 5, (5.21)

Comparing equations (5.21) and (5.19) it can be seen that ksg, = 1 and thus g, = 1/ks.
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The transformations for the magnetic field intensity H are thus

H' = H,

HI = H,, (5.22)
H

HI = ==,

z ks

The transformations for H given in (5.22) are now tested in the circumferential and
axial terms of equation (5.19). From equation (5.19) the circumferential component of

the current density JGT in terms of HT is given by

T OH 9H!

0 02T or
1 9 (g-H,) 0H,
* _ g, 22 2
ks Oz g or (5.23)

Substituting JGT = Jyp/ks, gr = 1 and g, = 1/k, into (5.23) results in

Joo i@HT B i@HZ
ks ks Oz ks Or
O0H, O0OH,
= = oz  or’ (5.24)

which is in agreement with equation (5.19). Similarly, the axial component of the

current density J! is given by

19(rH]) 10HT

JI =
z r o or r 06
g9 O(rHy) g, OH,
= % _ 2
r  Or r 00 (5.25)
Substituting equation J! = J, and gy = g, = 1 into equation (5.25) results in
10 (rH, 10H,
J, == (rfly) _ (5.26)

r  Or r 00’

which is also in agreement with equation (5.19).

The transformation function for the coordinate components of the electric field intensity
E can be found in the same way as that for the magnetic field intensity H. In fact, as

both E and H share common boundary conditions and can be defined through their
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curl operators (i.e. equations (5.3) and (5.2), respectively) where J and B share the

same transformation functions, their transformations are also the same, that is:

Eg = ET’7

El = Ey, (5.27)
E

FEL = =,

Z ks

The transformations for the magnetic permeability and electric conductivity are now

found using the constitutive relations

B = uH (5.28)

—

oE. (5.29)

~y
I

Using equations (5.22), (5.17) and (5.28) the permeability transformations are
T _ B 3 l & Hr
Mr = HT =k H,  ky
Bl 1 By o

T
=20 - 0 _ 0 5.30
BT B
MZ === ks_z = Ksttz.

Similarly from equations (5.18), (5.27) and (5.29) the conductivity transformations are

given by

o7 — i _ L1 _or

" ET ks E, o
JI 1 J o

T 0 0 0

=0 0 _° 5.31

70 "B Tk By Ky (5:31)
JT J

T z

g, = EZZ = kSE—Z = ksaz

A complete list of all field variable and material property transformations for the scaled

Sub-domain are presented in Tables 5.1 and 5.2.
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Table 5.1: Axial Scaling Transformations

Quantity /Property Symbol | Sub-domain 2
: : v Jr
Radial component of the current density Jr J, = T
S

J

Angular component of the current density Jo Jér = k_g
S
Axial component of the current density J JZT =J,
Radial component of the magnetic field intensity H, H;:F =H,
Angular component of the magnetic field intensity Hy HGT = Hy
. : : : r_ H
Axial component of the magnetic field intensity H, o, = T
S
: . : v Br
Radial component of the magnetic flux density B, B, = T
S
. . T BG
Angular component of the magnetic flux density By By = T
S
Axial component of the magnetic flux density B, BZ =B,
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Table 5.2: Axial Scaling Transformations continued

Quantity /Property Symbol | Sub-domain 2
Radial component of the electric field intensity E, E;:F =F,
Angular component of the electric field intensity Ey E;‘F =FEy
Axial component of the electric field intensity E, ET = %
Radial component of the permeability s MTT = Z—:
Angular component of the permeability 1o Mg = ’Z—j
Axial component of the permeability I ,uzT = kglty
Radial component of the conductivity oy o, = Z—:
Angular component of the conductivity o O'g = Z—i
Axial component of the conductivity o, o, =kso,
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5.2.3 Energy and Power Invariance

The magnetic energy stored per unit volume (W) in an unscaled region is given by

—

W=-B-H (5.32)

1
2
and in the corresponding scaled region it becomes
T Lzr &7
W+ = -B"-H
2
1
= 5 (frg:BrHy + fogoBoHy + [.9:B-H:) (5.33)

Inspection of Table 5.1 shows that in the scaled region the equality

frgr = fogo = [-9- (5.34)
always holds. This means that
Wl =fgw= kE (5.35)

S
where fg = frgr = fogo = f.9. = 1/ks. An elementary volume in the scaled region is

related to the same volume in the unscaled region by

dv
dvl = F7 kodV. (5.36)

Equations (5.35) and (5.36) show that a volume integration of the transformed magnetic
energy over the scaled region will result in the same stored magnetic energy as that of

the unscaled region. This result also holds for Ohmic power dissipation (E T ).

The invariance in the magnetic energy and power dissipation greatly simplifies post
processing as there is no need to transform these quantities. It also implies that torque

and inductance are also invariant under the transformation.

5.2.4 Material Non-Linearity

When using the axial scaling technique to scale the air gap region of axial flux machines,

the air is normally the only material type occupying the region. Even where components
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such as end-shields are included, it is reasonable to assume that these parts remain
magnetically unsaturated. Material properties for the air gap region are easily deduced
from Table 5.2, since 1 and o in this region are independent of the field quantities.
Saturation in the stator or rotor iron region is modeled as if scaling was not performed

as these regions are not affected by the transformation.

