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Abstract

The main contribution of this work to the winding theory of electrical ma-
chines is the introduction of a unified method for the analysis and design
of winding topology, which occurs through a straightforward procedure.
To better explain the new idea, four different “languages” are used to des-
cribe the proposed method during this work. They are the mathematical
formulation of the method through the introduced matrix notation, the
graphical presentation of the method through the introduced illustrati-
ons, the implementation of the method through the high-level computer
language Python and the natural human language in English.

Before this is done, a comprehensive introduction of the winding in
electrical machines in respect of the theoretical and practical aspects is
given, underlying the importance of the winding topology in the electro-
magnetic energy conversion process (chapter 1) and its impacts on the
machine performance (chapter 2).

After that, a comprehensive introduction to the field of winding topo-
logy is given, which is separated into two parts.

The first part (chapter 3) serves as to make a clear understanding
of the investigated topic, which includes the definition of the “winding
topology”, the terminology used in this thesis and the definition of the
problems to be treated. This part is finished by a historical review of the
research activities. The second part (chapter 4) gives a classification of
the methods for winding topology treatment in a more systematical way
than that provided in the classic textbook from H. Sequenz. Moreover,
newly proposed methods are included in the introduced framework, so
that an overall overview of the so far achieved methods is obtained.

The introduction of the method and its application are given in chapter
5 and 6 respectively.

The introduction of the method (chapter 5) begins with the definition
of the assumptions. On that basis, the derivation of the analytical formula
for the calculation of the winding factor of an arbitrary harmonic order is
given, which is formulated later by using matrix notation and presented
by using graphical form. A unified method implemented in Python for
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analysis of winding topology is then given. In the rest of this chapter,
the theoretical background of the unified method for design of winding
topology is step by step explained. A comprehensive Python code for the
implementation of each step as well as for the illustration of the results
is also given.

Application of the proposed method for winding topology design (chap-
ter 6) is given through 3 reasonably chosen examples. They are 3-phase
winding of 12 slots with fundamental and 5-th over-harmonic as working
harmonic, 3-phase winding of 9 slots with 4-th over-harmonic as working
harmonic and 6-phase winding of 24 slots with 5-th over-harmonic as
working harmonic. All the design results are compared with that of vari-
ous publications, obtained by various authors by using different methods,
which shows the validity and generality of the proposed method.

An outlook about the recent development as well as the development
tendency in the field of winding of electrical machines is given in the
last chapter (chapter 7) of this thesis. Some potential research topics are
given, leading the thesis to the end.
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Kurzfassung

Der Hauptbeitrag der vorliegenden Arbeit zur Wicklungstheorie der elek-
trischen Maschinen liegt darin, dass eine einheitliche und deterministis-
che Methode fiir die Analyse und das Design der Wicklungstopologien
eingefiihrt wird. Um diese neue Idee verstindlicher zu erkliren, werden
vier unterschiedlichen ,Sprachen“ benutzt. Dazu zdhlt die mathematis-
che Formulierung der Methode durch Anwendung der Matrizennotation,
die graphische Darstellung der Methode durch neu eingefiihrte graphische
Objekte, die Implementierung der Methode durch die héhere Program-
miersprache Python und die Ausformulierung der Methode in englischer
Sprache.

Bevor die Methode vorgestellt wird, wird eine umfangreiche Einfiihrung
zur Wicklung der elektrischen Maschinen beziiglich der theoretischen
und praktischen Aspekte gegeben. Damit werden die Wichtigkeit der
Wicklung bei der elektromechanischen Energieumformung (Kapitel 1)
und deren Einfluss auf die Maschinenperformance (Kapitel 2) heraus-
gehoben.

Danach folgt eine umfangreiche Einfiihrung in das Gebiet der Wicklung-
stopologie, welche in zwei Kapitel (Kapitel 3 und 4) aufgeteilt ist.

Der erste Teil (Kapitel 3) dient dazu, dem Leser ein klares Verstindnis
fiir das untersuchte Gebiet zu geben. Dies beinhaltet die Definition des
Begriffs , Wicklungstopologie®, die Terminologie, die in der Arbeit ange-
wendet wird und die Definition des zu behandelnden Problems. Ein his-
torischer Riickblick der Forschungsaktivititen in diesem Gebiet schliefit
diesen Teil ab. Der zweite Teil (Kapitel 4) gibt eine Klassifikation der
Methoden zur Behandlung der Wicklungstopologien in systematischerer
Weise, als die gegebene im klassischen Buch von H. Sequenz. Aufserdem
werden neue publizierte Ansitze in die eingefiihrte Klassifikation einge-
bettet, so dass ein Uberblick der bisher bekannten Methoden geliefert
wird.

Die Vorstellung der Methode und ihre Anwendung sind jeweils in Kapitel
5 und 6 gegeben.

Die Vorstellung der Methode (Kapitel 5) fingt mit der Definition der
Annahmen an. Darauf basierend ist die Herleitung der analytischen For-
mel zur Berechnung des Wicklungsfaktors einer beliebigen harmonischen
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Ordnung gegeben. Diese Formel wird spiter durch Einfiihrung der Ma-
trizennotation erweitert, so dass gleichzeitig die Wicklungsfaktoren ver-
schiedener harmonischer Ordnungen berechnet werden kénnen. Die Er-
gebnisse werden durch Einfiihrung von graphischen Objekten visualisiert.
Danach wird eine einheitliche und deterministische Methode fiir die Ana-
lyse der Wicklungstopologien gegeben, welche in Python implementiert
wird. Weiterhin werden in diesem Kapitel die theoretischen Grundlagen
der einheitlichen Methode fiir das Design der Wicklungstopologien erkl-
art. Ein umfangreiches Python-Programm fiir die Implementierung der
Methode und die Visualisierung der Designergebnisse wird vorgestellt.
Anschliefsend (Kapitel 6) werden drei mit angemessener Sorgfalt ausge-
wahlte Beispiele vorgestellt, welche die Anwendung der Methode fiir das
Design der Wicklungstopologien zeigt. Diese sind das Design einer 3-
phasigen Wicklung mit 12 Nuten und der Grundharmonischen, bzw. der
5. Harmonischen als Arbeitswelle, das Design einer 3-phasigen Wicklung
mit 9 Nuten und der 4. Harmonischen als Arbeitswelle, sowie das De-
sign einer 6-phasigen Wicklung mit 24 Nuten und der 5. Harmonischen
als Arbeitswelle. Alle Ergebnisse werden mit denen aus Verdffentlichun-
gen verglichen, die durch unterschiedliche Autoren und mit verschiedenen
Methoden erzielt wurden. Dies bestétigt die Allgemeingiiltigkeit der Met-
hode.

Abschliefsend werden im letzten Kapitel die derzeitigen Entwicklungen
und die Entwicklungstendenzen in diesem Gebiet vorgestellt und die da-
raus folgenden potentiellen Forschungsthemen beleuchtet.

Dieses Werk ist copyrightgeschutzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.

iv Es gilt nur fir den persdénlichen Gebrauch.



Contents

1. The double roles of the winding in the electromechani-

cal energy conversion 1
1.1. The lumped quantity approach . . . . . .. .. ... ... 1
1.1.1. Separation of the electrical energy variation into

dissipative and coupling electrical energy variation 3

1.1.2. The relationship between the coupling electrical energy
variation, the mechanical energy variation and the
magnetic energy variation . . . . . ... ... ... 4

1.1.3. The relationship between the coupling electrical energy
variation, the mechanical energy variation and the

magnetic co-energy variation . . . ... .. .. .. 5)

1.2. The field quantity approach . . . . . ... ... ... ... 5

1.3. Winding: a “double-way bridge” . . . . . . .. . ... ... 7

2. The impacts of the winding on the machine performance 10

2.1. The winding insulation . . . . . . ... ... ... .. 10

2.2. The number of turns . . . . . . . . ... ... ... ... 10

2.3. The winding production method . . . . .. ... ... .. 11

2.4. The winding topology . . . . .. ... .. ... L. 15

2.4.1. Torque quality . . . .. ... ... ... ...... 15

2.4.2. Torque-speed operation range . . . . . . .. .. .. 16

2.4.3. Inductance . . .. .. ... ... ... ... 17

2.4.4. FElectromagnetic losses . . . . . ... .. ... ... 17

2.4.4.1. Winding copper losses . . . . . . .. ... 17

2.4.4.2. Tronlosses . . .. ... ... ... ..., 18

2.4.4.3. Permanent magnet eddy current losses . 21

3. An introduction to the winding topology 23

3.1. The understanding of the winding topology . . . . .. .. 23

3.1.1. The geometrical point of view . . . . . . . ... .. 23

3.1.2. The electromagnetic point of view . . . ... . .. 23

3.2. A short introduction to the terminology . . . . . .. ... 24
3.2.1. The existing terminology for the description of win-

ding topology . . . . . . ... 24

Dieses Werk ist copyrightgeschutzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.

Es gilt nur fir den persdénlichen Gebrauch. v



Contents

3.2.2. Terminology used in this thesis for the description

of winding topology . . . . . ... ... 26
3.3. The two main problems for winding topology treatment . 27
3.3.1. Winding topology analysis . . . . . ... ... ... 27
3.3.2. Winding topology design . . . . . ... ... ... 27
3.4. A historical review of the research activities . . . . . . .. 28
3.4.1. Treatment of fundamental harmonic winding topo-
logy till the 1950s . . . . . . . ... ... ... .. 28
3.4.1.1. The great success in the achievement of
winding topology treatment methods . . 29
3.4.1.2. The research limitation . . ... ... .. 31
3.4.2. The treatment of over-harmonic winding topology
since the 1980s . . . . . . .. . ... Lo, 31

3.4.2.1. The adaptation of the long standing met-
hods for over-harmonic winding topology 33
3.4.2.2. The research limitations . . . . . . . . .. 34

4. A systematical classification of winding topology treat-

ment methods 35
4.1. Preamble . . . . . .. ... ... ... 35
4.2. Winding topology analysis methods . . . . ... ... .. 38
4.2.1. Methods based on EMF analysis . . . . ... ... 40
4.2.1.1. The composite Approach . . . . ... .. 40
4.2.1.2. The de-composite approach . . . . . . .. 42
4.2.2. Methods based on MMF analysis . . . . . ... .. 49
4.2.2.1. Analysis of the MMF function of different
domain . . . ... .. ... 50
4.2.2.2. Analysis of the MMF function of different
shape . . . . ... ... ... .. 51
4.3. Winding topology design methods . . . .. ... ... .. 25
4.3.1. Winding topology layout methods . . . .. .. .. 25
4.3.1.1. The deterministic approach . . . . . . .. 55
4.3.1.2. The stochastic approach . . . . . . .. .. 68
4.3.2. Winding topology modification methods . . . . . . 70
4.3.2.1. The multi-layer approach . . . . . .. .. 71
4.3.2.2. The multi-slot approach . . . . . . .. .. 71
4.3.2.3. The multi-turn approach . . . . ... .. 71
4.3.2.4. The multi-conductor approach . . . . . . 72
4.3.2.5. The multi-coil approach . . . . . . . . .. 73

Dieses Werk ist copyrightgeschutzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.

Vi Es gilt nur fir den persdénlichen Gebrauch.



Contents

5. A unified method for the treatment of the winding to-

pology 79
5.1. Assumptions . . . . . . . . . ... e 79
5.2. The theoretical and mathematical Basis . . . . . . .. .. 80

5.2.1. Derivation of the analytical formula for the calcula-
tion of winding factor of arbitrary space harmonic

order . . . ... 80
5.2.2. Calculation of the winding factor space harmonic
spectrum using matrix notation . . . . . . ... .. 84

5.2.3. The unique mapping of the winding factor harmo-
nic spectrum and the normalized MMF distribution 85
5.2.4. The graphical presentation of the matrix notation 86

5.2.4.1. The winding factor harmonic spectrum . 86
5.2.4.2. The normalized MMF distribution . . . . 87
5.2.4.3. The symmetrical multi-phase current sy-

stem . ..o L Lo Lo 89
5.2.4.4. The winding direction . . . . . . . .. .. 90

5.2.4.5. The normalized conductor distribution ma-
trix: topology of the multi-phase winding 92

5.3. A unified method for winding topology analysis . . . . . . 94
5.3.1. The analysis procedures . . . . ... .. ... ... 94
5.3.2. Implementation of the method in Python . . . . . 94

5.4. A unified method for winding topology design . . . . . . . 95
5.4.1. The ideal winding factor harmonic spectrum . . . 95
5.4.2. The ideal normalized MMF distribution . . . . . . 96
5.4.3. The symmetrical multi-phase current system . .. 97

5.4.3.1. Number of phases equal number of slots . 97
5.4.3.2. Number of phases equal half number of

slots . . . . ... 98
5.4.3.3. The other cases . ... ... ... .... 98

5.4.4. Topology of the normalized conductor distribution
matrix: types of winding topology . . . . ... .. 99

5.4.5. Determination of the normalized conductor distri-
bution matrix: the primitive double-layer multi-

phase winding . . . . ... ..o 102
5.4.6. Exploitation of the symmetrical properties of the
primitive multi-phase winding . . . . . . . ... .. 104
5.4.6.1. Rotational symmetry: the symmetry be-
tween the primitive phase windings . . . 105

Dieses Werk ist copyrightgeschutzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.

Es gilt nur fir den persdénlichen Gebrauch. vii



Contents

5.4.6.2. Mirror symmetry: the symmetry within

the primitive phase winding . . . . . . . . 106

5.4.7. Connection of the conductors of the primitive coil
group: the primitive coils . . . . . . . ... . ... 108
5.4.7.1. The double-way connection approach . . 109
5.4.7.2. The single-way connection approach . . . 110
5.4.8. Derivation of the winding topology . . . . . . . .. 112

5.4.8.1. Design of the multi-turn winding topology 112
5.4.8.2. Design of the multi-layer winding topology 113
5.4.8.3. Design of the multi-coil winding topology 114
5.4.8.4. Design of the multi-conductor winding to-
pology . . . . . . ... ... 114
5.4.8.5. Design of the double-layer winding topology116
5.4.8.6. Design of the single-layer winding topology 117
5.4.9. Evaluation of the winding topology: calculation of
the winding factor harmonic spectrum . . . . . . . 119

6. Application of the proposed method for the treatment

of winding topology 125

6.1. The 3-phase fundamental and over-harmonic winding of
12slots . . . . . L 126
6.1.1. The design procedure . . . . ... ... ... ... 126

6.1.1.1. The ideal winding factor harmonic spectrum 126
6.1.1.2. The ideal normalized MMF distribution . 126
6.1.1.3. The normalized conductor distribution ma-

trix and the primitive double-layer mul-

tiphase winding . . . . .. ... ... .. 128
6.1.1.4. The rotational symmetry and the primi-

tive single-phase winding . . . . . . . .. 133
6.1.1.5. The mirror symmetry and the primitive

coill group . . . ... ..o 136
6.1.1.6. The connection matrix and the primitive

coills . . . . ... 139
6.1.1.7. Derivation of the multi-turn and the multi-

layer winding topology . . . . . . . . .. 142
6.1.1.8. Derivation of the multi-coil and the multi-

conductor winding topology . . . . . . . . 145
6.1.1.9. Derivation of the double-layer winding to-

pology . . . . . . ..o 148

Dieses Werk ist copyrightgeschutzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.

viii Es gilt nur fir den persdénlichen Gebrauch.



Contents

6.1.1.10. Derivation of the single-layer winding to-

pology . . . . .. .o 151

6.1.2. Evaluation and discussion of the results . . . . .. 154
6.1.2.1. The fundamental harmonic winding . . . 154
6.1.2.2. The over-harmonic winding . . . . . . .. 160

6.2. The 3-phase winding of 9 slots with working Harmonic of 4 167
6.2.1. The normalized conductor distribution matrix and

the primitive double layer winding . . . . . . . .. 168
6.2.2. The primitive single phase winding and the primi-
tive coil group . . . . ... 169
6.2.3. The double- and single-way connections . . . . . . 170
6.2.4. Discussion of the resulting winding topologies . . . 173
6.2.4.1. The multi-turn and multi-layer winding
topology . . . . . ... L. 173
6.2.4.2. The single- and double-layer winding to-
pology . . . . .. ..o 176
6.2.4.3. The multi-coil and multi-conductor win-
ding topology . . . . . . ... ... 176
6.3. The 6-phase winding of 24 slots with working harmonic of 5179
7. Winding theory: a far from completed topic 186
7.1. Electric winding topology reconfiguration . .. . ... .. 187
7.1.1. Asynchronous machine . . . . . . . ... ... ... 187
7.1.2. Synchronous machine . . . ... ... ... .... 188
7.2. Winding with individual slot excitation . . ... ... .. 188
7.3. Issues of further investigation . . . . . . .. ... .. ... 190
A. Implementation of the proposed method in Python 192
A.1. Codes for the winding topology analysis . . . . . .. ... 192
A.2. Codes for the graphical presentation . . .. ... .. ... 193
A.2.1. The winding factor harmonic spectrum . . . . . . 193
A.2.2. The normalized MMF distribution . . . ... . .. 194
A.2.3. The normalized conductor distribution matrix. . . 194
A.2.4. The winding topology . . . . .. .. .. ... ... 196
A.3. Codes of the design algorithm . . . . .. ... ... .... 198
A.3.1. Obtain the ideal MMF distribution from the ideal
winding factor harmonic spectrum . . . . .. . .. 198

A.3.2. Obtain the primitive multi-phase winding topology
from the ideal MMF distribution and the multi-
phase current system . . . . . .. ... ... L. 199

Dieses Werk ist copyrightgeschutzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.

Es gilt nur fir den persdénlichen Gebrauch. ix



Contents

A.3.3. Obtain the primitive single-phase winding topology

through detecting the rotation symmetry . . . . . 200
A.3.4. Obtain the primitive coil group through detecting

the mirror symmetry . . . . . . ... ..o 201
A.3.5. Obtain the primitive coils through detecting the

connection matrix . . . . .. ... ... 202

A.3.6. Obtain the coils of particular winding topology . . 206

Bibliography 209
Nomenclature 219
List of Figures 227

Dieses Werk ist copyrightgeschutzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.

x Es gilt nur fir den persdénlichen Gebrauch.



1. The double roles of the winding in the
electromechanical energy conversion

From the energy point of view, an electrical machine can be seen as
an electromechanical energy converter. With the aid of the magnetic
energy FE,,, it changes the electrical energy F. into mechanical energy
Fq and vice versa, where the process is followed by the generation of the
dissipative energy E; (heat energy).

The energy conservation law ensures that, for each infinite small time
interval dt, for the motor mode, there is:

dE. = dFEq +dE,, +dE;q (1.1)
while for the generator mode, there is:

dEq = dE, +dE,, +dEq (1.2)
This phenomenon can be illustrated through Figure 1.1.

Since it is an electromechanical process, to describe the process com-
pletely, electrical and mechanical state variables are needed. Different
choices of the electrical and mechanical state variables are possible with
various abstractive level. For the following discussion, a multi-phase elec-
trical machine specific and practical approach is chosen.

There are two different ways to describe the energy conversion pro-
cess: lumped quantity approach and field quantity approach. The lum-
ped quantities are understood as, the determination of such quantities
happens only at defined location, while for the field quantities, the deter-
mination of such quantities (if possible) occurs through the whole space.

The following discussion is specific to the case of motor mode (equation
1.1) but can be extended for the generator mode without difficulty.

1.1. The lumped quantity approach

For the lumped quantity approach, the m-phase current is chosen as the
electrical state variables, which is considered as an algebraic vector
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1. The double roles of the winding in the electromechanical energy conversion

Electrical Machine

agnetic Energ

(a) Motor mode

agnetic Energ

Electrical Machine

(b) Generator mode

Figure 1.1.: The electrical machine as an electromechanical energy con-
verter

with each phase current as its element. The rotor angular position is
chosen as the mechanical state variable. To include the case of multiple
rotors, just like magnetic gear [3] or electrical transmission system [4],
the mechanical state variable is also represented with an algebraic vector
), with the angular position of each rotor as its element.