Whilst the assumption of linear behaviour in the scaled region does simplify the ap-
plication of the scaling technique, it is not restricted to linear analysis. An example
of scaling for non-linear finite element analysis of electrical machines can be found in

Hewitt & Ahfock (2005).

5.3 Node and Element Reduction using the Axial Scaling

Technique

For AFMs with air gaps of poor aspect ratio or with large iron regions adjacent to
narrow air gaps, the scaling technique has the potential to significantly reduce the
number of elements required to perform finite element analysis. This will result in

reduced computational costs (i.e. time and memory requirements).

It was demonstrated in Hewitt & Ahfock (2005) that whilst element savings for 2D
models are significant, they are even greater when performing 3D analysis. For axial
flux machines, even further savings will be made if the machine has multiple air gap

regions.

An example of node and element savings when using a scaled air gap region for 2D finite
element analysis is shown in Figures 5.3 and 5.4. The meshes shown in Figures 5.3(b)
and 5.4(b) were generated using the finite element package FEMLAB (COMSOL, 2004).
The mesh of Figure 5.3(b) required 2822 nodes and 5574 elements whereas that of Figure
5.4(b) only required 637 nodes and 1220 elements.
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(a) 2D geometry with narrow air-gap region.

(b) Finite element mesh of the 2D geometry of Figure 5.3(a).

Figure 5.3: Finite element mesh of a 2D geometry with narrow air-gap region.

(a) 2D geometry of Figure 5.3(a) with a scaled (x5) air gap region.
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(b) Finite element mesh of the 2D geometry of Figure 5.4(a).

Figure 5.4: Finite element mesh of a 2D geometry with scaled (x5) air-gap region.
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When performing 3D finite element analysis of both the iron cores and air-gap region,
as shown in Figure 5.5, the scaling technique can be used to improve the air-gap aspect

ratio and thus significantly reduce the number of elements required to mesh the domain.

Figure 5.5: 3D model of the iron cores and air-gap region.

Figure 5.6: Finite element mesh of the geometry of Figure 5.5.

Figures 5.5 and 5.7 represent sections of a stator core, air gap and rotor for an unscaled
and scaled problem, respectively. A general rotor region has been chosen for demonstra-
tion purposes. In practice the rotor geometry may include slots and the conductor cage
for induction machines or a surface mounted magnet for a permanent magnet (PM)

machine. The finite element meshes shown in Figures 5.6 and 5.8 were generated using
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Figure 5.7: 3D model of the iron cores and scaled (x5) air-gap region.

Figure 5.8: Finite element mesh of the geometry of Figure 5.7.

FEMLAB (COMSOL, 2004). The number of elements required to mesh the domains

shown in Figures 5.5 and 5.7 were 44234 and 14119, respectively.

As stated earlier, the use of a coarser mesh may imply reduced solution accuracy,
however if adaptive meshing or manual mesh refinement is used then the desired solution
accuracy can be attained with fewer nodes. This was shown to be the case in Hewitt

& Ahfock (2005).



Chapter 6

Conclusions

It is now well recognized that energy and natural resource conservation will play a vital
role if sustainable development is to be achieved. Design of efficient electric machines
requires a thorough understanding of the loss and flux density distributions within the
machine. This knowledge allows a machine designer to both minimize losses and usage

of core material.

Here we have predicted the presence of a radial component of the magnetic flux density
distribution in the core of axial flux machines. The question then is what effect does

this component have on core power loss and flux density distribution.

It is the aim of this research to answer this question and in doing so provide axial
flux machine designers with a better understanding of the electromagnetic and thermal
behaviour of these machines. An improved understanding of the loss and magnetic flux
density distributions in the back-iron of axial flux machine cores will allow designers to

design more efficient and economical AFMs.

In the following sections the key findings of the work presented here are briefly reviewed.

Possible further work based on these findings are also discussed.

120



CHAPTER 6. CONCLUSIONS 121

6.1 Curvature Related Radial Flux

The analytical model developed in Chapter 2 confirmed the presence of a radial com-
ponent of the magnetic flux density in AFM cores. The magnitude of this component
is dependent on the core permeability, physical dimensions and number of poles. While
the model confirmed the presence of a radial component of the flux density, it also
showed that the magnitude of this component is significantly less than that of the main
flux components. This conclusion was further reinforced in Chapter 4 where it was
shown that the radial component of the flux density is almost non-existent under a.c.
conditions. In practice, this means that the radial component can be ignored with
respect to its influence on the distribution of the circumferential and axial components

of the flux density distribution in axial flux machine cores.

It was also concluded that, while the magnitude of the radial flux component is signifi-
cantly less than that of the main flux components, the question of induced losses caused
by this component still needs to be addressed. The need to address this question arises
from the fact that radial flux flow is in the cross-laminate direction and thus has the

potential to cause significant loss.

6.2 Losses due to Radial Flux

An axiperiodic coupled network model was developed in Chapter 3 to evaluate power
loss due to curvature related radial flux in the laminated cores of axial flux ma-
chines. This model was used in Chapter 4 to evaluate these losses and to investigate
the frequency dependence of the radial component of the flux density. It was found
that if the core permeability, core conductivity and number of poles are high enough
(> 10004,, o > 109, p > 2) then power loss due to curvature related cross-lamination

flux is negligible compared to normal eddy current losses.

A closed form expression for power loss due to cross-lamination flux was also derived
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in Chapter 4. This expression can be used to help axial flux machine designers make
a quick assessment on whether or not power loss due curvature related radial flux is
likely to be significant. If these losses are deemed significant, the axiperiodic model can

be used to predict the losses more accurately.

Direct measurement of power loss due to cross-lamination flux is not possible. However,
if values of total core loss are obtainable from laboratory tests, then, the component of
power loss due cross-lamination flux can be isolated based on its frequency dependence.

The technique to achieve this was developed in Chapter 4.

6.3 Magnetic Flux Density Distribution

The static model developed in Chapter 2 predicts peak back-iron flux density in the
laminations near the outer radius of the core. Under the assumption of zero radial flux,
which is justifiable in practice, flux redistribution in the core cannot occur and thus the
lamination near the outer radius will experience the greatest overall circumferential flux
density. Experimental data was presented which confirmed these predictions. It was
also shown that the circumferential flux density near the outer radius is much higher
than the average core back-iron circumferential flux density. This should be taken into
consideration when sizing the core back iron if excessive saturation in this region is to

be avoided.

The predictions made in Chapter 2 were further tested in Chapter 4. Here a quasi-static

model was used and it was found that:

a) The radial component of the magnetic flux density is almost non-existent under

a.c. conditions.

b) The amount of radial flux, although small, is a strong function of core permeabil-
ity.

¢) The circumferential flux density is greatest near the outer radius of the core.
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As discussed previously, finding c) has important practical implications for axial flux
machine designers when sizing the core back-iron. Finding a) means that two-dimensional
models can be used to predict both loss and flux density distributions in the back-iron
of AFMs. An equation for main flux power loss was derived in Chapter 4 based on a
two-dimensional model of the core. Finding a) also means that, in practical machines,

the radial component does not influence the the flux density distribution in the core.

6.4 Sub-domain Scaling for Finite Element Analysis of

Electric Machines

A sub-domain scaling technique for electromagnetic finite element analysis of electric
machines was developed in Chapter 5. This technique can be used to overcome meshing
difficulties when modeling axial flux machines with narrow air-gap regions. Whilst the
technique does not directly contribute to the work presented in the previous chapters,
it does provide a tool which could be used to extend the work beyond its current

limitations.

The ability to include the air-gap region in a finite element analysis of an AFM would
allow the effect of iron saturation and that of end-region flux to be investigated. It
is likely that these effects will influence the electromagnetic and thermal behaviour of
AFMs and thus are important areas of further research. It is proposed that the scaling
technique presented here has the ability to overcome the problem of limited computing
resources faced by anyone who intends to perform these types of analysis using the
finite element method. Possible areas of further research are discussed in the following

section.
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6.5 Further Work

The work completed here has addressed three main issues. These can be broadly de-
scribed as, the detection of a curvature related radial flux density component, prediction
of core losses due to the radial flux component and determination of the magnetic flux

density distribution in the back-iron of axial flux machines.

The use of Soft Magnetic Composites (SMC) in the construction of axial flux machine
cores is an area of great interest. In SMC cores radial flux is not inhibited nor does it
incur additional eddy current loss. The resultant magnetic flux density redistribution
would mean that the axial length of the core back iron could be reduced. The analysis

presented here would allow machine designers using SMC to investigate this possibility.

The presence of a radial flux density component also has potentially significant impact
on solid rotor designs. In a solid core the radial flux is not inhibited, however the
shielding effect is likely to be significant. Additionally, harmonics introduced by variable
speed drives are likely to affect core losses. An investigation into these phenomena

would be of great interest and complement the work presented here.

The models developed in the dissertation are based on the assumption of linear material
properties and have neglected the influence of end effects. Both material non-linearity

and end-effects would have some influence on the conclusions presented.

Using finite element analysis, a preliminary investigation of the influence of end effects
on the radial flux density was made. The flux density entering the core along a radial
line was based on that given in Bumby et al. (2004), where it was shown that the
magnetic flux density entering the core increases at the core edges. Not surprisingly,
the total radial flux increased and, compared with Figure 2.6, the peak radial flux
density occurs closer to the outer radius. In other words, radial flux due to end-effects
adds to that caused by core curvature. Further investigation into additional power loss
due to end effect related radial flux needs to be carried out. It also seems likely that

the additional flux entering the core at the radial ends due to end effects will cause the
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laminations toward the outer radius to become magnetically saturated. Thus the flux
entering the core due to end effects may need to be considered when sizing the core

back-iron.