According to the classical electromagnetic theory [82], the energy va-
riation can be predicted through the following equations respective.

Dieses Werk ist copyrightgeschutzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.
9 Es gilt nur fur den persdnlichen Gebrauch.



1.1. The lumped quantity approach

1.1.1. Separation of the electrical energy variation into
dissipative and coupling electrical energy variation

For the electrical energy variation, there is:
dE, = i udt (1.3)

where the elements of w and 2 are the instantaneous phase voltage and
current, of the m-phase winding. For a detailed analysis of the process, it
is to separate the phase voltage into two parts, with the first part caused
due to electrical resistance of the winding R and the second part due to
the change of the magnetic flux linkage acting on the winding :

dap

=Ri+ — 1.4
u 7+ % (1.4)

Equation 1.3 can then be formulated as:
dE, = Rli|*dt +iTdy = dE. 4+ dE,., (1.5)

with the first term of the dissipative electrical energy dE, 4 and the second
term the coupling electrical energy dE. ..

A better understanding of the conversion process can be obtained, if
the coupling electrical energy is further separated into two parts, which
is mathematically to formulate the absolute differential part di as a sum
of several partial differential parts by using the state variables:

dyp = JodQ + J,;di (1.6)

with the Jacobian matrix:

J‘ _ 8wn .
i,nk — 8’Lk
The coupling electrical energy dE. . can then be formulated as:
dE, . =i'JqdQ +i"J;di (1.8)

with the first term is caused by the mechanical movement of the rotor
and the second term is due to the variation of the current.
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1. The double roles of the winding in the electromechanical energy conversion

1.1.2. The relationship between the coupling electrical energy
variation, the mechanical energy variation and the
magnetic energy variation

For the mechanical energy variation, there is:
T
dbq =T, dQ (1.9)
with T, the mechanical torque acting on the particular shaft with mo-
vement of (2.

For the magnetic energy variation, there is unfortunately no easy equa-
tion available. Nevertheless, by considering the magnetic energy as a state
function, the following formulation can be used:

dE,, = Enp (i + di, Q2 + dQ) — E,,,(¢,) (1.10)
with E,, is a state function of the state variables 7, . ()

By considering the magnetic energy as function of the state variables
1, §2, a formulation of the total differential dF,, equation 1.10 as sum of
partial differentials can be obtained:

dE,, = (Jo)TdQ + (J;)Tds (1.11)
with the element of the Jacobian vector:
oF,,
JQ,n -
o2y (1.12)
g oF,,
Y Diy,

According to the energy conservative laws (Equation 1.1) and by con-
sidering the particular energy variation (Equation 1.8, 1.9 and 1.11), for
the electrical state variables, there is:

i1J;di = (J;)"di (1.13)
and for the mechanical state variables, there is:

i"JodQ =T dQ + (Jo) " dQ (1.14)

(1) At this point, it is interesting to mention that, for the magnetic energy Ey,, there is
a quite simple formulation: E,, = [ iT'dap, with the current hold zero and move the
rotor to the end position, then ramp the current up to the end value [82]. This can
be obtained by integrate dEe,c = dEy, +dEq, resulting [¢7'dy = Ep, + [ TquQ,
if the current hold zero and move the rotor to the end position, the second term
vanishes, leading to equation above. This can be done, only if the magnetic energy
is a state function, which means its value is independent on the integration path!
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1.2. The field quantity approach

1.1.3. The relationship between the coupling electrical energy
variation, the mechanical energy variation and the
magnetic co-energy variation

By using the equations above, there is a more complicate relationship for
the mechanical state variables, which is however more important for the
electromechanical conversion process. This can be easily solved, if a new
state quantity named magnetic co-energy is introduced, which is:

B = /¢Tdi =ity — E, (1.15)

With this new state quantity, the total differential of the magnetic
energy can be formulated as: so that:

dE,, = ¥ di + i dyp — dE!
= pldi+i"JqdQ + i1 J'di — (JH)TdQ — (J))Tdd (1.16)
= (' + 1T — (I)T) di+ (iTTq — (JH)T) d2

with the new Jacobian vector:

. OE!,
J(’n . SEZ (1.17)
Y iy,
Equation 1.14 is then simplified to:
(J4) " dQ =T, dQ (1.18)
while a simple form of Equation 1.13 is still got:
prdi = (J)Tdi (1.19)

1.2. The field quantity approach

For the field quantity approach, the current density within the whole
machine is chosen as the electrical state variables, which is considered as

—

a physical vector J(z,y, z,t).
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1. The double roles of the winding in the electromechanical energy conversion

To formulate the electromechanical energy conversion process can be
formulated using the field quantities, the Poynting theorem is used, which
supposes the electrical power being calculated as:

dEe . — T
- = —/dlv(E x H)dV (1.20)

By considering the vector calculus:
div(E x H) = H -rotE — E - rotH (1.21)

together with the maxwell equations (2

. dB
rotB ==y (1.22)
rotH = J
and the material equation:
E=pJ (1.23)
Equation 1.20 changes to:
dE, = / p|lJ|2dVdt + / HABAV = dE. 4 + dE, . (1.24)

with the first term the dissipative electrical energy dE,. 4 and the second
term the coupling electrical energy dE. ..

To get a better understanding of the relationship between the lum-
ped quantities and the field quantities, it is reasonable to introduce the
magnetic vector potential, which is defined as:

B=VxA (1.25)

By consideration of the vector calculus:

- (Vxb=b-(Vxa)—V-(a@xb) (1.26)

(2) Absolute differential is used instead of partial differential, since the stator and rotor
are with different coordinate system, of which the speed of stator and rotor are
zero. This assumption is valid for the case v < ¢, which is for electrical machine
always the case.
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1.3. Winding: a “double-way bridge”

the second term of Equation 1.24 changes to:

/ﬁdédv = /fd,&dV— /v (H x A)dV (1.27)
which is reduced to:
/ HdBdV = / JdAdV (1.28)
since:
/v.<ﬁx,4’)dvz/ﬁx,4‘d§:o (1.29)

if the integration surface is chosen at the infinite far place [71].

Equation 1.24 is then:
dE, = / p|lJ|2dV + / JAAdV = dE, 4+ dE., (1.30)

with the first term the dissipative electrical energy and the second term
the coupling electrical energy. )

1.3. Winding: a “double-way bridge”

Comparing Equations 1.5 and 1.30 for the formulation of the coupling
electrical energy dFE, .:

dE, . =i dy = / JdAdV (1.31)

It is clear that the lumped quantity ¢ is corresponding with the field
quantity J and the lumped quantity 1) is corresponding with the field
quantity A.

Actually, in case of 2D, there are following simple relationship between

these quantities:
ik = /szsn

b = w;j /Azdsn

(1.32)

(3)The same consideration based on the energy conservative law yields the following
formulation for the magnetic energy: E., = [, (fj fdA) dV, with the integration
occurs when the rotor at the particular end position.
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1. The double roles of the winding in the electromechanical energy conversion

Hx Jz

| |
Bx Az

(a) Coupling energy calculated by (b) Coupling energy calculated by
using B, and H, using A, and J,

Figure 1.2.: Different methods for the calculation of the electrical cou-
pling energy by fixed rotor position (for the illustration only
one component of the field quantities is used)

where wy and S, are the total number of turns and cross-sectional area
of winding k respective. The formulation for the phase flux linkage is
widely used in 2D finite element software [85].

Obviously, there should be one component within the electrical ma-
chine, which plays the role of a “bridge” linking the lumped and field
quantities. Since there are two electrical lumped quantities (¢ and )
and two magnetic field quantities (j and J ), it should be two “bridges”,
linking the quantities completely.

Fortunately, these two functionalities, namely:

e changing the phase current ¢ into spatial distributed current density
J,

e and changing the spatial distributed magnetic vector potential A
into phase flux linkage 1,

are realized by the same component: the multi-phase symmetrical win-
ding. Therefore, the multi-phase symmetrical winding can be seen as the
key component of the electrical machine during the electromechanical
energy conversion process.
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)

1.3. Winding: a “double-way bridge’

This fact can be clearly illustrated in figure 1.3, where a detailed discus-
sion and mathematical modeling of the block “Symmetrical multi-phase
Winding” is occurred in chapter 5.

?'9({] ) fS (:‘! Y, z, {)
i
: d i L A
ws = Rais + % Symmetrical VX x A=y 34
multiphase dt
Winding
< —
Ps(t) Ags(z,y,2,t)

Figure 1.3.: The double roles of the multi-phase symmetrical winding
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2. The impacts of the winding on the
machine performance

As discussed in the previous chapter, the multi-phase symmetrical win-
ding is the key component during the electromechanical energy conversion
process. It impacts the machine performance through the following ways.

2.1. The winding insulation

The insulation of the winding specifies the operation voltage and tem-
perature level of the winding. For the permanent magnet synchronous
machine where the air-gap flux density is constant, the induced winding
voltage is linearly related to the rotor speed (E, = @ x B). and the cur-
rent is directly proportional to the electromagnetic force (F = il x B).
Because the winding temperature is linearly related to the winding cur-
rent losses (AT, = Ry tnPuwioss) where the winding current losses is
direct proportional to the square of the current ( Py joss = Ruw,e1i%). The
insulation of the winding defines the max. speed as well as the max. tor-
que of the electrical machine and thus the max. power density. This can
be seen from figure 2.1 which shows the impacts of the winding insulation
on the power density and efficiency of the machine.

2.2. The number of turns

In general, a winding is a serial and/or parallel connection of coils with
the same number of turns. For a given winding topology, the number
of turns of the winding is linearly related to the number of turns of the
coils. Unlike the winding insulation, changing the number of turns does
not affect the max. power density of the machine. However, it has a
significant impact on the shape of the speed-torque operation map. For
a given max. phase current and voltage, an increasing of the number
of turns increases the max. electromagnetic force linearly (F = wyil X

B). However, the max. rotor speed is decreased hyperbolically (u =
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2.3. The winding production method

o
©
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5 N i i
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™

0.7 0.8 09 10 11 1.2
Power density(p.u.)

Figure 2.1.: impacts of the winding insulation on the power density and
efficiency of the machine |32]

wlv X E) This can be seen from figure 2.2 which shows the impacts
of the number of turns on the max. speed-torque operation curve of the
machine.

2.3. The winding production method

Two winding properties depend strongly on the winding production met-
hod: the slot filling factor (figure 2.3) and the end-winding (figure 2.4).
All this has direct impacts on the machine performance.

Winding of high slot filling factor means larger copper cross section
and therefore smaller electrical and thermal resistance. This results in
a better efficiency and power density. The electrical resistance and the
thermal conductivity (according to [64]) are given:

i PR— (L+ fe)re + (1 = fp)rp
AT T = fo)ke + (1 + fp)hp

Rc,el =p
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2. The impacts of the winding on the machine performance

_______________________ Power
Vbltayelﬂwdg//
Voltage
Torque
(D mmaxL

BL

(a) Winding with large number of turns

77777777777777777777777777777777777777777777777 Power
Voltage Limit -
““Voltage
Torque
O)BL (DBH (=(DmaxL) ('OmaxH

(b) Winding with small number of turns

Figure 2.2.: impacts of the number of turns on the max. speed-torque
operation curve |70]

where A is the copper cross section, k. and f. are thermal conductivity
and filling factor of copper, k, and f, are thermal conductivity and filling
factor of the insulation material.

For the same designed space, winding of short end-winding means more
space of iron stack and therefore more area for the torque generation.
This is because the electromechanical energy conversion occurs not in
the air-gap area of the iron stack.
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2.3. The winding production method

Winding nozzle

(a) conventional needle-winding method

Winding nozzle

(b) Separated core with needle-winding method

(c) Connected core with needle-winding method

Winding nozzle
Figure 2.3.: Impacts of the winding production method on slot filling fac-

tor [1]
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2. The impacts of the winding on the machine performance

Piled plural coils

Coil ends

Stator core

(a) Winding with conventional coils of round wire

Hairpin coil of
rectangular wire  Wave winding

(b) Winding with Hiarpin-Coil of rectangular wire

Figure 2.4.: Impacts of the winding production method on the end-
winding [38]
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2.4. The winding topology

2.4. The winding topology

The winding topology describes how the winding is distributed among
the stator circumference. A well-designed winding topology can convert
a sinusoidally varied current system 4e/“! into a sinusoidal MMF space
harmonic @, e/(k*+%!) with a possible large amplitude of the working
harmonic and possible small amplitude of sub- and over-harmonics. This
is the precondition that the electrical machine supplies constant power
(electrical and mechanical) with high efficiency. Thus the winding topo-
logy impacts the machine performance in various ways which is discussed
in the next sections in detail.

2.4.1. Torque quality

The Impacts of the tooth coil winding of different layer (1-, 2- and 4-
layer) on torque quality of a 12 slots/10 Poles interior PM machine is
discussed by various authors [81, 55].

Wang et al. [81] show that for high current excitation, the machine
with 4-layer winding performs the highest torque although the winding
factor of the working harmonic of this winding topology is the lowest.
This is contrary to the classical theory because it is claimed that higher
winding factor of the working harmonic results in higher torque. It is to
mention that the classical theory is valid for the fundamental harmonic
winding topology (fundamental harmonic as working harmonic) without
considering the saturation of the iron parts. Both of these assumptions
are not met by the investigated winding since the working harmonic of the
winding is the 5-harmonic and the existence of the sub-harmonic causes
the saturation of iron part. As the 4-layer winding has the smallest sub-
harmonics contents, its iron part is less saturated. The same Effect has
been reported by Reddy et al. [55] which shows a 5.2% improvement of
the torque density from a 2-layer winding to a 4-layer winding for the
same peak current excitation.

Wang et al. [81] also show that for the peak current excitation, the
torque ripple of the investigated 12 slots/10 poles interior machine can
be reduced under 2% by using the 4-layer winding. For the single- and
double-layer winding, this value is 3.9% and 5.0% respectively. The same
effect is observed by Reddy et al. [55] who claim that the torque ripple
of the investigated 12 slots/10 poles interior machine can be reduced
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2. The impacts of the winding on the machine performance

from 18.5% (1-layer winding) to 5.0% (2-layer winding) towards 3.5% (4-
layer) at base speed operation range and from 51.2% (1-layer winding ) to
20.6% (2-layer winding) towards 8.9% (4-layer winding) at flux-weakening
operation range.

2.4.2. Torque-speed operation range

The impacts of the winding topology on the torque-speed operation range
is discussed by various authors [22, 70].

For the same rated load current and voltage conditions, Dajaku et al.
[22] investigate the impacts of two different winding topologies on the
torque-speed range of an interior PM machine with 10 poles. The first
winding is a conventional 12 slots double-layer winding with coils of the
same number of turns and the second winding is a novel 18 slots double-
layer winding with coils of a different number of turns. The results show
that even the new winding topology is with a lower winding factor of
the working harmonic (0.760 vs. 0.933), with a well-chosen number of
turns per phase (19/14 instead of 30), the new machine is with a wider
torque-speed operation range. In the field weakening operation range, an
increasing of the output power for about more than 20% can be achieved

(figure 2.5).
I . W0 -
e ] 2-teeth/10-poles
200 00006 e 1 8-teeth/10-poles 80 LooS0eteeg -
% =, w——12-teeth/10-pole
: 100 b SN S o 40 18-teeth/10-pole
50 20
4] d 0 )
0 2000 4000 6000 8000 10000 12000 0 2000 4000 6000 8000 10000 12000
speed [rpm] speed [rpm]
(a) Torque-speed curve (b) Power-speed curve

Figure 2.5.: Impacts of the winding topology on the torque-speed opera-
tion range [22]
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2.4. The winding topology

2.4.3. Inductance

The impacts of the winding topology on machine inductance are discussed
by various authors [27, 22].

The investigation by El-Refaie et al. [27] shows that for the investigated
surface permanent magnet synchronous machine, single-layer tooth coil
winding generally performs much higher self-inductance (up to 59% when
compared with its double-layer counterpart) but negligible small mutual
inductance between the phase.

For the case of interior PM synchronous machine, Dajaku et al. [22]
investigate the impacts of the winding topology on the d/g-inductances,
which are characteristic quantities for the reluctance torque generation.
The investigation shows that winding with small sub-harmonic contents
shows larger d/q inductance difference, even the winding factor of the
working harmonic is smaller (figure 2.6).

1.2
2.0

W

03 —@— Lq_12T/10P
e Lq_18T/10P 0.5
—®— Ld_12T/10P
i |d_18T/10P

1.0

Lg/Ld

—8— 12-teeth/10-poles
] 8-teeth/10-poles

0 10 20 30 40 50 60 70 8 90 0 10 20 30 40 S0 60 70 80 90
Load angle [el. degree] Load angle [el. degree]

(a) Value of d/q inductance of different (b) Ratio of d/q inductance of different
winding topology winding topology

Figure 2.6.: Impacts of the winding topology on the d/g-inductances [22]

2.4.4. Electromagnetic losses
2.4.4.1. Winding copper losses

If the eddy current effects within the winding conductor as well as the
saturation of the iron part are neglected, by producing the same torque,
for the case of a permanent magnet synchronous machine, the copper
losses of the stator winding are inversely proportional to the winding
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2. The impacts of the winding on the machine performance

factor squared [46]. For the case of an induction motor, this is inversely
proportional to the winding factor cubed. This can be simply explained
as follows:

The current sheet amplitude of the working harmonic is proportional to
the winding factor K, ~ £, and the surface force density is proportional

to the stator current sheet and rotor flux density f ~ K sp Br,,,. For the
case of a permanent magnet synchronous machine, the rotor flux density
BT,V is independent on the stator current sheet and for the case of an
induction motor, the rotor flux density linearly depends on the stator
current sheet B,w ~ IA(S,V.

2.4.4.2. Iron losses

The impacts of winding topology on the iron losses are discussed by
various authors [28, 79, 22].

For the case of surface permanent magnet machine, Fornasiero et al.
[28] investigate the impacts of different winding topology (different num-
ber of slots, different number of phases and different working harmonic
order) on the rotor iron losses. The results (figure 2.7) show that the
number of slots, as well as the working harmonic order, were found to
have strong impacts on the rotor iron losses: for the same working har-
monic order, the larger the stator number of slots, the lower the rotor
iron losses; for the same number of stator number of slots, the larger the
working harmonic order, the larger the rotor iron losses. Furthermore, it
is claimed that the number of phases has only a minor effect on the rotor
iron losses.

Von Pfingsten et al. discussed in [79] the impacts of different winding
topology (the same working harmonic but different number of slots and
different coil pitch) on the iron loss of an interior PM machine of 6 poles.
The investigation shows that (figure 2.9), the number of stator slots has
the significant impact on the stator and rotor iron losses, both in the
absolute value of the losses and the loss distribution, especially in the
flux-weakening operation range. A larger number of stator slots leads to
larger total iron losses and lower rotor iron losses. The coil pitch is found
to have only a minor effect on the iron losses.

For winding working working with over-harmonic MMF, the investiga-
tion of Dajaku et al. [22] shows that (figure 2.8), the smaller the MMF
sub-harmonic contents, the lower the stator and rotor iron losses.
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2.4. The winding topology

3—phase winding | 5—phase winding
Configuration rotor losses (W) rotor losses (W)
30/4 60.9 52
30/16 107.8 88.4
30/32 305.8 294.1

(a) Stators of 30 slots

3—phase winding | 7—phase winding
Configuration rotor losses (W) rotor losses (W)
42/4 32.1 22.9
42/20 62.6 41.6
42/44 182.5 171.8

(b) Stator of 42 slots

Figure 2.7.: Impacts of the winding topology on the iron loss of surface
PM machine 28]
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Figure 2.8.: Impacts of the over-harmonic winding topology on the iron
loss of interior PM machine [22]
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2. The impacts of the winding on the machine performance
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Figure 2.9.: Impacts of the fundamental harmonic winding topology on
the iron loss of interior PM machine [79]
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2.4. The winding topology

2.4.4.3. Permanent magnet eddy current losses

Surface permanent magnet machine The impacts of winding to-
pology on the surface PM eddy current losses were discussed by various
authors [20, 42].

Dajaku et al. [20] show that a reduction of the total PM eddy cur-
rent losses of a 12 slots/10 poles surface permanent magnet synchronous
machine up to 67% can be achieved by using the novel winding topology
with coils of a different number of conductor per coil side. Such winding
topology reduces the sub-harmonic contents significantly (figure 2.10).

The same effect has been reported by Kim et al. [42]|, who investigate
two surface PM machines of 12 slots/10 poles and 18 slots/16 poles with
different winding topology (classical double-layer winding with coils of
the same number of turns and 4-layer winding with coils of a different
number of turns). The investigation shows that, for the 12 slots/10 poles
machine, a 45% improvement of the permanent magnet eddy current
losses can be achieved and for the 18 slots/16 poles, a 16% improvement
of the permanent magnet eddy current losses can be achieved.

| Conv. Winding

- 35

I tiew Winding —

1 M =& conv. winding, under load
—— rew winding, urder load

30

MMF [p.u.]

Eddy CumentLoss [W]

1000 1500 2000 2500 3000 3500
Space Harmonics speed [mpm]

(a) Winding spectrum (b) Eddy current losses

Figure 2.10.: Impacts of the winding topology on the surface permanent
magnet eddy current losses |20)]
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2. The impacts of the winding on the machine performance

Interior permanent magnet machine The impacts of winding to-
pology on the interior PM eddy current losses were discussed various
authors |67, 22].

The same two windings as given in [42] were investigated by Sun et al.
[67] for an interior PM machine, and the results also show a significant
reduction of the permanent magnet eddy current, up to 48% improvement
is mentioned by using the 4-layer winding with coils of a different number
of turns. The same technique was applied by Dajaku et al. [22] for a
18 slots/10 poles interior PM machine, which is compared with its 12
slots /10 poles counterpart (figure 2.11).

BODD f-============——=—-mm-mm———— -

A

—8— 12-teeth/10-poles
1 8-teeth/10-poles

Conv. 12T/10P
6000 |-

4000 [---------===-=—— - - B
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2000 f----mmmm g o

New 18T/10P |

0 3000 6000 9000 12000
speed [rpm]
(a) Eddy current vs rotor speed (b) Eddy current distribution

Figure 2.11.: Impacts of the winding topology on the interior permanent
magnet eddy current losses [22]
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3. An introduction to the winding topology

3.1. The understanding of the winding topology

In this thesis, the term “winding topology” is used to completely des-
cribe the properties of the winding, which can be understood from the
geometrical as well as the electromagnetic aspect.

3.1.1. The geometrical point of view

From the geometrical point of view, a multi-phase winding is nothing
but a set of spatially distributed coils where each coil is with a particular
number of turns, coil pitch, and winding direction. Coils of the same
winding direction are connected to each other to form the so-called “coil
group” and coil groups of different winding directions are connected to
each other to form a single-phase winding. In general, multiple single-
phase windings are connected to each other, resulting in a multi-phase
winding.

From this point of view, to completely describe the geometrical proper-
ties of the winding topology, the following information should be known:

e the position of each coil,

the coil pitch of each coil,

the number of turns of each coil,

the connection of the coils of the same phase,

and the connection of the single-phase windings of the multi-phase
winding.

3.1.2. The electromagnetic point of view

From the electromagnetic point of view, a multi-phase winding is a set
of spatially distributed conductors, which are fed by currents of diffe-
rent phases. This results in a one-dimensional spatially distributed and
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3. An introduction to the winding topology

time-varying MMF'. By using the Fourier analysis, the space and time de-
pendent MMF distribution can be formulated as a superposition of space
harmonics of different amplitudes and orders.

From this point of view, to completely describe the electromagnetic
properties of the winding topology, the following information should be
known:

e the number of conductors within each slot,
e the phase affiliation of each conductor,

e and the winding direction of each conductor.

3.2. A short introduction to the terminology

In the field of winding topology, a great number of terminology can be
found in the literatures”), which describe the winding topology from
different aspects. The main purpose of this section is:

e to give a short overview of the existing terminology,

e and to introduce some new terminology, which is beyond the clas-
sical terminology and will be used for the novel winding topology
proposed in this thesis.

3.2.1. The existing terminology for the description of winding
topology

Distributed & tooth coil winding, overlapping & non-overlapping
winding Such Terminology describes the winding topology according

to whether the coil pitch is equal to one slot pitch. The first terminology

describes this property explicitly, while the second terminology describes

this property implicitly. It is to notice that the end-winding of the tooth

coil winding is non-overlapping, while the end-winding of the distributed

winding overlaps. Nevertheless, such implicit terminology is not suita-

ble for winding topology treatment method since the end-winding is not

considered.

(DA good overview of the classical terminology can be found in [31].
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3.2. A short introduction to the terminology

Single- & double-layer winding, all teeth & alternate teeth wound
winding Such Terminology describes the winding topology according
to the number of coil sides within one slot. The terminology “single-
& double-layer winding” is conventionally used for distributed winding,
while the terminology “all teeth & alternate teeth wound winding” is used
for tooth coil winding.

Integer & fractional slot winding Such Terminology describes the
winding topology according to whether the so-call number of slot per pole
and phase ¢ is an integer number:

This is a quite popular terminology used in the field of the winding to-
pology design method. For some winding topology design methods, such
number plays a central role. However, it will be shown in the next chap-
ter that winding topology design methods relying on such number have a
lack of fundamental theoretical basis and can be replaced by more elegant
methods. Moreover, such number gives no information about the geome-
tric and electromagnetic properties of the winding. It is to mention that,
the two main types of classical winding topology treatment method: the
star of slots method and the Kauders’ systematics are not based on such
number.

Full & fractional pitch winding Such Terminology describes the
winding topology according to whether the coil pitch is equal to the pole
pitch. It is to notice that, for the case of tooth coil winding where the
coil pitch is equal to the slot pitch, such winding can not be a full pitch
winding.

a/b, <a—b—-c—d >k Such Terminology tries to describe the win-
ding topology by a set of numbers, which is specific for the tooth coil
winding of permanent magnet machine. For the first terminology, a is
the number of stator slots, and b is the number of rotor permanent mag-
nets. The second terminology is firstly introduced by H. Mosebach [50]
and further improved by W.-R. Canders et al. [12]. Five numbers are
used to fully describe the winding topology, where a is the number of
coils, b is the number of coils per winding zone, c is the number of coil
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3. An introduction to the winding topology

groups, d is the number of permanent magnets, and k is the number of
coil sides per slot.

3.2.2. Terminology used in this thesis for the description of
winding topology

Fundamental & over-Harmonic Winding Such terminology gives
the information about the working harmonic of the winding. For the
fundamental harmonic winding, the fundamental MMF harmonic of the
winding is used for torque production (?), while for over-harmonic win-
ding, one of the MMF over-harmonics is used for torque production. It is
to notice that, the fundamental or over-harmonic winding can be distri-
buted or tooth coil winding, integral or fractional slot winding and single
or double-layer winding.

Classical winding topology The term “classical winding topology” is
understood as winding with coils of the same number of turns and coil
pitch. Furthermore, for each coil, the number of conductors of both coil
sides is the same. Such winding can be single or double-layer winding,
distributed or tooth coil winding.

Single- & multi-tooth coil winding The single-tooth coil winding is
understood as winding with coils of coil pitch equal to single tooth pitch
(The tooth pitch is equal to slot pitch.). For the case of multi-tooth coil
winding, the coil pitch is equal to multiple tooth pitch.

Multi-layer winding topology The term “multi-layer winding topo-
logy” is understood as winding where there are more than two coil sides
per slot.

Multi-coil winding topology The term “multi-coil winding topology”
is understood as double-layer winding where the coils are with different
coil pitch and number of turns.

(21t is to notice that, the winding topology of the so-call vernier machine also belongs
to this category.
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3.3. The two main problems for winding topology treatment

Multi-conductor winding topology The term “multi-conductor win-
ding topology” is understood as double-layer winding where coils are with
a different number of conductors per coil side.

3.3. The two main problems for winding topology
treatment

In the field of winding topology treatment, there are two main types of
problem: the winding topology analysis problem and the winding topo-
logy design problem, which can be seen as to solve a direct and an inverse
problem.

3.3.1. Winding topology analysis

The Winding topology analysis begins with a given winding topology (in
the form of a winding scheme) and is with the objective to investigate the
quality of the winding topology. The winding factor harmonic spectrum is
used to characterize the quality of the winding topology. This problem is
considered as solved if the winding factor harmonic spectrum is obtained.

3.3.2. Winding topology design

The Winding design begins with the desired pole pairs p, the available
number of current phases m and an assumed number of slots N, and is
with the objective to find out the optimal winding topology under diffe-
rent constraints. The optimal winding topology depends on the chosen
criteria, which can be the max. possible winding factor of the working
harmonic, the best possible winding factor harmonic spectrum or the
simplest structure of the winding topology and so on.

The winding topology design problem as solving an inverse problem is
more difficult as its counterpart. A simple example is given as follows,
which show that even for a problem with strong constraints, an efficient
algorithm is needed to find out a good result.s

Suppose that a 3-phase single-layer winding with 12 slots is asked,
which should work with a 10 poles permanent magnet rotor. For the
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3. An introduction to the winding topology

simplest case that the number of conductors per slot is the same, the
entire possible winding topology is given as:

N, = (2m)™s = 6'2 = 2,176, 782,336 (3.1)

As for each slot, the phase affiliation of the conductor can be freely chosen
from the following 6 possibilities:

¢k S {A,Z,B,F, Ca 6} (32)

By further constraining the problem that the phase affiliation should be
evenly used (This can be interpreted as a symmetrical condition.), the
total number of possibility reduces to:

N, = N,! = 12! = 479,001, 600 (3.3)

which is still an enormous number.

It is to underline that, the number of conductors within each slot is
without of consideration by the discussion above. It is reasonable to
image that, if this additional design parameter is considered, the number
of possibilities explodes. For this reason, this design is always outside
consideration by the classical design methods from the beginning, making
the problem treatable. However, it will be shown later that The method
introduced in this thesis considers this design parameter naturally and
the optimal number of turns of each coil can be calculated by solving a
system of linear equations.

3.4. A historical review of the research activities

Since the invention of the multi-phase rotating field machine, it is recogni-
zed that the impacts of the winding topology on the machine performance
are very strong and the problem of winding topology design is difficult to
solve. Thus efforts are continually made in the field of winding topology
design. FEither from the time aspect or the research topic aspect, such
methods can be naturally separated into two parts.

3.4.1. Treatment of fundamental harmonic winding topology
till the 1950s

From the historical point of view, the first research activities begin with
the invention of the rotating field machine by N. Tesla [72] in the year 1888
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3.4. A historical review of the research activities

(3) and end with the publication of H. Sequenz’s book about armature
winding of multi-phase machines [63] in year 1950s ().

During this period, fundamental harmonic winding with distributed
coils is mainly considered. The primary design objective is to maximize
the winding factor of the fundamental harmonic. The winding factors of
the over-harmonics are almost out of consideration since the impacts of
the over-harmonics on the machine performance is very small. This can
be explained quite simple as follows:

There is a proportional factor of % between the winding factor and the
MMF, where v is the harmonic order. Furthermore, between the MMF
and the B-field in the air-gap, there is another proportional factor of

% where ¢ is the magnetic effective air-gap. Therefore, a proportional

factor of % links the winding factor to the B-field in air-gap. This means
that the higher the harmonic order, the smaller the magnetic energy of
the harmonic. An electrical Machine with such winding is named as a
fundamental harmonic machine in the literature, which can be accurately
described by the fundamental harmonic theory.

It is also interesting to notice that, during this period, graphical de-
sign methods or design methods with simple numerical calculation are
preferred due to the lack of computing power.

3.4.1.1. The great success in the achievement of winding
topology treatment methods

During this period, a great success in the achievement of winding topology
treatment methods is obtained, which can be summarized as follows:

e A central research topic is to find a unified method for the treat-
ment of the winding topology, which is almost done by the method
introduced by R. Richter [59, 58|. He is considered as the first one
who does the research in this field systematically with theoretical
consideration. The methods introduced by him is named as the
star of slots method nowadays in the literature, which can be found
in almost every textbook about design of electrical machines. The
star of slots method can handle the two problems of winding topo-
logy treatment at the same time, and most of the problems can be

(3)The rotating field machine can not generate any torque if the winding topology is
incorrectly designed
(4)1n this classical book almost the whole research results till that time are documented
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3. An introduction to the winding topology

sufficiently solved. Furthermore, it is very suitable to be used as a
graphical design tool by introducing the complex phasor notation
for the induced EMF. Due to these facts, this method is widely
spread leading to some deduced forms published [73, 6, 63].

e For the special case of double-layer fractional slot winding, which
the star of slots method cannot completely solve, many research
investigations were done from 1931 till 1947. Different design met-
hods introduced by various authors can be found in [10, 83, 77, 54,
62]. All these methods have two common points: the number of
slot per pole per phase ¢ plays a central role in the design process,
and they are based on the geometrical consideration of the winding
topology (In contrast, the star of slots method is primarily based
on electromagnetic consideration.). The target of such methods is
to place the coils among the stator circumference as symmetrical
as possible. However, a precise definition of the symmetry is never
given. Due to these drawbacks, such methods never attract great
attentions within the research group. Nowadays, it is hard to find
such methods in newly published textbooks.

¢ An another significant achievement during this research period is
the introduction of the systematic of the 3-phase winding by W.
Kauders [40, 41]. As a winding topology analysis method, this
method decomposes the total winding factor into a multiplication of
several partial winding factors. Each partial winding factor descri-
bes a particular geometrical aspect of the winding topology. More
information about the impacts of each winding structure on its
electromagnetic property can be obtained.

With this systematic, the special case of double-layer fractional slot
winding can be sufficiently solved. However, this method is almost,
neglected since its first publication (®). This is because the method
introduced by W. Kauders is a systematically organized enumera-
tion method. The major drawback of an enumeration method is
that a great number of cases may take place, where each of them
needs to be analyzed in the same way. This property makes an enu-
meration method applicable only when sufficient computing power
is available.

OFN recognition of its theoretical value occurs in almost 80 years, as J. Germishuizen
et al. [31] and D Huelsmann [31] use this systematic to classify and design tooth
coil winding.
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In general, a great success in respect of the theory and methodology of
winding topology is achieved. Two different types of method are introdu-
ced by R. Richter and W. Kauders, which consider the winding topology
from electromagnetic and geometrical aspect respectively. Since then, No
more fundamental idea in this field is reported. Such methods also build
the theoretical basis of the second research period.

3.4.1.2. The research limitation

Due to the technical and material constraints, there are some limitations
of the research during this period, which can be summarized as follows:

e To neglect the winding factors besides the working harmonic is va-
lid for the case of fundamental harmonic winding topology. This
is not the case for over-harmonic winding topology, since the sub-
harmonics may strongly impact the machine performance (chapter
2). With the classical design methods and the resulting classical
winding topology, it is not possible to reduce the sub-harmonics
contents sufficiently. New winding topology and new design met-
hods need to be further investigated.

e All the winding topology considered during this research period is
named as classical winding topology, which is the single- or double-
layer winding with coils of the same number of turns and coil pitch.
More complicated topology is considered as unpractical. Nevert-
heless, ideas about winding with a different number of conductors
per each slot [69] and winding with coils of different coil pitch and
number of turns [61] were introduced. Especially for over-harmonic
winding such more complicated winding topology performs better
electromagnetic property and can be manufactured without diffi-
culty nowadays.

3.4.2. The treatment of over-harmonic winding topology since
the 1980s

The second research period in the field of winding topology treatment
begins with the invention of high energy neodymium permanent magnet
by M. Sagawa [44]|, which makes the air-gap flux density of a perma-
nent magnet synchronous machine for the first time competitive with
an electrically excited synchronous machine or an induction motor. The
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great advantage of the permanent magnet synchronous machine is that
the air-gap flux density caused by the permanent magnet from the rotor
is almost independent of the number of rotor poles (9. This makes it
possible to design a permanent magnet synchronous machine with over-
harmonic winding topology, where the air-gap torque density is compara-
ble to its counterpart with fundamental harmonic winding topology (7).
It is quickly recognized that by using permanent magnet synchronous
machine with over-harmonic winding topology, a thinner back iron yoke
is possible. This leads to an increasing of the air-gap diameter and the-
refore a higher torque density (7, ~ %D(g - f) for a given design space.
Moreover, the over-harmonic winding can be realized by using coils with
coil pitch equal to single slot pitch, which is with the advantage of short
and no overlapping end-winding, higher slot filling factor, easy to pro-
duction. Therefore, the research interest is focused on the analysis and
design of over-harmonic winding.

Another driver for this research period is the rapid development of
the power electronics, which makes it easy to use a multi-phase current
source. Multi-phase winding topology as an alternative to its 3-phase
counterpart attracts more and more attentions

The rapid increasing of the computing power of the modern computer
and the progress in the computer technique also bring new impulse into
the field of winding topology treatment. Analysis and design methods
based on algorithmic approach are more preferred as the graphical met-
hods as the tools of the engineer are computer and software, no paper
and pencil anymore.

A comprehensive research of the publications leads to the following
summary of the research activity, which is still very active and far from
completed.

(6)This is not the case for electrically excited synchronous machine or induction motor,
where for a given current sheet density, the air-gap flux density reduces when the
number of rotor poles increases.

(M The average force density in air-gap can be simply predicted as f ~ KS,V . BTW. For
the permanent magnet synchronous machine, the stator current sheet density f(s,y

and the rotor air-gap flux density ET,V are independent on the working harmonic
order.
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3.4. A historical review of the research activities

3.4.2.1. The adaptation of the long standing methods for
over-harmonic winding topology

Winding topology design In the field of winding topology design,
three main research activities can be observed:

e Adaption of the general design methods for the special case of over-
harmonic winding topology. Efforts are made both for the star of
slots method [2, 9] and the Kauders’ systematic [13, 36]. With the
aid of the digital computer, the drawback of the Kauder’s syste-
matic is overcame, and for the special case of winding with coils
of coil pitch equal to single slot pitch, this method can be strongly
simplified. All this makes the Kauders’ systematic more and more
attractive.

e A great efforts are made to integrate the winding design method
into electrical machine design procedure. This is because the win-
ding topology of the electrical machine should be known before the
electromagnetic field calculation starts. For the implementation are
the method of R. Richter [66, 75, 74, 76, 39] as well as the method
of W. Kauders [37, 36] used. After the winding topology design,
the subsequent field calculation occurs either with analytical [39]
or with finite element analysis [37, 66]. Thus the impacts of the
winding topology on the machine performance, such as inductance,
back EMF, electromagnetic torque, etc. are predicted.

e New ideas about winding topology design are introduced by ex-
ploiting the progress of the mathematics and computer technique.
The winding topology design problem is discrete and nonlinear in
nature, which can be considered as a mathematical optimization
problem with constraints. The computer-aided stochastic algo-
rithm, such as genetic algorithm, is introduced to solve this problem
through optimizing multiple objectives [47, 8, 65, 7]. All these met-
hods have the same point in common: not only the winding factor
of the working harmonic but also the sub- and over-harmonics are
considered simultaneously. This is necessary for the over-harmonic
winding topology but makes the optimization more complicate.