Effective use of core iron in electrical machines generally requires some regions of the
core to be pushed toward magnetic saturation. As shown in the preceding chapters, this
may occur in the laminations near the outer radius of the core. For a slotted machine
tooth saturation may also occur at the inner radius of the core. Three-dimensional non-
linear analysis would be required for a rigorous study of iron saturation and its effect
on the core and air-gap flux density distributions. Such an analysis would require both
the iron and air-gap regions to be modeled, which would be computationally expensive
even when the scaling technique is used. Thus further research needs to be carried out
on possible techniques that could be used to model the effects of saturation within the

limitations of available computing resources.
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Appendix A

Bessel Function Orthogonality

We now prove the orthogonality property of Bessel functions with respect to a scaling
coefficient within the fixed region r € [s;1] when homogeneous derivative boundary

conditions are imposed.

Consider the Bessel Differential Equation (BDE)
R +rR + (r?k2 —m?)R =0 (A1)

where k, (n = 1,2,3,...) is the eigenvalue ensuring the existence of a nontrivial solution

of equation (A.1) with the following derivative boundary conditions

R (kns) = Ry(k,) = 0. (A.2)

Let
Ry = Ay Jpn(kpr) + B1Yi (kpr) (A.3)

and
Ry = AQJm(le) + BQYm(le) (A4>

be two distinct solutions of equation (A.1) with boundary conditions (A.2). Here J,,
and Y;,, are Bessel functions of the first and second kind, respectively, of order m, Ay,

Ao, By and By are undefined constants and n #£ [. Then
r (TR;) + (k2r? =m?®) Ry =0 (A.5)
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and

T (rR/Q)/ + (kl21“2 — m2) Ry = 0.

(A.6)

Multiply equation (A.5) by Ra, equation (A.6) by R; and subtract the results to give

(k2 — k2) rRyRy = Ry (rRé)l iy (rRi)l .

Now integrate both sides of equation (A.7) over the region to obtain

1

(k2 — k?) /1 rRi Ry dr = / [Rl (TR/Q)/ “ Ry (rR’l)/]dr.

Since

R (TR/2>, iy (rRi)l - di [rRlR/z - rR;RQ]

”
equation (A.8) becomes

1
(k2 = k?) / rR\R dr = [rRi Ry — Ry R} |

S

1
s

(A7)

(A.8)

(A.9)

(A.10)

The right hand side of equation (A.10) is equal to zero according to the boundary

conditions (A.2) and thus

1
/’I“Rl (knr) Ro (kyr) dr =0 for n #1

S

which demonstrates orthogonality.

For the case n = [ multiply the BDE (A.1) by 2R’ to obtain
U 1" / 2 /
22 RR +2r (R) +2 (%2 = m?) RR =0

or equivalently
<r2 (R’)Q) £ (PR —m?) (B) =0

Integrating over the region gives

(A.11)
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or
1

1
[7«2 (R’>2 = mQRQ} + k2 / r? (R2) dr = 0. (A.12)

Using the homogeneous boundary conditions (A.2) in equation (A.12) and integrating

by parts results in
1
m? [Rz(kn) - RQ(kns)] — k2 |2 [RQ (k,) — R (kns)| — 2/7“R2 (kpr)dr| =0 (A.13)
which can be rearranged to obtain

1
/TR2 (kpr) dr = — [(m2 — k25%) R*(kns) — (m* — k) Rz(kn)] . (A.14)



Appendix B

Air-Gap Flux Density

Distribution

B.1 Air-Gap Magnetic Flux Density

The separation of variables technique used to produce the analytical solution for the
core of an axial flux machine (see Section 2.1) can also be applied to the air-gap region
to investigate the behaviour of the axial component of the magnetic flux density in the
radial direction at the air-iron boundary. The assumption of constant axial magnetic

flux density with radius used in Section 2.1 is also shown to be valid for narrow air-gaps.

The analytical solution for the air-gap magnetic flux density is obtained as follows.

a) The air-gap boundaries are formed by the stator and rotor regions with magnetic
insulation assumed elsewhere. Our analysis is restricted to the effects of the mag-
netising currents in the stator. These currents can be represented by a uniformly
distributed current sheet in the r — 6 plane at the stator air-gap boundary. The
current sheet is defined such that it produces the same fundamental component

of the air-gap mmf wave as the physical windings (Fitzgerald et al., 1992). The
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current sheet equation is found by considering a purely radial current with sinu-
soidal variation in the angular direction #. For a p-pole machine this produces

the equation
/ ) rof =1 (B.1)
0

where [ is the total imposed current flowing in one pole pitch, and J (r, ) is the
surface current density.
Let

J (r,0) = J (r)sin (g@) . (B.2)

Substituting (B.2) into (B.1) we obtain

/ sm 7“(39 =
0

4r
= ?J (r)y=1 (B.3)

and upon substituting (B.3) into (B.2) the current density is expressed in terms

of the imposed current per pole pitch by

J@ﬁy:%gncg>. (B.4)

The magnetostatic problem is formulated in the same way as that used to model

the core (see Section 2.1) and thus the defining equation is
v (M’v¢’> ~0. (B.5)

The permeability matrix in the air-gap is given by

po 0 0
M =1 o o 0 | (B.6)
0 0

where p, is the permeability of free space. This simplifies equation (B.5) to the