Winding topology modification To reduce the sub-harmonic con-
tents a great number of investigation are done, which is to modify the
well-known classical winding topology obtained through the classical win-
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ding topology design method. Different winding topology modification
approaches are introduced: the multi-layer approach [23, 2, 45] by incre-
asing the number of layers (till max. 4 layers), the multi-slot approach
[19, 56, 57] by doubling the number of slot and inserting one more set
of winding, the multi-turn approach [18, 17, 42, 19, 78| by using coils of
different number of turns and the multi-conductor approach [20] by using
coil with different number of conductors per coil side. The modification
is generally based on heuristic approach.

Winding topology analysis All the classical winding topology of fun-
damental and over-harmonic can be sufficiently solved by the star of slots
method. This is not the case for a winding topology where each slot is
with a different number of conductors. This problem is systematically
analyzed by R. Cipin et al. [16, 15|, where the Fourier analysis of the so-
call “conductor density function” of one single-phase winding is used. The
winding factor is then calculated through the Fourier coefficients. Two
types of conductor density function are investigated: conductor density
function as Dirac delta function in the middle of the slot and conductor
density function as rectangular function over the slot pitch.

3.4.2.2. The research limitations

Great success is also achieved during this research period. Especially
the introduction of permanent magnet synchronous machine with over-
harmonic winding gives this age-old topic new opportunities and challen-
ges and leads to new ideas and developments. A comprehensive overview
is given by El-Refaie in [26, 25].

Nevertheless, from the theoretical and methodical point of view, the
research limitations can be summarized as follows:

e The main research work lies in the adoption and implementation of
the well-established methods.

e The winding topology modification methods are heuristic and pro-
blem dependent.

e The optimization algorithm used for winding topology design is
stochastic and inefficient. Thus no global optimum is guaranteed.

The development of a physics-based, simple, efficient, deterministic and
unified method is thus considered as the challenge of this thesis.
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4. A systematical classification of winding
topology treatment methods

4.1. Preamble

In this Chapter, it is tried to give a systematical classification of the
methods for winding topology treatment. This is based on the following
considerations:

e Although most of the classical winding design and analysis methods
can be found in the classic book written by H. Sequenz [63], two
important works were not done by him. First, H. Sequenz didn’t
give a clear and structured overview of the methods. As a result,
different methods appear in different place of his book, and this ma-
kes the reader quickly lose the overview of this topic by reading his
book. Second, H. Sequenz didn’t point out the difference and relati-
onship between the various methods. In his book, he had described
only the principle of different methods and focused on showing how
to use different methods to analyze and design winding topology
(through a lot of examples). This approach makes the reader learn
and understand a particular method easily. At the same time, such
approach prohibits the reader to understand all the methods and
to obtain the theoretical background of the methods. Because the
reader may understand that different methods are based on diffe-
rent theoretical bases, and they should be individually treated. In
reality, all the winding methods are based on the same theoretical
consideration, and there is only mirror difference between them.

The first purpose of this chapter is to finish the work not done by
H. Sequenz. If this is done, the reader can obtain a more structu-
red overview of this topic which should help the reader better to
understand and to do the research on this topic.

e As mentioned in the previous chapter, there are new developments
of winding topology treatment methods after the publication of the
classic book by H. Sequenz: the introduction of computer-aided
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methods to design winding topology and the introduction of win-
ding topology modification methods to achieve particular featu-
res. Therefore, the classical winding topology treatment methods
should be extended, and the relationship between the new and clas-
sical methods should be outlined. Furthermore, the new methods
should be put into the same theoretical framework.

The second purpose of this chapter is to outline the relationship
between the new and classical methods and to extend the theoreti-
cal framework so that the new methods can be placed in the same
theoretical framework.

e Because this thesis aims at introducing a unified method for win-
ding topology treatment, it should be necessary to show that if
a winding topology can be obtained using the methods proposed
in this chapter, the same result or an even better result can be
obtained by using the introduced method. It will be shown later
that most of the winding topologies obtained in this chapter can
be derived from the introduced method by introducing different de-
sign constraints. Therefore, it is reasonable to name the introduced
method “a unified method”.

Based on the considerations above, an overview of the methods for
winding topology treatment is given in figure 4.1. Each particular method
would be discussed in the remaining parts of this chapter in detail.
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4. A systematical classification of winding topology treatment methods

4.2. Winding topology analysis methods

For a better understanding of the particular method, two well-known ex-
amples of 3-phase double-layer winding with 12 slots are investigated.
The first example is with the fundamental harmonic as the working har-
monic (figure 4.2a) and the second example is with the 5-harmonic as the
working harmonic (figure 4.2b).

In the illustrations, the indices outside the stator contour are used to
give the information about the corresponding slot position. For a clea-
rer illustration, the 3-phase winding is illustrated with three figures with
different colors. Each figure and color indicate one particular phase win-
ding. Two symbols © and ® are used to indicate the positive and negative
winding direction of the coil sides of a coil respectively. The positive and
negative coil sides are connected with a bold dark line, indicating an along
the stator circumference distributed coil. In order to give the information
about the number of turns of a particular coil, a number surrounded by a
lime circle and pointing to the particular coil with a red line is denoted.
For the winding topologies given in Figure 4.2, all the coils are assumed
with the same number of turns (w. = 1).

According to different points of view, the winding topology analysis
methods can be classified into two main categories.
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4.2. Winding topology analysis methods

3

(b) The 5-harmonic as working harmonic
Figure 4.2.: The investigated winding topologies

(a) The fundamental harmonic as working harmonic
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4.2.1. Methods based on EMF analysis

The idea of this type of methods is to assume that there are sinusoidal
flux density space harmonics of different harmonic orders acting on the
conductors of the winding:

B(x,t)—Re{ i B el (witvize) } (4.1)

V=—00
where [, is the circumference of the machine.

For one conductor at position x,,, the induced voltage is:

oo

Un(t) = B(xy, t)l.v = Re { > @ty } (4.2)

V=—00

with )
al/ - UVZZBI/7 ¢V - Vl_ﬂ-

where [, is the axial length of the machine and v, is the velocity of the
v-th harmonic.

In

For each harmonic order, conductors at different positions are so that
with induced voltage of equal amplitude but different phases. Since each
phase winding is seen as a connection of the conductors, the induced
voltage of a phase winding is obtained by the sum of the induced voltage
of the conductors.

Based on whether the internal structure of the winding topology is
considered, there are two main types of methods with this category.

4.2.1.1. The composite Approach

For the composite approach, only the total winding factor is of interest.
The primary objective of such approach is the electromagnetic property
of the winding topology. It can be seen as to apply the star of slots
method for winding topology analysis.

The composite approach involves the following steps:

1. From the winding schema, identify the conductors belonging to the
same phase winding and find out the slot position and the winding
direction of each conductor.
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4.2. Winding topology analysis methods

All this information can be compactly formulated by using a vector
w, where the winding direction can be obtained through sign (w)
and the slot position can be obtained through abs (w).

The investigated fundamental harmonic winding topology (figure
4.2a) is then formulated as:

wy=[+1 -4 -5 -5 —6 +11 +12 +12]

and the investigated over-harmonic winding topology (figure 4.2b)
is given by:

ws=[+1 —4 +5 +5 —6 +11 —12 —12]

2. Calculate the EMF phasor of each conductor for a particular har-
monic order v by considering the position of each conductor:

u = ejl/ﬁ,—’éabs(w) (43)

3. Sum up the conductor EMF phasors for one phase by considering
the winding direction of each conductor:

u=> sign(w) u (4.4)

4. Calculate the winding factor by normalizing the phase EMF phasor
to the total number of conductors :

_ abs(u)
size(u)

(4.5)

where the function abs(x) returns the absolute value of each ele-
ment in 1), the function sign(a) returns the sign of each element
in & and the function size(x) returns the number of elements in .

Such approach is simple to understand, easy to implement and leads
fast to the winding factor harmonic spectrum. For the winding topologies
given in figure 4.2, the calculated winding factor harmonic spectrum are
given in figure 4.3. Two effects can be observed from the obtained results:

e The winding factor harmonic spectrum is the same for both negative
and positive harmonic orders. This is because the analysis considers
only one single-phase winding.

(Dfor complex number z = a + j - b, its absolute value abs(z) is Va2 + b2
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4. A systematical classification of winding topology treatment methods

e The period of the winding factor harmonic spectrum is the same as
the number of slots N,. This periodicity can be seen from equation
4.3.

The drawback of such approach is that it does not provide information
about how the internal structure of the winding topology affects the total
winding factor of different harmonic order.

e S N B R S e S N B A S
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(@)] (@)]
£ : : : i : = : : i
E o4F----HEBHHM---:--HBHH----B:8HH-- - 'E O4HHM----HHHW---B8H 8- R
= : : : : : = : : :

0.0 ‘ ‘ ‘ 0.0 ‘ ‘ ‘

-20-15-10-5 0 5 10 15 20 -20-15-10-5 0O 5 10 15 20
Harmonic Order Harmonic Order

(a) For the fundamental harmonic (b) For the over-harmonic winding to-
winding topology pology

Figure 4.3.: The winding factor harmonic spectrum of the winding topo-
logy given in figure 4.2, calculated by using the composite
approach

4.2.1.2. The de-composite approach

Unlike the composite approach, which calculates the total winding factor
without considering the internal winding structure, the de-composite ap-
proach treats the winding topology as a hierarchically constructed struc-
ture and calculates the total winding factor as a product of the particular
partial winding factors. Such approach can be seen as the application of
the Kauders’ systematics for winding topology analysis (2).

(2)That is the reason that the nomenclature used by Kauders is consequently used in
this subsection.

Dieses Werk ist copyrightgeschutzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.
49 Es gilt nur fir den persdénlichen Gebrauch.



4.2. Winding topology analysis methods

In order to analyze the winding topology, the first step is to separate
each phase winding into two parts, which are termed as positive and
negative winding zones. Within each winding zone, all the coils are with
the same winding direction. Each winding zone can be further separated
into the so-called coil groups which are connected in series. Each coil
group is considered as a series connection of coils.

An corresponding illustration of the first phase winding given in figure
4.2b is shown in figure 4.4. The first sub-figure illustrates the positive
and negative winding zones. The second sub-figure illustrates the coil
group of the positive winding zone and the third sub-figure illustrates
the coil.

Figure 4.4.: The hierarchical structure of the phase winding given in fi-
gure 4.2b

If all the coils are having the same coil pitch and number of turns, all
the coil groups are having the same number of coils which are connected
in the same way, and the distance between adjacent coil group is the same.
Then the particular partial winding factor of the winding topology can
be calculated through the following equations:

1. Winding factor for the coils. The coil pitch is considered as x slot
pitch );
¢l = sin(al) (4.6)

174 174

: I _ 1. 2=«
with o, = V47

X.

For the fundamental harmonic winding topology (figure 4.2a) is
x = 5 and for the over-harmonic winding topology (figure 4.2b) is
= 1.

(3)Since all the coils have the same number of turns, it is considered as 1.
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4. A systematical classification of winding topology treatment methods

2. Winding factor for the coil group. The coil group is a series con-
nection of b coils of the same winding direction. The distance bet-
ween adjacent coils is given as f which is obtained by counting the
number of slots between the adjacent coils. This leads to:

u_ sin(bay))
Y bsin(all)

§ (4.7)

: Im _ 1,2«
with o' = 2VNSf.

For the investigated fundamental harmonic winding topology (fi-
gure 4.2a) is f = 1 and for the over-harmonic winding topology
(figure 4.2b) is f = 5. For both cases is b = 2.

It is to mention that for the special case o' = 0, equation 4.7
changes to:
ba!l
11 v
=¥ -1 4.8

since limgn_,qsin(all) = oll.

3. Angle offset of adjacent coil groups. The distance between the ad-
jacent coil groups is considered as y which is measured by counting
the number of coil groups between adjacent coil groups (figure 4.5).

1 27
m _ 4T
1% 2 v K y
where K is the total number of coil groups of the multi-phase win-
ding topology.

« (4.9)

Since for the both investigated winding topologies, there is just one

coil group within each winding zone, and this leads to y = 0 and
111

o, = 0.

4. Winding factor for the winding zone. It is to assume that within
the positive winding zone there are Z; coil groups and within the
negative winding zone there are Zs coil groups:

\/sinz(ZlozIVH) + sin?(Zyalll) — 2sin(Z; od1)sin(Zyal!)cos(alV)

v
v (Zl + ZQ)SiIl(Oé,I/H>
(4.10)
where o = v2Z L Depends on weather the harmonic order v is

odd or even, the term cos(alY) = 41, .
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4.2. Winding topology analysis methods

IT1

14

It is to mention that for the special case «a;" = 0, equation 4.10

changes to:

v _ V(Z1)? + (£2)? — 221 Zscos(ey)Y)

4.11
51/ Zl + Z2 ( )

&LII

since lim,m1_,q SiIl(Oé,I/H) =

(a) The total 6 coil groups of a multi- (b) The first and third coil groups of

phase winding.Each coil group is the multi-phase winding given in
consist of two coils and is indica- the left side. The distance between
ted with one particular color. the two coil groups is y = 2

Figure 4.5.: Tllustration of the distance between coil groups

Once the winding factor of each winding structure is known, the total
winding factor can be obtained:

& =686 (4.12)

where the first winding factor £ is named as chording factor which consi-
ders the impacts of the coil width on the total winding factor, the second
winding factor £l is named as group factor which considers the impacts
of the distribution of the coils within one coil group on the total winding
factor. The third winding factor £V is rarely mentioned in the textbook,
since for the most cases, the coil group within the positive and negative
winding zone are the same Z; = Z,. For this special case, £V = {0,1},
depending on weather the harmonic order v is odd or even.
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4. A systematical classification of winding topology treatment methods

The partial and total winding factors for the investigated fundamental
and over-harmonic winding topology are given in figure 4.6. For the par-
tial and total winding factor harmonic spectrum, it is observed that the
winding factor harmonic spectrum is the same for positive and negative
harmonic orders and the winding factor harmonic spectrum is with a pe-
riod equal to the number of slot N,. When compared with the winding
factor harmonic spectrum calculated with the composite approach in the
previous section (figure 4.3), the results of the both methods yield the
same harmonic spectrum for the total winding factor.

The advantage of this approach is that a detailed knowledge of how
each winding structure affects the winding factor spectrum can be obtai-
ned and thus it makes a better understanding of the winding structure.
The major drawback of this approach is that the mapping between the
characteristic numbers and the winding topology is not unique. This me-
ans the same winding topology can be represented by using different sets
of characteristic numbers.

In order to illustrate this problem, the over-harmonic winding is used
(figure 4.2a). The winding can be seen either as: within each winding
zone, there is one coil group and each coil group is with two coils, this
leadstob=2,f =5 K =6,y =0,Z1 = 1,Zy = 1 or as: within each
winding zone, there is two coil groups and each coil group is with one
coil, this leads to b=1,f =0,y =5, K = 12, Z; = 2, Z, = 2. Although
both the results lead to the same total winding factor harmonic spectrum,
the harmonic spectrum of the particular partial winding factors are quite
different (figure 4.7). Such non-unique mapping makes the analysis quite
confusing.
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Figure 4.6.: The winding factor harmonic spectrum for the winding topo-
logies given in figure 4.2 calculated by using the de-composite
approach
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Figure 4.7.: The winding factor harmonic spectrum of the over-harmonic
winding calculated by using different characteristic parame-
ters
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4.2.2. Methods based on MMF analysis

The idea of this type of methods is to assume that the spatial MMF
distribution can be seen as several sinusoidal MMF space harmonics of
different harmonic orders. The Fourier analysis of the MMF space dis-
tribution is used to get the sinusoidal MMF space harmonic of particular
harmonic order.

The MMF distribution of the multi-phase winding is considered as
O(x,t) which is a superposition of the MMF distribution of each phase
winding O (z,t). The MMF distribution of each phase winding is defined
as the number of conductors times the phase current by considering the
winding direction of the conductors. Based on these considerations, the
MMF distribution of the multi-phase winding can be formulated as:

O(z,t) = Re {Z N () - Oc () - ie? @HHor) } (4.13)
k=1

where N, (z) is the number of conductors belonging to phase k at posi-
tion x, O, i (x) characterizes the winding direction of the conductors and

7,w are the amplitude and frequency of the phase current.

By using the space harmonic description, ©(z,t) can be formulated as:

+oo
O(z,t) = Re{ > Q,,(t)ej“?—l’w} (4.14)

V=—00

where v is the space harmonic order, x is the space coordinate and [, is
the circumference of the machine. The coefficient C,(¢) can be seen as
the superposition of each phase winding:

C,(t)=C, e
- Z Qk,ueth
k=1

where the Fourier coefficient of each phase C) , is determined through
the Fourier analysis:

(4.15)

1 [l o .
Qk,y - l_/() Nc,k(x) : Oc,k(x) : e_JV%_c:E dx - iej¢k (416)
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The winding factor &, can be interpreted as the normalization of the
Fourier coefficient C,:

C, |
(1) = =% 4.17
6.(t) = 2 (4.17)
which should be &, < 1. Thus a reasonable denominator C, can be
chosen as:
1 Z”” R
CV — E k_l NCJ{ -1 (4.18)

since it is always

O () - e VT L i (@iter)| <

and

le
Nc,k = / Ncyk(x)dx
0

Due to the normalization, the winding factor is independent of the
amplitude of the phase current and the circumference of the machine.
Therefore, ¢ = 1 and [. = 1 are used for further consideration.

Based on the assumption in the MMF function ©(z), the methods
can be sorted into two groups. The first group of methods is based on
different assumptions about the MMF function domain and the second
group of methods is based on different assumptions about the shape of

the MMF function.

4.2.2.1. Analysis of the MMF function of different domain

MMF of one phase winding In this approach, only the MMF of
one phase winding is considered for the Fourier analysis. The resulting
winding factor spectrum is then used to represent the multi-phase win-
ding. This is only valid for each phase winding having the same topology,
which is always assumed as the precondition of the symmetrical multi-
phase winding.

Under this assumption, the winding factor is time independent, since
the length of the phasor C} , is time independent:

’Qk,y|
Ck:,u

gu = gkz,u = (419)
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MMF of the multi-phase winding In this approach, the MMF
function of the multi-phase winding is used for the Fourier analysis. The
advantage of such approach is that it is valid for both symmetrical and
asymmetrical winding topology. Furthermore, it provides the possibility
to verify if the symmetry condition of the analyzed winding matches both
in space and time (*). Non-matched symmetry in space and time leads

to:
C, =0 (4.20)

-V

4.2.2.2. Analysis of the MMF function of different shape

MMF as Dirac delta function in the slot middle Such approach
can be found in [16, 15], where the MMF function is assumed as:

Neg(x) = Negn - Ocn - 6(€ — hn) (4.21)

which simplifies the expression of C , to:

N
i 2m
Qk,v = E Nekn - Oc,k,n e IV TR (4.22)
n=1

By using the vector notation, a compact form of the Fourier coefficients
can be obtained:

G

,V

= sum (Nc,k; . Oc,k: : e—ju%—:wk) (423)

The investigated fundamental harmonic winding topology is then ex-
pressed as:

Neo=[11 2 1 1 2
Oco=[+1 -1 -1 —1 +1 +]]
ro=[1 4 5 6 11 12

while for the over-harmonic winding topology, there is:
Neo=[11 2 1 1 2
Oco=[+1 -1 41 +1 -1 1]
reo=[1 4 5 6 11 12]

(“)There are two types of symmetry in the multi-phase winding: symmetry in space
and symmetry in time. Only if these two symmetry conditions are matched, the
multi-phase winding operates correctly.
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A comparison of equation 4.4 and 4.22 shows that equation 4.3 is a
special case of equation 4.22 where the number of conductors N , of
cach phase and each slot are the same: N,y , = const..

MMF as rectangle-shaped function over the slot opening Under
this assumption, the MMF function can be formulated as:

Nek(x) = Negm - Ocom - TECE (ﬂ) (4.24)
TSO
where 75, is the width of the slot opening. This leads to the following
expression for O, :

sin (WZKTSO>
/ o C
~k,v — v ~k,v
7Tl_7-30

C

(4.25)

Since the coefficient C,, (equation 4.18) is independent on the shape of
the MMF function, the winding factor for such shape of MMF function

is:
sin <7Tﬁ7'30>
£ = & (4.26)

|14
WETSO

which is dependent on the slot opening 7.

MMF as rectangle-shaped function over the slot pitch such ap-
proach can be found in [16, 15]. There is just a minor difference between
this approach and the approach above. Instead of using the slot opening
Tso , the slot pitch 7y, is used in the equation:

Nok(z) = Negn - Nopn - Tect <w> (4.27)

Tsp

This leads to a slot pitch 75, dependent winding factor:

sin (77%7’829)
51,// = v gl/ (4.28)
7Tl—’7'5p

(&

For the winding topology analysis, it is better to let the geometrical
dimension of the machine outside the consideration, and thus the ana-
lysis focuses only on the topological property of the winding. From this
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point of view, it is more reasonable to assume the MMF as Dirac delta
function. Furthermore, the method under this assumption can be seen
as an extension of the star of slots method for the general cases. Tt is
therefore recommended to use equation 4.23 for the calculation of the
winding factor harmonic spectrum.

The analysis results of the MMF distribution of the fundamental and
over-harmonic winding topology are given in figure 4.8. In the top figure,
the Fourier analysis is applied to MMF distribution of one phase winding
and in the bottom figure, the MMF distribution of the multi-phase win-
ding is Fourier analyzed. The result for MMF distribution assumed as
Dirac delta function is shown by the blue bars, the result for MMF' distri-
bution assumed as rectangle-shaped function over the slot opening (the
slot opening is assumed as 0.5 slot pitch) is shown by the lime bars and
the result for MMF distribution assumed as rectangle-shaped function
over the slot pitch is shown by the red bars.

Dieses Werk ist copyrightgeschutzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fir den persdénlichen Gebrauch. 53



4. A systematical classification of winding topology treatment methods

1-0 ? 0 0 T T 1-0 ? T T T T
0.8 Ff i . 0.8
S S
SOG R 2 0.6
[N [N
3 3
2o4tb - HERE 204
= =
((JpAS N EEEENEE N E (B TS 0.2
0.0 LB ‘ ‘ 0.0 LA ‘ ‘
-10 -5 0 5 10 -10 -5 0 5 10
Harmonic Order Harmonic Order
1.0 T T T T T 1.0 T T T T T
ol 1 osl .
5 s | .
2 0.6  IRRTSEERISEERY" | EEEEERIERRIEEERIES S OG-t S
L : : : L ! : : :
o : : : o : : : :
£ 3 ‘ ‘ £ : ‘ ‘ 3
E 0.4 rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr . _E o4 -+ a
= 1 1 ; = 3 1 1 1
0.2 rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr . 02+ a
0.0 | o 0.0 Lk | |
-5 0 5 10 -10 -5 0 5 10

Harmonic Order Harmonic Order

harmonic (b) For the over-harmonic winding,
top: only one phase winding is con-
sidered, bottom: all the phase win-
dings are considered

(a) For the fundamental
winding, top: only one phase win-
ding is considered, bottom: all the
phase windings are considered

Figure 4.8.: The winding factor spectrum calculated by using the MMF
analysis. blue: MMF assumed as Dirac delta function, lime:
MMF assumed as rectangle-shaped function over the slot
opening, red: MMF assumed as rectangle-shaped function
over the slot pitch
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4.3. Winding topology design methods

In general, the winding topology design methods can be classified into
two main categories:

e Winding design methods of the first category start with the given
parameters such as pole pairs, number of slots and number of cur-
rent phases, and give the winding topology after applying the design
procedures. The design purpose of such methods is to maximize the
winding factor of the working harmonic. Such methods are named
as winding topology layout methods in this thesis.

e The winding design methods of the second category start with a
given winding topology (obtained in general by using the winding
topology layout methods) and give a modified winding topology
after applying the modification procedures. The design purpose
of such methods is to minimize the winding factors of the sub-
harmonics because the working harmonic of the treated winding is
in general not the fundamental harmonic. Such methods are named
as winding topology modification methods in this thesis.

4.3.1. Winding topology layout methods

The methods of this category can be classified into two main types: the
deterministic approach and the stochastic approach. Each winding to-
pology layout method is illustrated through two examples which are to
design two 3-phase double-layer windings of 12 slots with the fundamental
(p = 1) and 5-th harmonic p = 5 as the working harmonic.

4.3.1.1. The deterministic approach

Methods of this type can be further classified into two main types:

e methods of the first type are primarily based on the electromagnetic
consideration. By considering the phases of the induced EMF of
the conductors (or coils), the affiliation of the conductors (or coils)
to the corresponding current phase is then determined.

e Methods of the second type are primarily based on the geometrical
consideration. By considering some intuitive feasibility and sym-
metrical conditions, the affiliation of the conductors (or coils) to
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the corresponding current phase is then determined. Because the
results obtained by applying such methods are not always useful,
such methods are in general combined with the winding analysis
methods, so that the electromagnetic property of the obtained win-
ding topology can be evaluated in the second step.

Methods based on electromagnetic consideration

All the methods under this category have the same theoretical basis and
can be seen as different variants of one basic method. Because of the
originality(®) and popularity(®), the star of slots method introduced by
R. Richter [59] is considered as the basic method. The other methods
are seen as different deduced forms of the star of slots method. The
relationship of the deduced forms to the basic method will be outlined.

The original star of slots method The star of slots method
introduced by R. Richter [59] can be summarized as follows:

1. Set-up the star of slots. The star of slots is a set of EMF phasors
where the phase angle of the n-th phasor is:

—n, n=0.Ns—1 (4.29)

The star of slot is dependent on the working harmonic of the win-
ding topology. Figure 4.9a and 4.9b show the star of slots for the
fundamental and over-harmonic winding topology respectively.

(5)1t is the first published method under this category.

(6)It can be found in almost all of the books about electrical machine theory, e.g. [53,
49|
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(a) For the fundamental harmonic win- (b) For the over-harmonic winding to-
ding topology, pology,

Figure 4.9.: The working harmonic dependent star of slots for a winding
with 12 slots

2. Set-up the sector of the multi-phase current system. The sector
span A¢ is defined as:

Ap = K (4.30)
m
3. Merge the star of slots and the sector of the multi-phase current
system. It should be guaranteed that each EMF phasor belongs to
a definite sector uniquely. The examples of the fundamental and
over-harmonic winding topology are illustrated in figure 4.11.

4. Set-up the single layer winding topology. This is done by connecting
the positive and negative conductors of the same phase to coils. The
examples of the fundamental and over-harmonic winding topology
are illustrated in figure 4.12.

5. Obtain the double layer winding topology. This is done by dou-
bling the single layer winding and shifting the second layer for a
definite number of slots. The examples of the fundamental and
over-harmonic winding topology are illustrated in figure 4.13.
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Figure 4.10.: The sector of the 3-phase current system

(a) For the fundamental harmonic (b) For the over-harmonic winding to-
winding topology pology

Figure 4.11.: Merge the star of slots (figure 4.9) and the sector of the
3-phase current system (figure 4.10)
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2

4
The single layer winding topology

(a) For the fundamental harmonic winding
3
9
(b) For the over-harmonic winding

Figure 4.12.:
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(b) For the over-harmonic winding
Figure 4.13.: The double layer winding topology
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The method introduced by E.M. Tingley The method introdu-
ced by Tingley [73] is just to use another form to represent the star of
slots. Instead of the circular form, a tabular form with an angle of ]2\,”
between adjacent blocks is used, which is named as Tingley schema

Deduction of the Tingley schema from the star of slots diagram is given
in figure 4.14 for the over-harmonic winding topology as an example.

11 4 9 2 7

(a) The star of slots diagram (b) The reduced Tingley schema

Figure 4.14.: Deduction of the Tingley schema from the star of slots di-
agram

The method introduced by V. Bedjanic It is shown above that
to set-up the star of slots diagram, R. Richter counts the slot index from
0 to N — 1 and calculates the corresponding phasor position (equation
4.29). The method introduced by V. Bedjanic [6] does this in an inverse
way. This means that he counts the phasor index from 0 to N — 1 and
calculates the corresponding slot position. Mathematically, this can be
seen as to solve the following equation:

PR = TR g =0..N—1 (4.31)

where nj is seen as unknown. Mathematically, this is equivalent as: to
find out an integer g; for each k which satisfies:

p-ng=k+ Ns-gr, grinteger (4.32)
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The both methods to set-up the star of slots diagram are illustrated in
figure 4.15 for the over-harmonic winding topology.

Figure 4.15.: Set-up the star of slots diagram by using different methods.
Top: method introduced by R. Richter, bottom: method
introduced by V. Bedjanic

The method introduced by H. Sequenz The method introduced
by H. Sequenz is similar to the method introduced by V. Bedjanic. They
differ only in the sequence of the design procedure. Instead of counting
the phasor index from 0 to Ng — 1, calculating the corresponding slot
index and then considering the phase affiliation. H. Sequenz considers
first the positive phasors belonging to the first phase and calculates the
corresponding slot index, then the negative phasors belonging to the same
phase and the corresponding slot index. The same procedures are then
applied to the other phases.

Conclusion The idea behind methods of this type can be characteri-
zed as “from the bottom up approach”. This means the design procedure
starts from the simplest winding structure and subsequently constructs
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the more complex structure: from conductors to coils, from coils to single-
phase windings, from single-phase windings to multi-phase winding and
from single layer winding to double-layer winding. All this is based on
the knowledge of the phase affiliation of each conductor. To solve the
problem of phase affiliation of each conductor, the phase of the EMF
phasor of the working harmonic is used to assign the conductor to the
corresponding current phase.

The systematical design procedure combined with the physics based
consideration makes methods of this type easy to understand and easy
to use. Such methods are valid for the design of single and double-
layer winding, fundamental and over-harmonic winding. At the same
time, they are suitable to be used as a graphic tool and are easy to
be implemented by using high-level computer languages, e.g. C++ or
Python.

Nevertheless, there is a general drawback of this approach. Since the
winding topology is based on the simple basic topology, the simple basic
topology determines the main property of the winding topology. This
means that if some constraints are made for the simple basic topology,
then the variations of the resulting winding topology will be strong re-
stricted. Thus a great number of topology is out of consideration. This
is especially the case for the over-harmonic winding. This problem is
recently recognized, and it is essentially the reason for the research on
the winding topology modification methods.

Another approach to solve this problem is to introduce an inverse de-
sign procedure: “from the top down approach”. Such approach starts
with a complex winding topology - in an ideal case the optimal winding
topology (in respect of certain criteria) - and simplifies it step by step by
considering different constraints. The unified winding topology design
method proposed in this thesis is actually with this approach. There-
fore, it fixes the drawback without losing the generality. Furthermore,
such approach gives more physical insight about the investigated winding
topology.

Methods based on geometric consideration In the category of de-
terministic methods based on geometrical consideration, the methods can
be classified into two types, depending on whether the method is based
on a characteristic parameter named number of slots per pole per phase
g. It is to mention that such parameter can not be found in the previous
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methods because it is a pure geometrical parameter, characterizing the
geometrical property of the winding topology.

The Kauders’ systematics: a ¢ independent method: The
idea of W. Kauders [40, 41] is to introduce necessary and sufficient para-
meters to fully describe the geometrical structure of the winding, which
can be directly used to calculate the winding factor. The winding fac-
tor is then used as a quantity to characterize the quality of the winding
topology. Thus the method contains two major steps: find the winding
topology and then calculate the winding factor for the winding topology.

By describing the winding structure in a hierarchical and systemati-
cal way, as discussed in section 4.2.1.2, the winding structure can be
fully characterized by 11 parameters: Z;, Zs, K.y, p, Ng, b, f,z, N;,m (7,
which can be further categorized into four groups. The winding topology
is then described as follows:

e 1 is used for describing the topology of the coils which is the coil
pitch.

e band f are used for describing the topology of the coil groups where
b is the number of coils within one coil group, and f is the distance
of adjacent coils.

e y, Z1 and Z5 are used for describing the topology of the winding
zone where y is the distance between adjacent coil groups, Z; is the
number of coil groups within the positive winding zone and 75 is
the number of coil groups within the negative winding zone.

e N, p, N;, m and K are used for the describing the topology of
the multi-phase winding where Ny is the number of slots, p is the
number of pole pairs, N; is the number of winding layer, m is the
number of phases, and K is the number of coil groups.

By considering the geometrical constraints, following relationships be-
tween the parameters can be obtained:

(M1n the original paper of W. Kauders, only the 3-phase winding topology is conside-
red. Furthermore, the number of winding layers is considered separately. Thus the
number of design parameters is reduced to 9. As the method can be easily exten-
ded to multi-phase winding and an extra consideration of the number of winding
layers is not necessary, in this thesis 11 design parameters are considered.
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e Between b, K, N; and N, there is:

N
Nl7 = bK

This leads to the determination of the parameter K:

N, N,

K =
2b

(4.33)

e Between m, Z;, Z5 and K, there is:
m(Zl + ZQ) =K

This leads to the determination of the parameter Zs:

K
Ty =— — 7, (4.34)
m

which is based on the assumption that the number of coil groups
within each phase winding is the same.

By considering these geometrical and symmetrical constraints, the num-
ber of independent parameters is reduced to 5 (N, p, N; and m are con-
sidered as given). The value interval of each independent parameter can
be determined based on simple geometrical consideration:

e For coil pitch x, there is:
N

e For the number of coils b and the distance between adjacent coils
f, there are:

Nle
1<b< =

"N (4.36)
0 <f <int (f)

e For the number of coil groups of the positive winding zone Z; and
the distance between adjacent coil groups y, there are:

K
1<Z; < —
m
e (4.37)
0<y< E

Dieses Werk ist copyrightgeschutzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fir den persdénlichen Gebrauch. 65



4. A systematical classification of winding topology treatment methods

As the relationship between these independent parameters and the win-
ding factor is strongly nonlinear (subsection 4.2.1.2), the determination
of these parameters using direct approach is impossible. The only possi-
bility to solve this problem is to use an exhaustion algorithm to check all
the possible parameter combinations and find out the best solution for
defined criteria.

This makes such method useless before the introduction of the digital
computer since it is impossible for a human to solve even a simple pro-
blem. Recently, this method attracts more and more attention, since the
systematical and hierarchical consideration makes it easy to implement
with high-level computer languages and it can handle large varieties of
winding topology, e.g. single and double layer winding, fundamental and
over-harmonic winding, etc. In the thesis done by D. Hiilsmann [36] the
special case of over-harmonic winding with single tooth coil®) is treated.

As an example, the design results of a 3-phase double-layer winding
with 12 slots and the 5-th harmonic as working harmonic are given in the
figure 4.16. Totally, there are 630 different winding topologies available.
The winding factor of the working harmonic varies from 0.0173 to 0.9659.
It is observed that many designs are with the same winding factor. This
is due to the non-unique mapping of the characteristic parameters and
the winding topology, which is discussed in subsection 4.2.1.2. Such non-
unique mapping makes the method as a winding design method quite
inefficient.

The ¢ based Methods Such methods are in general used to treat
the special cases of double-layer winding topology where ¢ is considered
as a fractional number:

Ny z

_ _g1 4.38
o g+ (4.38)

q

where g, z and n are integers.

The basic idea of such methods is to divide the total N, coils into z
groups of g + 1 coils and n groups of g coils and to distribute the z coil
groups among the m-phases and 2p poles as symmetrical as possible. A
quite simple but loose algorithm is introduced by D. H. Braymer and
A. C. Roe [10] for the design of the multi-phase winding topology. A
similar approach for the design of the winding topology of one phase is

(8)For this special case is = 1 and the problem is strongly simplified.
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Figure 4.16.: Design results of a 3-phase double-layer winding with 12
slots and the 5-th harmonic as working harmonic by using
the Kauders’ method

introduced by G. Rebora [54]. Both approaches try to distribute the z
coil groups of the g + 1 coils symmetrically among the phases and the
poles. If this leads to unreasonable results (e.g. all the coil groups belong

to the same phase winding), then they try to do a fine tuning intuitively
(9)

The method introduced by D. H. Braymer and A. C. Roe is illustrated
in figure 4.17 for the case of the 3-phase double-layer winding with 12
slots and the 5-th harmonic as the working harmonic. Totally, there are
30 coil groups, with 12 coil groups of one coil and 18 coil groups without
any coil. The distribution of the coil groups among the poles and phases
is given on the left of figure 4.17 which leads to the winding topology
given in the right.

A quite complex algorithm is introduced by H. Trafl [63] for the deter-
mination of the distance between the g + 1 coil groups. It can be proved
that this is just a mathematical formulation of the statement introduced
by D.H. Braymer and A. C. Roe. An extensive analysis of the algorithm
shows that with the method introduced by H. Trafl, the distance bet-
ween two coil group xj is guaranteed to oscillate around the non-integer
number n/z so that zj, € {ceil (2),floor(2)}. This guarantees that the

resulting winding topology is as symmetrlcal as possible.

(9) An example is given in the textbook by H. Sequenz [63].
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21 22 23 24

Figure 4.17.: Illustration of the winding design method introduced by
D. H. Braymer and A. C. Roe

4.3.1.2. The stochastic approach

Since the winding topology design problem is a strongly non-linear and
discontinuous problem with the existence of multiple local minimums,
it is mathematically difficult to handle. Genetic multi-objective optimi-
zation algorithm (19 combined with winding topology analysis method
(i.e. Fourier analysis of the MMF function) is introduced to solve the
winding topology design problem. A typical design procedure is illustra-
ted in figure 4.18, where two different types of design parameters can be
considered, which are illustrated in figure 4.19.

Geometric property of coils as design parameters Such method
considers one phase winding as a series connection of coils where each coil
is described by using three design parameters (figure 4.19a): the norma-
lized coil pitch B, the normalized coil position . , and the normalized
number of turns N.,. The optimization criteria are the maximization of
the Winding factor of the working harmonic and the minimization of the
THD of the winding factor harmonic spectrum.

(10) An introduction of the principle of the genetic multi-objective optimization algo-
rithm is given in [47].
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Design Winding Factor
Parameter Harmonic Spectrum

Objevtive Functions

Stopping
Criteria

Pareto Front

Figure 4.18.: The design procedure by using stochastic approach

Three constraints are used to reduce the complexity of the problem:

e The number of slots Ny is an even number which is a multiple of
the number of phases m.

e The max. number of winding layers N; is limited to 2.

e The winding topology is symmetrical and balanced which means
each coil must have another coil diametrically opposite of the same
number of turns and all the phase windings are with the same
winding topology.

Such approach is applied by N. Bekka [8, 7] for the special case of single
tooth coil winding. A similar approach is also introduced by A.C. Smith
et al. [65] where all the coils are assumed to have the same number of
turns and the constraint of single tooth coil winding is removed ().

(1) Unfortunately, a detailed description of the design procedure is not given in the
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Figure 4.19.: The Design Parameters of the stochastic approach

MMF function as design parameters In this approach, the MMF
function of the multi-phase winding at a definite moment of time is con-
sidered as a series of rectangle-shaped function (figure 4.19b). Each rec-
tangle function is characterized through two design parameters: position

and amplitude, resulting in totally 2N, independent design parameters
[47].