Laplace equation

V24 = 0. (B.7)
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In coordinate form equation (B.7) becomes

06 108 10 0
or'2 ' or 1’2 062 022

Non-dimensionalising the problem using (2.8) we obtain

¢ 100 10% b20%

o2t T T g = (B9)

¢) We now introduce the following boundary conditions:

1) at 2’ = 0 the air-gap adjoins the iron and the conservation of the tangential
components of the magnetic field intensity H must be adhered to. If the iron
is assumed to have infinite permeability, then the tangential components of

H are zero. This results in the boundary conditions

’

By =By = 0
o6, 9 |
o =000 = O (B.10)

2) magnetic insulation is assumed at the inner and outer radii boundaries to

produce the radial boundary conditions

B ’r =q and r'=b T 0
0
= a(f|r s and r=1 — 0, (Bll)

where s = (a/b);

3) at 2’ = § the radial current sheet of equation (B.3) is assumed. The boundary
condition is modeled using the continuity condition of the magnetic field
intensity

x (ﬁ; - ﬁ;) =] (B.12)
where 7 is a unit vector normal to the boundary plane, h_f i and ﬁé are the
magnetic field intensity vectors on either side of the boundary and J_q; is

the normal component of the boundary current density. The current sheet



APPENDIX B. AIR-GAP FLUX DENSITY DISTRIBUTION 138

is defined to have only a radial current component, and thus the current
density will also only have a radial component (i.e. Jp, = (Jr,0,0)). Imposing
this condition on equation (B.12) and assuming the stator iron is of infinite

permeability results in

Hy=—J, (B.13)
and thus
, IP . (pd
B9|z/=5 = —,LLOE sin <5)
oo} —IP . (pb
A — — . B.14
=>60\Z,1 1og sm(2) ( )
We choose
IP
$o = (B.15)
which results in
0P . [ pb
%b:l = — Sin <7> . (B16)

d) Upon applying the separation of variables technique equation (B.9) becomes

R// 1 R/ 1 " b2 Z//

- R B.17
R rR r2<p+52Z ’ ( )

where the primes denote the respective derivatives. Consistency of equation

(B.17) requires that

Z// 52
— = k,%b—Q, n=1,23,... (B.18)
and
¢ = cos(lf) (to ensure angular periodicity), (B.19)

where k,, are real constants and | = (p/2). Substituting (B.18) and (B.19) into
(B.17) results in
R’ +rR + (r’k2 — 1) R =0. (B.20)

Equation (B.20) is a Bessel Differential Equation (BDE), the solution of which is
of the form R;(k,r) = c1Ji(knr)+c2Yi(kyr) where J; and Y] are Bessel functions of

the first and second kind, respectively, of order [. Enforcing the radial boundary
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conditions defined in equation (B.11) leads to the nonlinear eigenvalue problem
for k,

’

Jl/ (kns) Yil (kn) = Jl/ (kn) Yy (Fns). (B.21)

Equation (B.18) is now solved using the boundary conditions defined in equation

(B.10) and the periodicity condition defined in equation (B.19) as follows. Let

Z// 62
- = ky i 9n
=7 = Acosh(gnz)+ Bsinh(g,z). (B.22)

The boundary conditions (B.10) and the periodicity condition (B.19) requires
that

R cos(10) Z|,—g = 0
= RZ.-g = 0, (B.23)
and
— Risin(l0)Z|,—o = 0
= RZ|,—0 = 0. (B.24)
The non-trivial solution to (B.23) and (B.24) is
Z‘zzO =0

and thus
Z = Bsinh (g, %), (B.25)

where B is some constant and g, = [(k,0) /b].
The solution for ¢ is then

n=1

g (kys)
Yzl(kns)

Jl (knr) -

Y, (knr)] cos(10) sinh(g, 2). (B.26)

For algebraic simplicity of the solution we redefine the coefficient C,, so that

$=> Cn
n=1

Iy () — Jl/(k:ns)y (kn )] cos(lf) sinh(g,2) (B.27)

Y/ (kys) ! l sinh(gy,)
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Applying boundary condition (B.16) to (B.27) results in the following infinite
series )

J; (kns)
YE/(kns)

Jy (kpr) — Y, (l-cnr)] =1. (B.28)

>
n=1

Using the orthogonality relationships derived in Appendix A, the unknown coef-
ficients in (B.27) are found to be

2k2 fl r [Jl (knr) — BY; (knr)] dr

Cp = (B.29)

12 (R2 (kyps) — R? (kn)) + k2 (R? (kn) — s2R? (kns))

where

and

Ri(s) = Jj (kns) — kY] (kps).

In accordance with (B.5), (B.6), (2.1) and (2.8) the components of the dimensional

magnetic flux density within the air-gap region are given by

B, = Houh B (B.30)
B, — p 29 (B.32)

z Hoys oz
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B.2 Narrow Air-Gaps
In the limit 6 — 0 equation (B.9) can be rewritten as
020 52109 621 0°® | 920
oz TErer T T oz (B-33)
b% Or b>r or = b%r? 00 0z
which has terms of order unity and (62/b%) only. Let
D =Dy + 2Py + ... (B.34)
where € = §/b, and substitute (B.34) into (B.33) to give
0y L, [(0*Py 10Dy 10°0; 0°®,
-——+ = ..=0. B.35
022 (87“2 o T Ta2 )t ( )
In the limit € — 0 equation (B.35) becomes
0y _ 0
022
=&y = Zf1 (’I“, 9) + f2 (7",0) (B36)
where f; and fy are undetermined functions of r and 6.
Enforcing boundary conditions (B.10), (B.11) and (B.16) we obtain
2 0
® = 2—cos <p_)
P 2
and thus
0P
B, =2
° 0z
is a function of angular displacement 6 only, and is independent of radius r. This

validates the assumption of uniform axial magnetic flux density in the radial direction

at the air-iron boundary for narrow air-gaps. However, boundary condition (B.11)

eliminates end effects and thus this assumption is only valid away from the radial ends

of the core. Work performed by Zhilichev (1998) confirms that this is the case in

practice.



Appendix C

Two-Dimensional Magnetostatic

Model

If the radial component of the magnetic flux density can be neglected the magnetostatic
solution for the simplified core given in section 2.1 can be reduced to a simpler two-
dimensional solution. The assumptions stated in Section 2.1.1 are applied and the

defining model equation is

V- (M'V¢) =0, (C.1)

where M’ is the permeability tensor given by

0 0 O
M=10 pu 0 |- (C.2)
0 0 p

The boundary conditions are defined by:

a) Magnetic insulation located at the lower zplane boundary,

B

=0 (C.3)

z'=0

142
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b) The magnetic flux injection boundary,

(Y
Bl|,_s = Psin <?) (C4)

where B!, is the axial component of the magnetic flux density, P is the peak imposed

flux density, ¢ is the core axial length, and 0 < 6§ < 27 is the angular coordinate.

In coordinate form equation (C.1) becomes

po 02 0%
2 a0z THgE =0 (G3)

The problem is non-dimensionalised as follows
le = ¢do (06)
2 = 20

where § is the iron thickness and ¢, is the characteristic value of the potential. The

permeability tensor (C.2) becomes

0 0 0
M=1{0 kg 0], (C.7)
0 0 1

where k.9 = pp/p.. The non-dimensional form of equation (C.5) is

o2 ) 7“/2 92 é

i R g C.8
907 kpd? 027 (©8)
Comparing equations (C.8) and (2.10) it can be seen that in the limit pu, = 0 the
3D equation is reduced to that of the 2D problem. The non-dimensional boundary

conditions corresponding to (C.3) and (C.4), respectively, are given by

9¢
5 . 0 (C.9)
and
0,90 (7
e 5 . Psm(2)
¢ . (pY
= 5, T sin < 5 > . (C.10)
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and we choose

P
= C.11
b0 =" (C.11)

to simplify the boundary condition (C.10).

Separation of variables is now used to solve (C.8). Substitution of
¢=1¢(0) Z (1),

where r’ enters only as a parameter, in equation (C.8) gives

" 2
@ " 2,

Lo =0, C.12
% * k002 Z ( )

where primes denote derivatives with respect to 8 and Z,, is the second derivative of

Z with respect to z. To ensure angular periodicity it is required that
L (C.13)

where [ = (p/2). Substituting (C.13) into (C.12) we obtain

Z.. A
=k (F) . (C.14)

Equation (C.14) is now solved using boundary conditions (C.9) and (C.10) as follows.

Z,. SIN?
7 = kz@ (F) =g

Ae9% + Be 9%, (C.15)

Let

¥
N
I

Boundary condition (C.9) requires that
A=B, (C.16)

and boundary condition (C.10) requires that

Aged — Bge ™ = 1
= Agled—e 9 =1
1
A = ——— 1
= (T — ) (C.17)

Substituting (C.16) and (C.17) into equation (C.15) results in

zg —zg
7 = ete ™ (C.18)
g(ed —e79)
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and thus the solution to equation (C.8) is

(e*9 +e7%9) |
o = msm (16)

_ lcosh(gz) sin
= S smb(g) (19), (C.19)

where g = 0l\/k,p/r". In accordance with equations (2.1), (C.1), (C.2) and (C.6), the

non-zero components of the dimensional magnetic flux density within the core are given

by

/ P 9
By, = %7%, (C.20)
B;:P%. (C.21)

As a simple test of the validity of equation C.20, it is easy to show that

1
1 ' 4Py’
5/%&:pr (C.22)
0

which demonstrates that Bé averaged in the axial direction is proportional to r, as we

would expect from the excitation boundary condition.



Appendix D

Proof of Sinusoidal Periodicity in

the Circumferential Direction

We now show that the assumption of sinusoidal periodicity in the circumferential direc-

tion used in Section 3.4 is valid. This assumption is based on the angular periodicity

in the core-air gap boundary condition and the uniformity of the core in the circum-

ferential direction.

We begin our proof with the partial differential equations given in (3.43) and (3.44).

For convenience these equations are restated here as (D.1) and (D.2), respectively.