A major drawback of such approach is that it is difficult to find the
corresponding winding topology for the optimized MMF function, which
is an inverse problem and is more difficult to solve. Furthermore, it will
be shown in the next chapter that the optimal MMF function for any
given number of slots and pole pairs can be calculated in a deterministic
way.

4.3.2. Winding topology modification methods
In general, such methods are applied to over-harmonic winding topology,

since the impacts of the sub-harmonic contents on the machine perfor-
mance are quite strong (chapter 2). The purpose of the modification is

mentioned paper.
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to reduce the winding factor of the sub-harmonics. Different methods are
introduced by various authors which can be classified into four groups.

4.3.2.1. The multi-layer approach

Winding topology of multi-layer is understood as each slot is with more
than two coil sides. The general modification procedure is quite simple
and can be summarized as follows, which is illustrated in figure 4.20:

1. Double the 2-layer winding.
2. Shift the new winding set to a particular number of slots.
3. Merge the two winding sets.

Such approach is introduced by L. Alberti [2], M. V. Cistelecan [18, 17]
and Q. Li [45] for modifying the over-harmonic winding topology with
single tooth coil.

4.3.2.2. The multi-slot approach

In the multi-slot approach, the modification is performed by increasing
the increase of the number of slots. The general modification procedure
is similar to the multi-layer approach and can be summarized as follows
which is illustrated in figure 4.21:

1. Double the slots and the double-layer winding.
2. Shift the new winding set to a particular number of slots.
3. Merge the two winding sets.

Since the number of slots is doubled, the coil pitch (measured as num-
ber of slots) is also doubled. Such approach was firstly introduced by
H. Kometani et al. [43] and further followed by G. Dajaku et al. [19]
and R. B. Reddy [56, 57]. An Extension of the special case of 3-phase
winding with 12 slots and 10 poles to a 6-phase winding is introduced by
N. Domann [24].

4.3.2.3. The multi-turn approach

In the multi-turn approach, the modification is performed by changing
the number of turns of the coils. In general, such approach is combined
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with the multi-layer approach and is served as a post-modification of
the obtained multi-layer winding. The purpose of the post-modification
is to reduce the number of layers and to improve the performance of
the winding topology further. The discussion about the modification
procedure on a particular winding topology can be found in [18, 17, 19,
42]. The general modification procedure can be summarized as follows
which is illustrated in figure 4.22:

1. For the coils of one phase winding, draw the star of coils for the
considered sub-harmonic (not the working harmonic!)

2. From the star of coils, choose the coils for the modification,
3. Add the phasors of the coils and calculate the winding factor,

4. Change the number of turns of the particular coil and see how the
winding factor changes.

The difficulty of this approach lies on point 2, which is problem de-
pendent and depends on the person who considers the problem. For the
example given in figure 4.22, the fundamental harmonic is fully canceled

if a = /30.

4.3.2.4. The multi-conductor approach

In the multi-conductor approach, the modification is performed by using
coils with a different number of conductors per coil side. It is possible to
wound a coil in such a way that the one coil side has one more conductor
as the other coil side as illustrated in figure 4.23. For this case, the two
connections of the coil are on the both sides of the stator.

By using such technique, the conductor ratio of the both coil sides can
be varied from 0.5 (for case a = 1,b = 2) to near 1 (for case a = 100,b =
101). Such approach is firstly introduced by G. Dajaku et al. [20] and
further applied by C. Veeh in his doctoral thesis [78].

The general modification procedure is similar as that given in the pre-
vious approach. Instead of using the star of coils, the star of slots is
used. The number of conductors per coil side is considered as modifi-
cation variables, instead of the number of turns per coil. Due to the
constraint b = a + 1, the number of modification variables remains the
same. Such approach also faces the same difficulty as mentioned in the
previous approach.
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A major drawback of this approach is that the solution leads to a defi-
nite number of conductors, which makes the winding topology depending
on the total number of conductors. In contrast, the solution of the pre-
vious approaches gives a definite ratio between the number of turns of
the coils. This means that when this ratio is kept, the total number of
turns of the winding topology be flexibly changed, without changing the
winding performance. The advantage of such approach is that the re-
sulting winding topology is a double-layer winding which is quite simple
to manufacture.

4.3.2.5. The multi-coil approach

In the multi-coil approach, coils are modified so that they are with a
different number of turns and coil pitch. This approach is first introduced
by H. Schack-Nielsen [61] in the year 1940 for the modification of the
fundamental harmonic winding. Although different examples are given
in the paper, a unified and systematical modification procedure is not
given.

A method based on an entirely different point of view also leads to such
winding topology, which is proposed in [11] by the author for the over-
harmonic winding. According to the author’s knowledge, it is the first
time to introduce such topology for the over-harmonic winding (figure
4.24). The major advantage of such topology is that the winding factor
harmonic spectrum is very good and the structure of winding is quite
simple.

Unlike the winding modification methods, the method introduced by
the author calculates the coil pitch as well as the number of turns by
solving an over-determined system of linear equations. The mathema-
tical basis, as well as the design procedures, are introduced in the next
chapters. A detailed discussion of the example given in figure 4.24 can
be found in chapter 6.
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Figure 4.24.: The multi-coil approach
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5. A unified method for the treatment of the
winding topology

5.1. Assumptions

The winding topology considered is with Ny slots, fed with a m-phase
current system and should a traveling wave with a space harmonics order
of .

The objective is to find out how to construct the multi-phase winding
with coils so that it gives the optimal winding factor harmonic spectrum
under the considered design constraints. Since for a pure topological
consideration, whether the coils are the parallel or serial connected is
irrelevant. In this thesis, all the coils are assumed to be connected in
series.

Under this preamble, the discussion in the next sections is based on
the following assumptions:

e It is to assume that the greatest common divisor of Ny and ~ is 1:

ged(Ng,v) =1 (5.1)

This ensures that the winding topology discussed is elementary and
it cannot be constructed from other elementary winding topologies.

e Fach phase current is a sinusoidal function in time with the same
amplitude ¢ and frequency w but different current phase ¢y:

i (t) =1 - cos(wt + o) (5.2)

e The slots are uniformly distributed along the stator circumference.
Without losing the topological property of the winding, the circum-
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5. A unified method for the treatment of the winding topology

ference of the stator is chosen as 1. This leads to that the position
of the n-th slot is (V:

Tp = — "N (5.3)

e Within each slot, there are conductors of different number and win-
ding direction, fed with currents of different phases. The total MMF
of the n-th slot is then:

m—1 m—1
On(t) =) O, Crke * (5.4)
k=0 k=0

where ¢, can be chosen from negative integer, zero or positive
integer:
cni € {£g,0}, g: integer (5.5)

The sign of ¢, gives the information about the winding direction
of the conductors while the absolute value gives the information
about the number of conductors.

e The MMF distribution of each slot is regarded as a spatial Dirac
impulse which is distributed in the middle of the slot. The MMF
distribution along the stator circumference is a superposition of
each MMF, which is named as MMF space distribution, current
sheet (in German “Strombelag”) or MMF space function in this
thesis:

Oz, t) = Y On(t) d(z — ) (5.6)

5.2. The theoretical and mathematical Basis

5.2.1. Derivation of the analytical formula for the calculation
of winding factor of arbitrary space harmonic order

The Fourier analysis of the MMF spatial distribution provides the the-
oretical basis of the method. The MMF spatial distribution ©(z,t) can
be seen as a superposition of the complex Fourier series:

(1) This means that winding topologies with unequal slot pitch are not considered.
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5.2. The theoretical and mathematical Basis

+o00
Oz,t)= Y  C,(t)e/”*™ (5.7)

V=—00
where v is the space harmonic order.

The Fourier coefficient C,, can be calculated as:

C,(t) :/0 O(x,t)e 7Y™ dg (5.8)

According to the assumptions in the previous section (equation 5.2,
5.4, 5.6), ©(x,t) can be formulated as:

Oxt)= Y Y Re {émkeﬂ‘(wt%w} 5(x — 2) (5.9)

where ©,, 1 = ¢, 1 - i

On substituting 5.9 into 5.8, an equation to calculate the coefficient
C,(t) is obtained:

Ns—1m—1

Cy,(t) = Z Z Re {énykej(”twk)} e V2T Tn (5.10)

n=0 k=0

where the property of the Dirac impulse function 6(z — x,,) is used:

flxy) = /0 f(x)-d(x — x,)dx (5.11)

where T is the period of the function f(z).

On substituting 5.10 into 5.7, the MMF space distribution can be ex-
pressed as:

+o00 Ng—1m-—1

O(z,t) = Z Z Z Re {@n,kej(“tw’“)} eIV (@=an) (5.12)

v=—o0 n=0 k=0

By using:

Re {én keﬂw”‘)k)} - (én G- ke_j(“’t+9’“)) (5.13)

1
2
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5. A unified method for the treatment of the winding topology

Equation 5.12 changes to:

+o0co0 Ng—1m-—1

Z Z Z@ & [ej wttv2rz) | j(Pk—v2man)

v=—00 n=0 i=1 (514)
_I_e—j(wt—l/ZTHL') . e—j(¢k—|—u2ﬂ'xn)

where the time and space dependent terms are combined into the terms
el (Witt+r2mz) o1 eI (Wi=r272) which are a one dimensional wave functions.

Because addition is associative, equation 5.14 can be rewritten as:

+o00 Ng—1m-—1

Z Z Z @n f ej(wt+u27rac) . ej(¢k—u27ra:n)]

I/_—OOTLOk,‘O

+o0o Ng—1m—1

+ Z Z Z ®n . -e—j(wt—u27ra:) . e—j(¢k+y27rmn)}

V——oonOk:O

(5.15)

Moreover, addition is commutative, the second term of equation 5.15
can be rewritten as:

+oco0 Ng—1m-—1

Z Z Z @n . -e—j(wt—VZTra:) . e—j(qbk—l—VQﬂ':cn)-

y_—oonOkO

+o0o Ng—1m-—1

Z Z Z @n k -e_j(wt—i—yQWx) -e_j(¢k—l/27r:cn)_

V——oonOk:O

(5.16)

On substituting equation 5.16 into 5.15, the following formula for the
description of the MMF space distribution of the winding is obtained:

s—1m—1
Z Re{ Z Z @ |: Jj(wt+v2mx) ej(¢ku27rxn)}} (517)

V=—00 n=0 k=0

which is the real part of a complex wave function.

To characterize the complex MMF wave , a complex phasor of arbitrary
space harmonic order v is introduced as:

Ns—1m—1

0, =Y ) O, ell?rrimn) (5.18)

n=0 k=0
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5.2. The theoretical and mathematical Basis

By considering assumption 3 of the previous section, equation 5.18
becomes:

i mz O, e’ PV R (5.19)

n=0 k=0

which indicates that the phasors of two complex MMF waves are identical,

if the interval of the space harmonic orders is a multiple of the slot number
Ng:

O, =9, N4, Fk:integer (5.20)

Such effect is caused by the discrete distribution of the MMF function,
and is referred as slot harmonic in the classical textbook [63]. This means,
the MMF space harmonic spectrum is a periodical function with a period
equal to the total number of slots Ns. Under this statement, it’s necessary
and sufficient to consider the MMF space harmonic spectrum within one
period, which is chosen as follows in this thesis(?):

O Ns Ny: even number
Ve [V())VNS—l]) V07VN5—1 — ]\? +12 N.—1
— oS, 5 Ng: odd number
(5.21)

Since the topological properties of a multi-phase winding are indepen-
dent on the total number of conductors of the winding > > |c,, x| and
the amplitude of the phase current ¢. Two windings are topologically
considered as the same, if:

Cnk =K+ Cn k, k: integer

s

A (5.22)
" =7r-1, 7r:real number

although the complex phasors ©/, # ©,.

Therefore, for a pure topological consideration, a phase current am-
plitude 7 and total number of conductors ) > |¢, x| independent factor
should be introduced, which can be obtained by dividing the complex

(2)Since for one dimensional consideration, the amplitude of the corresponding magne-
tic flux density wave is proportional to the reciprocal value of the harmonic order
( 1/|v|) of the MMF wave, the smaller the harmonic order, the larger the mag-
netic flux density amplitude, meaning the greater the magnetic energy. Therefore
dominate the MMF waves of small harmonic orders the machine performance.
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5. A unified method for the treatment of the winding topology

MMF phasor ©, through 7 - 3> 3" |ca.k|, leading to the definition of the
winding factor %

0,
£, = -
SNt )
1 Ns—1m—1
_ i(pr—v 25 n)
= > cnpe! TR 5.23
ST T ] A (5.23)

Ns—1 /m—1 1
- Z <Z an;'ejd)k) e IV
n=0 \ k=0 Zn 0 Z ‘ Cnk|

The magnitude of f is always equal or less than 1, since !ejﬂ < 1.
Similar to the MMF harmonic spectrum, the vvmdmg factor harmonic
spectrum has also a period of Nj.

5.2.2. Calculation of the winding factor space harmonic
spectrum using matrix notation

A compact and elegant way to calculate the winding factors for one period
of the space harmonic order is to formulate equation 5.23 by using the
matrix notation, which is shown as follows:

e The symmetrical m-phase current system is considered as a m x 1
vector ¢:
¢ — |:ej¢0 ej¢)1 N ej¢m—1

s (5.24)
e The conductor distribution of the multi-phase winding is mathe-
matically formulated as a matrix of Ny rows and m columns, where
the first index of the element ¢,, ; identifies the slot position of the
conductor and the second index identifies the phase affiliation. In
this Thesis, such matrix is named as conductor distribution matrix

C: ) )
€0,0 Co,1 Co,m—1
C1,0 C1,1 Cl,m—1
C = . . . . (5.25)
| CN.—1,0 CN,—1,1 " CN.—1,m—1|

e The total MMF distribution is then the product of the conductor
distribution matrix C and the m-phase current system ¢:

©=C-¢ (5.26)
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5.2. The theoretical and mathematical Basis

which is a N, x 1 vector.

e The transformation from the MMF distribution to the MMF space
harmonic spectrum within the period v € [vy, vn,—1] is considered
as a square matrix M, with complex elements:

B . s 2w - 27
e Jvo N—O e—JVO o1 e—JVoN—S(Ns—l)
™ 27 - 27
e—]VlN—O e—JVl 1 . e—]VlN—S(Ns—l)
M, =
e—jVNs—1]2\,—7;0 e_jVNS—1]2\7_7; o e—jVNS—1]2V—T;(Ns—1)
(5.27)
so that:

¢ As mentioned before, in order to purely characterize the topology
properties, the number of conductors per slot ¢, , should be nor-
malized by the total number of conductors ) > |c, |- This leads
to the definition of the normalized conductor distribution matrix
C, which is:

_ 1
C= .C (5.29)

Ynlo’ Theo lenkl

Since the winding topology is fully characterized by the normalized
conductor distribution matrix, such matrix is also named as winding
topology matrix in this thesis.

e A normalized MMF distribution is then defined as:

©=C-¢ (5.30)

e The winding factor space harmonic spectrum is then:

E =M,-0=M,6-C-¢ (5.31)

p— 4 I — - _—

5.2.3. The unique mapping of the winding factor harmonic
spectrum and the normalized MMF distribution

It can be shown that, the square transformation matrix M, is always
invertible with:
M,'=H-M,; (5.32)
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5. A unified method for the treatment of the winding topology

where the element of the N, x N, matrix H is ®:

an::

)

{o, n+k+£N, —2 (5.33

N%’ n+k=Ng—2

It means that for each winding factor harmonic spectrum §V, there is

always a corresponding normalized MMF distribution ©, which is:

O=-H-M, ¢

—V

(5.34)

Therefore, it is not necessary to use a stochastic algorithm (e.g. Generic
Algorithm) to find out the corresponding normalized MMF distribution
for a desired winding factor harmonic spectrum, as done in [47].

5.2.4. The graphical presentation of the matrix notation

In general, the winding topology treatment method is known that it is
quite abstract, dealing with numbers. Therefore, it is very important
to introduce a graphical representation of the method, so that it can be
better understood and widely spread. Moreover, such graphical repre-
sentation can also be used as a graphical design tool.

Based on this consideration, a great effort has been done during this
thesis for the illustration of the proposed method. The graphical re-
presentation is based on the illustrations of the matrices introduced in
the previous section: §V,§, C, @. They which will be discussed in the
following sections.

Mustrations of the fundamental and over-harmonic winding topology
of 3 phases and 12 slots (figure 4.2) are used as examples.

5.2.4.1. The winding factor harmonic spectrum

Since the winding factor space harmonic is periodic, a new representation
form is introduced in this thesis, which illustrates the winding factor har-
monic spectrum not in the classical Cartesian coordinate system (figure
5.1a) but the polar coordinate system with Ny increments (figure 5.1b).

(3)The number 2 appears, since the index in this thesis starts from 0 (not 1). This is
compatible with the implementation of the method using python language.
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5.2. The theoretical and mathematical Basis

The winding factor of each harmonic order in 5.1b is illustrated as a
complex phasor with the length representing the winding factor and the
phase representing the harmonic order. The harmonic order starts with
zero, along with the clockwise direction, the harmonic order decreases
by one after each increment and along the anticlockwise direction, the
harmonic order increases by one after each increment.

This novel representation form has the advantage that the periodicity
of the winding factor harmonic spectrum is automatically included by
the property of the polar coordinate system. When compared with the
classical representation form, such illustration is more compact and clear
without redundant information.

5.2.4.2. The normalized MMF distribution

Since each element of the normalized MMF distribution is a complex
number, which can also be interpreted as a phasor. It is more suitable
to illustrate it in the polar coordinate system. Beside the amplitude
and phase, the position of each MMF phasor needs to be underlined.
To emphasize that, each MMF phasor is assigned with a real number
indicating its position.

The normalized MMF distribution of the investigated fundamental and
over-harmonic winding topology given in figure 4.2 are illustrated in figure
5.2. Different lengths of the normalized MMF phasors are observed. This
leads to the appearance of the sub- and over-harmonic contents in the
winding factor harmonic spectrum given in figure 5.1.
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(a) The classical presentation form, up: (b) The novel presentation form, up:
working harmonic v = 1, bottom: working harmonic v = 1, bottom:
working harmonic v = -5 working harmonic v = —5

Figure 5.1.: A novel representation form of the winding factor harmonic
spectrum with the periodicity of the winding factor harmonic
spectrum automatically included by the periodicity of the
polar coordinate system
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5.2. The theoretical and mathematical Basis

(a) The normalized MMF distribution (b) The normalized MMF distribution
of the fundamental harmonic win- of the over-harmonic winding with
ding with v =1 y=-=5

Figure 5.2.: Illustration of the normalized MMF distribution with 12
slots. Each MMF phasor has an index, indicating its slot
position.

5.2.4.3. The symmetrical multi-phase current system

As mentioned in the previous section, the symmetrical multi-phase cur-
rent system is considered as a vector with m elements of complex number
¢. Tt can be illustrated as m phasors with different angle ¢, and a unity
amplitude in the polar coordinate system.

Two examples are given in figure 5.3a and 5.3b for m = 3 and m = 6.
The 6-phase current system is combined from two 3-phase current system
shifted by an angle of 30 degree. It seems that the symmetrical property
of the 6-phase current system is not better than that of the 3-phase
current system, because for both cases, a rotational symmetry of order 3
(4) is observed. It is not the case if the winding direction is considered.
This is discussed in the next subsection.

(4)Rotational symmetry of order n, also called n-fold rotational symmetry, or discrete
rotational symmetry of the n-th order, with respect to a particular point (in 2D)
or axis (in 3D) means that rotation by an angle of 3600/n does not change the
object [84].
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5. A unified method for the treatment of the winding topology

5.2.4.4. The winding direction

MMF of conductors with negative winding direction can be interpreted
in two different ways:

@n,kz - (_1 ) ‘Cn,k

. (—1 -@k) (5.35)

) : Qk} - |Cn,k

It will be shown later that for a better illustration of the conductor
distribution matrix C as well as the winding topology C, it is better to
use the second way to represent the winding direction. This means to
extend the symmetrical m-phase current system to m more phasors with
@k_lrm = —Qk. This results in 2m around 27 symmetrically distributed
phasors with phase of adjacent phasors 7 +— m, independent on if the
number of phases m is an odd or even number (figure 5.3c and 5.3d).