V x (oflv X f) = —jw [u (f X VQ)]

V-ul —V-puvQ=0
Substituting T’ = (T},0,0) into equation (D.2) gives
pr 0 (rTy) 0?0 . 0N g 9% 0%Q

r  Or MTW r Or 1?2 062 'uzﬁ -

and similarly the radial components of equation (D.1) are given by

CLeT aeT (o 00y
r2o, 002 oy 022 JOHr \Ar gy ) T

146

(D.1)

(D.2)

(D.4)
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Equations (D.3) and (D.4) together with the boundary conditions fully define the prob-
lem. These are the only two equations needed to solve for the two scalar unknowns 7.
and Q. Equation (D.1) does however yield two other equations. These are obtained
by considering the circumferential and axial components of this equation. These two
additional equations are automatically satisfied by the solution to equations (D.3) and
(D.4). However, as a result of the physical condition o, = 0, they serve no practical
purpose and thus have not been given consideration nor used in the Chapter 3. In
fact, as shown in the Appendix E, some of the terms in these equations can be easily

overlooked and if this happens, not surprisingly, they can lead to incorrect conclusions.

Due to the core geometry, periodicity in the circumferential direction must be satisfied.

Thus in general we can express T, as

=S Tuicos (i22) + 3 Tussin (2
T, = : T.; cos (12)—1— : T, sin <12> (D.5)
and 2 as
=S Quicos (i) + 3" sin (12
Q= : Q.; cos <22>—|— : Qg sin <22>. (D.6)

Substituting expressions (D.5) and (D.6) into equations (D.3) and (D.4) leads to

My a (T‘Tci) GQQCZ- oy 89@ o (.p 2 829@ ,p9
T _ _ Hr Ko (.D 0. _ pY
; |: r or Hr or2 r or + 2 (22> ci — Mz 922 COS | ¢ 5 =+
Moy 8 (T‘Tsi) 82931- oy 8Qsz Lo (.p 2 82931’ ) ,p9
o s T ) 5 Qsi - Mz — =
Zi: [ r or fr=2 - or + 2 (22> a5 | sin | 15 0
(D.7)
and

1 .p 2 1 82Tci . 8ch .p‘g
Z |:T20'Z (’L§> Tcz - 0__0 822 +]CU,LLT' <TCZ - 8’[" >:| COS <’LE +
1 .p 2 1 62Tsi . 6982 . .pe _
; |:74202 (Z§> TSZ - 0_9 922 + Jwpy <Tsz - Or ):| sSin (Z? = 0, (DS)

respectively. Since Fourier terms of one spatial frequency are orthogonal to Fourier

terms of any other frequency, equations (D.7) and (D.8) may be split into an infinite

number of equations. Each one of these equations corresponding to a particular spatial
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frequency. In other words, for the n'” spatial harmonic we would have

R Tt
Tl P bl (8 0, P o
Tzlaz (%)QTcn - Jiea;?” + jwhr <Tcn - %) = 0 (D.a11)
T2102 (%)ZTM - Jiga;f;” + jwiy (Tsn - a;f”) — 0. (D.12)

A formal way of deriving equation (D.9) to (D.12) from equations (D.7) and (D.8) could
be based on the following steps:

1) Multiply each term of equation (D.7) and (D.8) by cos (”Tpe> <0r sin (nTpe)>

2) Integrate each of the resulting product terms over one spatial period.

Applying these steps results in only the coefficients of cos ("Tpg) (or sin (nTpe)) re-
maining to form equations (D.9), (D.10), (D.11) and (D.12). Equations (D.9) to (D.12)
imply that each of the Fourier terms describing 7. or €2 can be solved separately. In

addition to these equations we require known boundary conditions in order to fully

define the problem. For the case presented in Chapter 3 the boundary conditions are:

a) the normal derivative of 2 is zero at all the core boundaries except at z = § where

9 1 cos (2 A cos 22 i (22
Z&[chos(z2>+ﬂszsm(z2)]—Z[Bmcos<12>+Bszsm(z2)]

Z Z (D.13)

b) at the flat boundaries of the core (i.e. at z =0 and z = ¢)

J.
00

0 (D.14)
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Equation (D.14) need not be considered as it does not contribute to the system excita-
tion. Just as equations (D.7) and (D.8) were split into an infinite number of equations

the same can be done with equation (D.13). For example, for the n*" spatial harmonic

we have
0Qen
— = B., D.15
| (D.15)
and
aan
= Bap. D.16
0z |,_s ( )

It is now clear that the solution for each harmonic component of 7T, and §2 can be
sought separately. In other words, the principle of superposition applies. For example,

to solve for Ty7 and Q47 we would use

2
FR S B (3) w0 o
and ) ,
r2laz (%) Tyr — aigaa? + W (Ts7 - %) =0. (D.18)
with boundary conditions
85;7 e 85;7 =0 (D.19)
and
8?;7 = Bar. (D.20)

However, in the case presented in Chapter 3, Bs7 = B.7 = 0. Thus we can conclude that
there is no seventh harmonic component in 7). or 2. Since only the spatial fundamental
component of the flux density is present in the imposed boundary condition, the above
arguments prove that there can only be spatial fundamental components present in 7',
and ). In other words, the system is linear and therefore only those spatial harmonics
present in the excitation will appear in T} and €. It should also be noted that the
above arguments also prove that T, and ) are in spatial phase with the excitation.
That is T, and € reach their respective peak values at the same value of 6 at which the

excitation reaches its peak value.