By using the symmetrical multi-phase current system with winding
direction considered, an elegant and beautiful presentation form for the
winding topology C can be achieved. This is discussed in the next sub-
section.
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5.2. The theoretical and mathematical Basis

(a) The 3-phase symmetrical current (b) The 6-phase symmetrical current
system system

F

F

(c) The 3-phase symmetrical current (d) The 6-phase symmetrical current
system with winding direction con- system with winding direction con-
sidered sidered

Figure 5.3.: Illustration of the symmetrical multi-phase current system
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5. A unified method for the treatment of the winding topology

5.2.4.5. The normalized conductor distribution matrix:
topology of the multi-phase winding

Mathematically, the winding topology C transform the symmetrical multi-
phase current system ¢ into the normalized MMF distributed ©. As each
element of ® and @ can be illustrated by a phasor, the winding topo-

logy C gives the information how each phasor ©,, is constructed by the
phasors within ¢.

This is illustrated in figure 5.4a for the investigated fundamental and
over-harmonic winding topology. The normalized conductor distribution
matrix of the both winding topologies are given as following:

41 0 0 0 -1 -2 -1 0 0 0 +1 421"
C,=|0 0 41 42 41 0 0 0 -1 -2 —1 0

-1 -2 -1 0 0 0 41 42 41 0 0 0|

— - T

1 0 0 0 -1 42 -1 0 0 0 +1 -2
Cs=|0 0 +1 -2 +1 0 0 0 -1 42 —1 0
-1 42 -1 0 0 0 41 -2 41 0 0 0

The red phasors in 5.4a are the normalized MMF distribution given in
figure 5.2. The phase of each blue phasor is defined by the symmetrical
multi-phase current system with winding direction considered given in
5.3. The length of each blue phasor gives the information that how many
conductors belong to the particular phase in the particular slot position.
The slot position is indicated by each red phasor.

A more familiar way to show the normalized conductor distribution
matrix is given in figure 5.4b. The colors indicate the phase affiliation of
the conductors, the symbols of ©® and ® indicate the winding direction
of the conductors, the numbers near the conductors indicate the number
of conductors, and the numbers outside the stator contour indicate the
slot position.
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(b) As conductors in stator slots

Figure 5.4.: Illustration of the normalized conductor distribution matrix
of the fundamental and the over-harmonic winding with 12
slots and 3 phases
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5.3. A unified method for winding topology analysis

5.3.1. The analysis procedures

The purpose of this section is to introduce a unified method for win-
ding topology analysis. The method is deduced from the mathematical
consideration of the previous section. Such method is valid for winding
topologies with an arbitrary number of phases and an arbitrary number
of conductors in each slot.

As it is mentioned before, the winding topology analysis is a direct
problem. This is because, from the winding scheme, the winding fac-
tor space harmonic spectrum transformation matrix M,,, the normalized
conductor distribution matrix C and the phase current vector ¢ can be
obtained. By directly using equation 5.31 the winding factor harmonic
spectrum can be obtained.

The analysis procedures are given as follows:
. Obtain the symmetrical multi-phase current system .
. Obtain the conductor distribution matrix C from the winding schema.
. Calculate the winding topology C by using equation 5.29.

1
2
3
4. Calculate the normalized MMTF distribution © using equation 5.30.
5. Write down the transformation matrix M,, using 5.27.

6

. Calculate the winding factor harmonic spectrum §V within the pe-
riod v € [y, vn—_1] using equation 5.31, where the period is calcu-
lated using equation 5.21.

7. Calculate the winding factor of arbitrary harmonic order &, :

&, =&k, k=mod(v— vy, Ns)+ 1g

5.3.2. Implementation of the method in Python

The matrix notation enables a very simple implementation of the method
by high-level languages (e.g. C, MATLAB, Python, etc.). As an example,
the python source code for the winding topology analysis above is given
in A.1 with only 13 lines (except comments). Applying the method to the
investigated winding topologies given in figure 4.2 gives the same results
shown in figure 5.1.
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5.4. A unified method for winding topology design

In this section, a unified winding topology design method is introduced
which is a deterministic approach and is valid for an arbitrary number of
slots and phases. Using the proposed method, winding topologies of dif-
ferent complexity levels can be obtained which are the optimal solutions
under the considered design constraints.

Since the winding topology design is an inverse problem, the design
procedures are more complicated than the analysis procedure introduced
in the previous section. However, the mathematical basis remains the
same.

By considering equation 5.31, the winding topology design problem is
formulated to find the normalized conductor distribution matrix C where
the winding factor harmonic spectrum £ , the transformation matrix
M, and the multi-phase current system ¢ are given. Unfortunately, the
solution can not be obtained by solving equation 5.31, since the unknown
is a matrix (not a vector), and there are more unknowns ( Ng xm) than the
number of equations N,. To overcome this problem, a systematic design
procedure is needed, which is introduced step by step in this section.

In this section, the theoretical consideration under each design step is
discussed and highlighted. The application of the method for design of
fundamental and over-harmonic winding topology of different complexity
levels is given in the next chapter in detail.

5.4.1. The ideal winding factor harmonic spectrum

The design purpose is explained in short before discussing the design
procedures.

From the examples given in chapter 2, it is clear that the MMF har-
monics not equal to the working harmonic increase saturation of the
magnetic material, lead to additional electromagnetic losses and cause
vibration of the machine. Therefore, the purpose of each winding topo-
logy design is to reach the optimal winding factor harmonic spectrum,
which can be formulated as:

£, = {1’ YT ) e [—oo, 4o (5.36)
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5. A unified method for the treatment of the winding topology

From the discussion in section 5.2, due to the appearance of the slot
harmonics, this goal can not be reached, since it requires an infinite
number of slots Ny — o0o. However, for a given finite number of slots
Ny, within one harmonic spectrum period of N, harmonic orders, it is
possible to reach this goal. Thus a realistic goal of the winding topology
design can be mathematically formulated as follows:

1 v=r
=7 ., UV E vy, vn.— 5.37
£, {07 y ok 0, VN, —1] (5.37)

As an example, the winding factor harmonic spectrum of the investiga-
ted 3-phase double layer over-harmonic winding of 12-slots (figure 4.2b) is
given in figure 5.5a and the corresponding ideal winding factor harmonic
spectrum is given in figure 5.5b.

(a) Real winding factor harmonic (b) Ideal winding factor harmonic
spectrum spectrum

Figure 5.5.: The real and ideal winding factor harmonic spectrum with

¥ ==5

5.4.2. The ideal normalized MMPF distribution

From equation 5.34, if the ideal winding factor harmonic spectrum is

defined, the corresponding ideal normalized MMF distribution can be
calculated as:
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@ =H M ¢ (5.38)
where it can be shown that the normalized MMF in the n-th slot is:

_ 1 . on

e (5.39)

A comparison of the normalized MMF distributions of the real and
ideal winding factor harmonic spectrum given in figure 5.5 is given in
figure 5.6.

(a) Real normalized MMF distribution (b) Ideal normalized MMF distribution

Figure 5.6.: The real and ideal normalized MMF distribution with wor-
king harmonic v = —5

5.4.3. The symmetrical multi-phase current system
The complexity of the winding topology strongly depends on the rela-

tionship between the available number of phases m and the number of
slots Ng, which falls into following three categories.

5.4.3.1. Number of phases equal number of slots

If a Ny-phase current system is available, the ideal normalized MMF' can
be realized with a N-phase single layer winding with each slot of Ni
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5. A unified method for the treatment of the winding topology

normalized conductors, fed with current of phase ¢, = 7]2\,—7“71 (5). This
winding topology is named ideal Ng-phase single layer winding in this
thesis, since it can generate an ideal winding factor harmonic spectrum.

By considering the following relationship:

®-C.¢

The winding topology (e} changes to a squares Ny X N matrix with the
element of:

I n = mod(k~y, N;)
Chk — °
’ 0 else

which is always positive.

This means all the conductors have the same winding direction. Win-
ding topologies with all conductors in one direction can be realized with
coils of tubular form, which can be found in machines of tubular form
[80] or rotational/linear machines with Gramme-Winding [14]. Another
possibility is to use massive conductors with one side connecting to the
current source and the other side connecting to a short circuit ring [21].

5.4.3.2. Number of phases equal half number of slots

This type of winding topology is possible only if N, is an even number.
When compared to the previous case, in order to obtain the ideal winding
factor harmonic spectrum, the number of phases m can be reduced to half,
if the conductors are wound in both directions:

-|—]\1,S if: n = mod(kvy, N,) < &=
k=9 —~  if: n=mod(ky, Ny) > I
0 else

5.4.3.3. The other cases

From the previous discussions, it is clear that it makes no sense to have
the number of phases more than the number of slots: m > N (for N is
odd) or half the number of slots m > % (for N is even). As the cases of

(5)Since ged(y, Ns) = 1, ¢pn # ¢, for: n# k
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5.4. A unified method for winding topology design

equal the number of slots or half the number of slots are discussed above,
the further discussion is constrained to the cases:

N
2 9

{NS, N, is odd
m <

Ny is even

The phases of the current system are chosen so that, together with their
counterparts of negative winding direction, the angle between adjacent
phases is:

A¢p = (5.40)

(s
m

as illustrated in figure 5.3

5.4.4. Topology of the normalized conductor distribution
matrix: types of winding topology

If the normalized MMF distribution, as well as the symmetrical multi-
phase current system, are known, it is quite easy to obtain the normalized
conductor distribution matrix through solving a system of linear equati-
ons. However, a deepening analysis shows that there is also a topology
difference between the conductor distribution matrices. This topology
difference will be discussed here in detail. In this thesis, the topology of
the normalized conductor distribution matrix is named “type of winding
topology”.

The type of winding topology depends on the angle offset between the
normalized MMF distribution and the symmetrical multi-phase current
system, which is defined as Aa.

It should be noted that the two winding topologies given in figure
5.4 for different working harmonics belong to the same type of winding
topology since the topologies of the two conductor distribution matrices
(the blue phasors) are the same. By ignoring the position index of the
normalized MMF distribution, these two winding topologies given in 5.4a
are equal to the winding topology given in figure 5.7a with Aa = 0, .
This type of winding topology is named “winding topology of type I” in
this thesis.

A different type of winding topology for the same number of slots and
phases is given in 5.7b with A« #£ 0. It is considered as “winding topology
of type IT”. When compared to the winding topology of type I, in each
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5. A unified method for the treatment of the winding topology

slot of the winding topology of type II, there are always conductors of 2
different phases.

From figure 5.7, it is clear that when A« continuously changes from
0 to 27, the type of the winding topology changes periodically between
type I and type II, due to the symmetrical property of the normalized
MMF distribution and the multi-phase current system.

To obtain the both types of winding topology, A« is chosen as follows
during the design process:

= for: T I
Aa{ 0 for: Type (5.41)

# 0 for: Type II

For winding type of II, A« is chosen so that the obtained winding topo-
logy has the best symmetrical property. For the example given in 5.7,
A« is chosen to be ]z}s, so that the resulting winding topology has the
best symmetrical property.
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5.4. A unified method for winding topology design

(a) Winding topology of type I with (b) Winding topology of type II with
Aa=0 Ao = &

Ny

Figure 5.7.: Types of winding topology for winding of 12 slots and 3 pha-
ses
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5.4.5. Determination of the normalized conductor distribution
matrix: the primitive double-layer multi-phase winding

To determine the normalized conductor distribution matrix, equation
5.26 is used. Each element of the matrix is calculated from:

m—1

0,=)> k-0, (5.42)

k=0

where O, is considered as known (calculated from equation 5.39) and
Cn,i; 1s considered as unknown.

Under this consideration, the equation above is formulated in matrix
form:

¢-C, = o, (5.43)

which is a system of one complex linear equation with m real unkno-
wns. Thus the system is under-determined. To obtain a unique solution,
additional constraints should be applied.

From figure 5.7, it is clear that to uniquely represent each MMF phasor,
it is necessary and sufficient to use two current phasors. If the two current
phasors are chosen in a way that the projection of the considered MMF
phasor on them is the largest among the all possible projections, the
algebraic length of the two current phasors will be the smallest. This
gives an indication that less conductors will be used and the winding
factor will become larger. Mathematically, this can be formulated as:

ko, k1 = argmax (proj (Eme) ,2) (5.44)

where the function proj(b,a) gives the projection of the phasor b on
each phasor g, and argmax (a, n) returns the indices of the first n largest
values of the vector a.

Under this consideration, equation 5.43 is reduced to:
En,k .
[ D ?,ﬁ] : {En;{j -0 (5.45)

with one complex linear equation with two real unknowns. This can be
uniquely solved by separating the complex linear equation into two real
linear equations for the real and imaginary parts:

Fn,kol _ | Reg, Reg, .[Regn] (5.46)
Cn,kl

Im?kO Im@k1 ImoO,,
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5.4. A unified method for winding topology design

(a) The MMF phasor lies on phase A, (b) The MMF phasor lies between
corresponding to winding topology phase A and C, corresponding to
given in 5.7a winding topology given in 5.7b

Figure 5.8.: Illustration of the projection of one MMF phasor (the ideal
MMF phasor in the first slot, assigned with index 0) on the
symmetrical multi-phase current system

A major advantage of such approach is that it is valid for any confi-
guration between @n,?ko,and ?kl. This is illustrated in figure 5.8 for
two typical configurations, where the corresponding system of equations
is derived as follows:

L L o ]
. . Co0| eJ0 ~jo° Coo] |1

Fgure 5.8a: Co2| /127 “ = Co2] |0 5.47

Figure 5.8b: -EO’O- = ol - L0 _50,0_ - [ 0.8165 (5:47)
SRR ea] T e Goa| | -0.2989

By applying the same procedures for all the MMF phasor, the nor-
malized conductor distribution matrix C is obtained. In this thesis, the
winding topology corresponded to the normalized conductor distribution
matrix is termed as “primitive double-layer multi-phase winding”.
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5. A unified method for the treatment of the winding topology

5.4.6. Exploitation of the symmetrical properties of the
primitive multi-phase winding

From the normalized conductor distribution matrix C which is shown
in figure 5.9, it is clear that there are some types of symmetry in the
normalized conductor distribution matrix C.

From the topological point of view, the winding topology is a two-
dimensional geometry with the center fixed in origin. Thus two types
of symmetry are considerable for the normalized conductor distribution
matrix C: the rotational symmetry and the mirror symmetry.

From figure 5.9, it is clear that there is rotational symmetry between
the phase windings and there is mirror symmetry within each phase win-
ding. These two types of symmetry will be discussed in the next two
subsections in detail.

(a) Normalized Conductor Distribution (b) Normalized Conductor Distribution
matrix C of type I matrix C of type II

Figure 5.9.: lllustration of the normalized conductor distribution matrix
C to underline its symmetrical properties
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5.4. A unified method for winding topology design

5.4.6.1. Rotational symmetry: the symmetry between the
primitive phase windings

For a better explanation of the rotational symmetry, instead of formu-
lating the normalized MMF distribution in matrix multiplication form
(equation 5.30), the normalized MMF distribution is formulated in vec-
tor addition form as follows:

—_

m—

0=> ¢ (5.48)

k=0

@

where ¢ is the Ny x 1 column vector of the normalized conductor dis-
tribution matrix, which is termed as “normalized conductor distribution
vector” in this thesis.

This vector formulation can be physically interpreted as to consider the
total MMF distribution as a superposition of MMF distributions of parti-
cular phases. In contrast, the matrix formulation (equation 5.30) can be
interpreted as to consider the total MMF distribution as a superposition
of MMF distributions of particular slots.

The idea of rotational symmetry exploitation is to find out a set of
vectors:

Uz = {50,51,--- 7ENu} (549)

so that:
k=0---m-—1

e & U (5.50)

Cp = Sk Cy,
where S® is a N, x N, transformation matrix with the element is defined
as:

(5.51)

st _ {1 , k =mod(n + g, Ny)

0 ,else

where g is an integer within the interval 1 < g < N;.

For the normalized conductor distribution matrix with rotational sym-
metry, the number of normalized conductor distribution vector is then
reduced. In most cases where the topology of all phase windings are the
same, there is only one element within the set Ug. Physically, the set Ug
gives the information about how many unique primitive phase winding
topologies under consideration of rotational symmetry are available for
the primitive multi-phase winding.
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From figure 5.9, it is to observe that by considering the rotational
symmetry, the topology of each phase winding is the same. Therefore,
for both cases, there is only one unique normalized conductor distribution
vector.

For winding topologies with rotational symmetry, equation 5.48 is then
reduced to:

Nu
0=> ¢ S, e (5.52)
h=0

The rotational symmetry simplifies the further analysis of the topology
within the unique normalized conductor distribution vectors since the to-
pology of the total multi-phase winding is just a symmetrical construction
of them.

Without losing the generality, it is necessary to consider only one of
the unique normalized conductor distribution vectors for the further dis-
cussion, since the analysis process is the same for the other vectors. To
make the mathematical notation of the further discussion clear, notation
¢ is assigned to the considered unique normalized conductor distribution
vector.

The unique normalized conductor distribution vector is also termed as
“primitive phase winding” in this thesis.

5.4.6.2. Mirror symmetry: the symmetry within the primitive
phase winding

If there exists an integer g of 0 < g < Ng, so that the unique normalized

conductor distribution vector € is invariant to the following transforma-
tion:
et =sM.gt (5.53)
where SM is a N, x N, matrix with:
1 ,n=mod(g — k, N,
=g b on=modly *) (5.54)
’ 0, , else

Then there is mirror symmetry within the primitive phase winding to-
pology, where ¢ indicates the position of the symmetrical axis. Analysis
of this number shows that an even number of g means that the symme-
trical axis lies in the middle of a slot; an odd number of g means that
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the symmetrical axis lies in the middle of a tooth. This is illustrated in
figure 5.10a for g = 10 and figure 5.10b for g = 1 respectively.

(a) Symmetry axis through middle of a (b) Symmetry axis through middle of a
slot tooth

Figure 5.10.: The mirror symmetry of the primitive phase winding topo-
logy

After the mirror symmetry is detected, the normalized conductor dis-

tribution vector €% can be rewritten as:
et =¢tM 4 gM . GR:M (5.55)
where €M represents one part of the primitive phase winding topology

besides the symmetry axis and is termed as primitive coil group.

To obtain the upper as well as the lower mirror symmetry part of €,
equation 5.55 is changed to:

ER — SM,U . ER,M,U

R — gM1 gR,M]I (5.56)

with:

M,u __ M
S =1+ S:,mod(ku,N) (5 57)
sYl =T+ SMmod(kl,N)

*
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where the indices are dependent on whether g is an even or odd number,
which are calculated as:

o {arange (ceil (
arange (ceil (

N
k' = k" + int (7>

where the function arange (a,b) returns a 1 x b vector starting from «a
with increment of 1.

),int(]\zrs)) g: is odd
) ,int (]\;) + 1) g: is even

N NIQ

(5.58)

Solving equation 5.56 gives the topology of the upper and lower primi-
tive coil groups respectively:

sRMu _ (SM,u>_1 . gR

ER,M,I _ (SM’I)_l -ER (559)

Because of the mirror symmetry, for the further discussion, it needs
only to consider one of the mirror symmetry part, which is assigned with
the notation of €M and SM for clarity.

Equation 5.52 is then:

0=> ¢ S, S\, e (5.60)

which describes how the primitive multi-phase winding is constructed by
the primitive coil group through symmetry transformation.