Appendix E

The Circumferential and Axial

Components of:

an_1V><f:—jw i T x V)

The vector equation
V x (a*lv X f) = —jw {u <f X VQ)] (E.1)

when expanded and resolved into its coordinate components yields three scalar partial

differential equations. These being

1 0%rTy 1 9%°T, 10°T. 1 0°T, , T o0 (£.2)
- - - = —JWlUr r— A .
20, 000z 20, 002 oy 022 | 0g 020" Jwi or
1T, 19Ty 1 94T 1 OrTy
ro, 0200 o, 022 ro, Or? r2o, Or
1 0°T, 1 0T, , 199
ro, orod - r2o, 00 —IwHe <T9 - ;%> (E.3)

1T, 10T, 19T, 19T,
o9 Ordz rog 0z  og Or?2  rog Or
1 0°T, 1 0%T o0

r2o, 002 + ro, 000z = TIWH. <TZ - E) - (B4)
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For T = (T},0,0) and o, = 0 some of the terms in equations (E.2), (E.3) and (E.4)
will become equal to zero. However, as will be shown, one must be cautious when

neglecting terms.

In Chapter 3 we used

1 0T,
r2o, 002

1 0%T,
g

o1
+ Jw T —— | = E.
) 9,2 J MT( r > 0 ( 5)

together with

pOCT) P 00 g0 00
r Or Hr or? r Or 1?2 062 Hz 022 =0 (E.6)

to find the solution for T, and €2. The two other scalar partial differential equations
yielded from equation (E.1) are given in (E.3) and (E.4). Removing those terms equal

to zero reduces these equations to

LazTT_ L o1, . @@_,_ : LaQTZ_i(yTe -0 (E.7)

ro, Orod  r2c, 00 T80 T e roy 0200 o, 022 | '
and

1 0°T, 1 0T, o0 1 0°T, 1 0°T,

= _— — Wy — li - — =0, E.8

09 Ordz  rog 0z TG, * 20 |:’I“O'T 000z 120, 062 } (ES)

respectively. It is quite easy to overlook the limit terms of equations (E.7) and (E.8).
This is because Ty and T, are taken to be equal to zero implying that their derivatives
are also equal to zero. It is also easy to make the wrong assumption that any product
which contains the derivatives of Ty or T, is equal to zero. But a derivative of Ty or T,
when multiplied by 1/0, may result in a non-zero-value and in the case of equations

(E.7) and (E.8) this is exactly what happens.

Equations (E.5) and (E.6) are sufficient to find solutions for T and 2. Once T, and
Q) are found, they can be substituted into equations (E.7) and (E.8) to evaluate the
limit terms of these equations. Generally then, these terms will have non-zero values
and thus equations (E.7) and (E.8) are automatically satisfied. It is important not to
ignore the limit terms of equations (E.7) and (E.8) if those equations are to be used.

Failure to include them will result in erroneous conclusions.
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As was shown in Chapter 3, equations (E.5), (E.7) and (E.8) are electrical loop equa-
tions. Each of the terms in these equations represent a resistive branch voltage (per
m) or and electromagnetically induced EMF (per m). In the case of equation (E.5) the
plane in which the loop lies is in the radial direction. In the case of equation (E.7) the
plane in which the loop lies is in the circumferential direction. In the case of equation

(E.8) the plane in which the loop lies is in the axial direction.

A physical interpretation for the limit terms in equations (E.7) and (E.8) can be based
on the idea that these equations are loop equations. In equation (E.5) all the branch
voltage terms relate to voltages across branches of finite resistance. In equations (E.7)
and (E.8) all the branch voltage terms relate to the voltage across branches of finite
resistance, except for the limit terms. The loops represented by equation (E.7) and
(E.8) contain open-circuits because o, is equal to zero. Therefore these loops contain
branches whose resistance is infinite. The limit term in each of equations (E.7) and
(E.8) represent the sum of the voltages across the open-circuit branches forming part

of their respective loops.



Appendix F

Published Papers

The following publications were produced as part of this work;

e A. J. Hewitt, A. Ahfock and S. A. Suslov, “Magnetic flux density distribution
in axial flux machine cores,” IEE Proceedings - FElectric Power Applications, Vol.

152, No. 2, March 2005, pp 292-296.

e A. Hewitt and A. Ahfock, “Sub-domain scaling for finite element analysis of
electrical machines,” IEE Proceedings - FElectric Power Applications, Vol. 152,
No. 2, March 2005, pp 149-156.

e A. Ahfock and A. Hewitt, “Curvature related eddy current losses in laminated
axial flux machine cores,” IEE Proceedings - Electric Power Applications, Vol.

152, No. 5, September 2005, pp 1350-1358.

These papers can be accessed online through the Institute of Electrical Engineers (IEE)
web site (http:\\www.iecedl.org/IP-EPA).
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