5.4.7. Connection of the conductors of the primitive coil
group: the primitive coils

Once the primitive coil group is obtained, the next step is to consider
how to connect the conductors within the primitive coil group to coils.
The connections should be so chosen that the resulting coils approximate
the primitive coil group as good as possible. This depends on the design
constraints, which can be categorized into three main types and lead to
winding topologies of different complexity.

For the discussion, it is assumed that the total number of the conductor
distributions within the primitive coil group is Ng, which is the number
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of the non-zero elements of the vector ¢™. The number of the positive
conductor distribution is Nz, and the number of the negative conductor
distributions is then Nz ,. There is:

Nz = Nz p + Nz (5.61)
where Nz, is not necessary equal to Ng,. For the case of Nz, # Nz,

Nz s is used to describe the smaller number of them.

Furthermore, it is assumed that the connection is only between positive
and negative conductor distributions. Each connection is mathematically
formulated as a Ny x 1 vector m, with two non-zero elements of +1 and
—1. The position of the non-zero element indicates the position of the

positive or negative conductor distribution within the primitive coil group
—R,M
cv

I sign (EE’M) , n = Ny, Ny, (5.62)
on 0, n # Ny, Ny, '

Such connection is called as “primitive coil” in this thesis since it defines
only a part of the properties of a coil, which are:

e the coil pitch:
7. = CoilPitch (m.) (5.63)

e the position of the coil:

B = Posi (m,.) (5.64)

The third property of a coil: the number of turns w., depends on the
design constraints and will be discussed later.

The total N, connections together can be formulated as a matrix, with
each connection as its column vector. Such matrix is called as “connection
matrix’ in this thesis:

Mc - [ meco M1 Me2 - mc,Nw—l} (565)

5.4.7.1. The double-way connection approach

The double-way connection fulfills the following constraints:

e Fach conductor distribution is connected with two conductor dis-
tributions of opposite winding direction,
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e The path of the total connections is the shortest among the possible
connections.

Under these constraints, there are total 2Nz s connections, which can
be formulated as a connection matrix MY. This double-way connection
matrix represents a 4-layer winding topology with coils of different coil
pitch and number of turns. Such winding topology is the design basis of
the multi-layer and multi-turn winding topology.

An example of the double-way connections of a primitive coil group
(figure 5.11a) is given in figure 5.11b. Each conductor distribution (illus-
trated by the lime circles) is assigned with two connections (illustrated
by the dark bold lines). There are total four primitive coils where 3 of
them are having coil pitch of 1 slot pitch, and 1 of them is having coil
pitch of 3 slot pitch.

5.4.7.2. The single-way connection approach

Another approach to connect the conductor distributions is the single-
way connection. By using the single-way connection, each conductor
distribution is assigned to one connection. This leads to totally Nz s
connections and results in a double-layer winding topology.

Two different types of single-way connection are considerable. They are
the single-way connection of shortest path (figure 5.11c¢) and the single-
way connection of minimum deviation (figure 5.11d).

The shortest path connection If each connection is considered as a
coil, the single-way connection of shortest path is to realize the winding
with coils of possible short coil pitch, so that sum of the total coil pitch
is minimal:

> 7. — min (5.66)

Mathematically, this is the shortest path problem and is inefficient to
solve. Thanks to the symmetry consideration, all the practice relevant
problems dealt can be reduced to a small scope, so that it possible to use
a normal desktop computer to check all the combinations in a quite short
time.

As an example, design of a 3-phase winding with 120 slots is considered.
After exploiting the rotational and mirror symmetry of the winding to-
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(a) The conductor distributions within  (b) The double-way connections
a primitive coil group

(c) The single-way connections of shor- (d) The single-way connections of mini-
test path mum deviation

Figure 5.11.: The conductor distributions within a primitive coil group
and the corresponding double- and single-way connections

pology, the number of conductor distributions of the primitive coil group
is reduced to: Nz = 120 ~ 3 + 2 = 20. The number of the positive and
negative conductor distributions are: Nz, = Nz, = Nz + 2 = 10 that
results in a total number of combinations: N, = 10! = 3,628, 800.
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Once the shortest path connection is known, a Ng x Nz ¢ connection
matrix M5SF can be obtained, which builds the design basis of the multi-
conductor winding topology.

The minimal deviation connection The conductor deviation of a
coil is defined as the deviation between the number of the positive and the
negative conductor distributions. In the minimum deviation connection,
it is to realize the winding topology with coils of possible small conductor
deviation, so that sum of the total conductor deviation is minimal:

> INep = New| = min (5.67)

This leads to another type of Ny x Nz connection matrix ME?MD ,
which builds the design basis of the multi-coil winding topology.

5.4.8. Derivation of the winding topology
5.4.8.1. Design of the multi-turn winding topology

The multi-turn winding topology is characterized through:
e Each slot is with multiple coil sides,
e All the coils have equal coil pitch,
e The number of turns per coil may be different.

Such winding topology can be easily derived through the double-way
connection matrix MP. This is done by finding out the connections mM?*
having the same coil pitch 7

CoilPitch (m}'") =77, m)'™" e MY (5.68)

c)

which result in a connection matrix M7 of possible large rank number:
N, = rank (M) — max (5.69)

If each connection is considered as a coil with an unknown number of
turns w,, a system of linear equations with N, equations can be formu-
lated:

MMT . Mt = gh:M (5.70)
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Generally, the obtained system of linear equations is over-determined,
since rank (MM7T) < rank (MP) < Nz This means no solution is availa-
ble. Nevertheless, a best approximation with respect to the least squares
can be obtained:

C

—1
wl™ = (MIT) MYT) L () (5.71)

The error caused due to the approximation is then calculated as:

eMT = MMT . MT M (5.72)

which is used to calculate the relative error e:

MT  horm (eMT, 2)

"~ norm (ER’M, 2)

(5.73)

€

where the function norm («, 2) calculates the 2 — norm of a vector x.

An example of the multi-turn winding topology is given in figure 5.12a
which is derived from the double-way connection shown in 5.11b. In this
special case, the multi-turn winding topology exactly reconstructs the
primitive coil group. This means no error is caused by the least squares
approximation.

5.4.8.2. Design of the multi-layer winding topology

The multi-layer winding topology can be seen as a special case of the
multi-turn winding topology where the coils are with the same number
of turns. Therefore, the multi-layer winding topology can be derived by
normalizing the solution wM™ (obtained in equation 5.71) by its minimal

C
element min (w}'") and then rounding the elements of the vector to the
nearest integer:

ML wy'" M
’l.UC = rint (W) - min (’LUC T) (574)

An example of the multi-layer winding topology is given in 5.12b which
is derived from the multi-turn winding topology shown in figure 5.12a.
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5. A unified method for the treatment of the winding topology

(a) Derivation of the multi-turn win- (b) Derivation of the multi-layer win-
ding topology from the double-way ding topology from the multi-turn
connection given in figure 5.11b winding topology in the left

Figure 5.12.: Derivation of multi-turn and multi-layer winding topology

5.4.8.3. Design of the multi-coil winding topology

The multi-coil winding topology is derived from the single-way connection
of minimal deviation. The connection matrix M>MP is used for the
calculation of the number of turns w®:

c .

MSMP L qyMC — gh.M (5.75)

Solving equation above by using the least squares method results in a
winding topology with coils of different coil pitch and number of turns.
An example of the multi-coil winding topology is given in 5.13 which is
derived from the single-way connection of minimal derivation shown in
figure 5.11d.

5.4.8.4. Design of the multi-conductor winding topology

As discussed in section 4.3.2.4, due to the constraint of one coil side ha-
ving one conductor more than the other coil side, there is only one optimal
solution for the number of conductors of the multi-conductor winding to-
pology. In contrast, the previous winding topologies are independent on
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5.4. A unified method for winding topology design

(a) Derivation of the multi-coil winding (b) Derivation of the multi-conductor

topology from the single-way con- winding topology from the single-
nection of minimal deviation shown way connection of shortest path
in figure 5.11d shown in figure 5.11c

Figure 5.13.: Derivation of the multi-coil and multi-conductor winding
topology

the total number of conductors. This makes the determination of the
number of conductors per coil side of the multi-conductor winding to-
pology different from the previous winding topologies. Nevertheless, the
connection matrix of the single-way connection of shortest path M35 is
used for the calculation of the number of conductors NMond,

For the discussion, the number of conductors of the negative coil side
is considered as unknown INMCond  Furthermore, two vectors n, and
n, are defined for the positions of the positive and negative coil sides
of the connection matrix M>SF. The winding design is then considered
as to determine a ratio ¢ and the unknown number of conductors of the
negative coils side NMCnd so that:

MCond _ =R,M
a- N, =Cy

a - (Ncl\/ICOnd + mMcond) _ ER’M (576)
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5. A unified method for the treatment of the winding topology

where the N, x 1 column vector mM<nd ig defined as:
: —R.M | =R,M _
miMeond — { PEE (eRMrem) =, (5.77)
0 n 7é Np, Nk
By introducing two intermediate variables:
Tr=aq- NMCond
¢ (5.78)

y=a

A system of linear equations with Ny equations and N. + 1 unknowns
(the first N. unknowns for  and the last unknown for y) is obtained:

MMCond . [;] — ER’M (579)
where the matrix MMCond ig defined as:

MMCond _ [ ME,SP mMcond} (580)

Solving equation 5.79 by using the least squares method gives the inter-
mediate variables & and y, which are used for the calculation of NMCond,
Since the number of conductors should be an integer, a round-off towards
the nearest integer is applied, leading to:

NMCond _ ping <£> (5.81)
Y

Unlike the method introduced in [20], where the optimal number of
conductors is obtained by trying to modify an existing winding topology.
In this thesis, the optimal number of conductors is found by directly
solving the system of linear equations 5.79.

5.4.8.5. Design of the double-layer winding topology

The double-layer winding topology is defined as the number of coil sides
within each slot is two. It can be easily derived from the single-way
connection, which is a double-layer winding topology in nature.

Both types of connection matrix can be used, leading to winding topo-
logies of different geometrical configuration but generally with the same
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5.4. A unified method for winding topology design

electromagnetic property. This is due to the strong constraint that the
coils are having the same number of turns:

MSP = M5 (5.82)

where the connection matrix M> can be M25F or MS:MP,

In order to guarantee that all the coils are having the same number of
turns, the system of linear equations used for the determination of the
number of turns degenerates to:

mP . P =M (5.83)
which is a system of N, linear equations and has only one unknown.
The N, x 1 vector m®P is calculated from the connection matrix MSP
through:

mP = sum (MSD, axis = 1) (5.84)

where the function sum (A, axis = 1) does a sum over the rows, resulting
in a Ng x 1 vector a.

Up on solving the over-determined system of linear equations 5.83 using
the least squares method gives the searched number of turns for all the
coils wSP. Two examples of the double-layer winding topology are given
in 5.14 which are derived from the single-way connection of shortest path
and minimal deviation.

5.4.8.6. Design of the single-layer winding topology

The single-layer winding topology is defined as the number of coil sides
within each slot is one. It can be seen as a special case of the double-layer
winding topology. This can be done by remove one conductor distribution
of the primitive double-layer winding topology from each slot.

To determine which conductor distribution should be removed from the
particular slot, the number of conductors of each conductor distribution
is used to measure the importance of the conductor distribution. After
removing the conductor distribution with smaller number of conductors,
a primitive single-layer winding topology C, is obtained:

e k=k
S ’ (5.85)
™70 k # ko

Dieses Werk ist copyrightgeschutzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fir den persdénlichen Gebrauch. 117



5. A unified method for the treatment of the winding topology

(a) Derivation of the double-layer win- (b) Derivation of the Double-layer win-
ding topology from the single-way ding topology from the single-way
connection of shortest path given in connection of minimal deviation fi-
figure 5.11c gure 5.11d

Figure 5.14.: Derivation of the double-layer winding topology

where
ko = argmax(¢,,) (5.86)

After exploiting the symmetry properties (section 5.4.6), a primitive
single-layer coil group EE’M can be obtained. Under the same considera-

tion, the single-way connection of shortest path Mg;SSP as well as minimal
deviation MSJ;WD can be obtained for the primitive coil group single-layer.

Once the single-way connection matrix is obtained, the same technique
used in section 5.4.8.5 for the double-layer winding topology is applied
to guarantee that all the coils have the same number of turns:

m®S . S =M (5.87)
with:
m®S = sum (MCCS, axis = 1) (5.88)

An example of the single-layer winding topology is given in figure 5.15
which shows how the primitive single-layer coil group (figure 5.15a) is
derived from the primitive double-layer coil group (figure 5.11a) and how
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5.4. A unified method for winding topology design

the single-layer winding topology (figure 5.15b) is derived from the pri-
mitive single-layer coil group by using single-way connections.

(a) Derivation of the primitive single- (b) Derivation of the single-layer win-

layer coil group from the primitive ding topology from the primitive
double-layer coil group given in fi- single-layer coil group in the left
gure H.11a

Figure 5.15.: Derivation of the single-layer winding topology

5.4.9. Evaluation of the winding topology: calculation of the
winding factor harmonic spectrum

After various winding topologies are obtained, it is the last step to eva-
luate the electromagnetic performance of each winding topology by cal-
culating its winding factor harmonic spectrum.

This is performed in 2 steps. It starts from the coils of the coil group
and goes in the inverse direction of the winding design procedures:

e (Calculate the real normalized MMF distribution of the winding to-
pology by applying the mirror symmetry and rotational symmetry
to the coils (equation 5.52),

e (Calculate the real winding factor harmonic spectrum from the real
normalized MMF' distribution by using equation 5.31.
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5. A unified method for the treatment of the winding topology

The proposed method guarantees that all the obtained winding topo-
logies under the given constraints are with optimal winding factor har-
monic spectrum. This means that the working harmonic is with a large
winding factor and the sub- and over-harmonics are with small winding
factors. To better illustrate and compare the results, the deviation of
the actual winding factor harmonic spectrum of each obtained winding
topology from the optimal winding factor harmonic spectrum is shown
and discussed.

The evaluation results of the winding topologies obtained in the pre-
vious subsections (from figure 5.12 to 5.15) are given in figure 5.16. It
is observed that a complete elimination of the sub-harmonics contents of
the discussed over-harmonic winding topology is possible by using:

e The multi-turn winding topology, which is a triple-layer winding
with coils of same coil pitch and two different number of turns
(figure 5.16a),

e The multi-coil winding topology, which is a double-layer winding
with coils of two different coil pitches and number of turns (figure
5.16¢).
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5.4. A unified method for winding topology design
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(a) The multi-turn winding topology: the coil group (left) and the deviation of
the winding factor harmonic spectrum (right)
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(b) The multi-layer winding topology: the coil group (left) and the deviation
of the winding factor harmonic spectrum (right)

Figure 5.16.: Evaluation of the winding topology
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5. A unified method for the treatment of the winding topology
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(¢) The multi-coil winding topology: the coil group (left) and the deviation of
the winding factor harmonic spectrum (right)
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(d) The multi-conductor winding topology: the coil group (left) and the devi-
ation of the winding factor harmonic spectrum (right)

Figure 5.16.: Evaluation of the winding topology
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(e) The classical double-layer winding topology derived from the single-way
connection of shortest path: the coil group (left) and the deviation of the
winding factor harmonic spectrum (right)
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(f) The classical double-layer winding topology derived from the single-way
connection of minimal deviation: the coil group (left) and the deviation of
the winding factor harmonic spectrum (right)

Figure 5.16.: Evaluation of the winding topology
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(g) The classical single-layer winding topology derived from the primitive
single-layer coil group: the coil group (left) and the deviation of the winding
factor harmonic spectrum (right)

Figure 5.16.: Evaluation of the winding topology
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6. Application of the proposed method for
the treatment of winding topology

Three examples are given to show how to embed the introduced method
into the winding topology design procedures. The examples that are
chosen is based on the following considerations:

e It should cover a wide range of case studies to show the ability of
the introduced method. Designs of fundamental and over-harmonic
winding topologies with odd and even number of phases and odd
and even number of slots are then chosen.

e It should be possible to validate the results. The examples are
so chosen that they are possible to compare with those from the
literature.

Based on these criteria, a step by step design approach of the well-
known 3-phase winding of 12 slots with working harmonics of v = 1 and
~ = 5 is discussed in detail. Later on, an example of 3-phase winding of
9 slots with working harmonic of v = 4 is given in a more general way,
showing the ability of the method for treating winding topology with an
odd number of slots. Finally, an example of a 6-phase winding having 24
slots with working harmonic of v = 5 is given, showing the ability of the
method for treating winding topology with an even number of phases.

A comprehensive comparison of the obtained winding topologies with
those from various textbooks and publications is given, showing the va-
lidity and generality of the method.

Furthermore, a class of winding topologies, which is according to the
author’s knowledge entirely new, is given and discussed, showing the
novelty of the method.
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6. Application of the proposed method for the treatment of winding topology

6.1. The 3-phase fundamental and over-harmonic
winding of 12 slots

6.1.1. The design procedure

To be considered are two winding topologies with working harmonic of
v =1 and v = 5. For the both windings, the number of phase is 3 and
the number of slots is 12 (figure 6.1).

(a) Symmetrical 3-phase current sy- (b) Stator with 12 slots
stem

Figure 6.1.: The design parameters

6.1.1.1. The ideal winding factor harmonic spectrum

The first step of the design procedures is to define the ideal winding
factor harmonic spectrum, which can be obtained according to equation
5.37 and is shown in figure 6.2 for the fundamental and over-harmonic
winding respectively.

6.1.1.2. The ideal normalized MMF distribution

After the ideal winding factor harmonic spectrum is defined, the ideal
normalized MMF distribution can be calculated by using equation 5.38.
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6.1. The 3-phase fundamental and over-harmonic winding of 12 slots

The MMF phasor of the n-th slot is calculated by using equation 5.39.
The results are shown in figure 6.3 for the fundamental and over-harmonic
winding respectively.

(a) Working harmonic of v =1 (b) Working harmonic of v =5

Figure 6.2.: The ideal winding factor harmonic spectrum

(a) Working harmonic of v =1 (b) Working harmonic of v =5

Figure 6.3.: The ideal normalized MMF distribution
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6. Application of the proposed method for the treatment of winding topology

6.1.1.3. The normalized conductor distribution matrix and the
primitive double-layer multiphase winding

After the ideal MMF distribution is defined, the next step is to determine
the phase affiliation of the conductors within each slot by using equation
5.44 and to calculate the normalized number of conductors within each
slot by using equation 5.46.

The Result of this design procedure is the normalized conductor dis-
tribution matrix, which can be interpreted as a primitive double-layer
winding with each slot of a different number of conductors belonging to
different phases.

The normalized conductor distribution matrices of the both investi-
gated winding topologies are shown from figure 6.4 to 6.7 respectively.
Different graphical presentation forms are used to illustrate the winding
topologies.

As mentioned in the previous chapter, different types of normalized
conductor distribution matrix can be obtained, depending on the angle
offset between the multiphase current system and the ideal normalized
MMEF distribution.

For the both investigated winding topologies, there are two types of
normalized conductor distribution matrices possible, and thus two types
of primitive double-layer winding topology are available. This is given in
figure 6.4 and 6.5 for the fundamental harmonic winding and in figure
6.6 and 6.7 for the over-harmonic winding respectively.
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6.1. The 3-phase fundamental and over-harmonic winding of 12 slots

Figure 6.4.: The first type of normalized conductor distribution matrix
and primitive double layer winding for the case of v =1
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6. Application of the proposed method for the treatment of winding topology

Figure 6.5.: The second type of normalized conductor distribution matrix
and primitive double layer winding for the case of v =1

Dieses Werk ist copyrightgeschutzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.
130 Es gilt nur fir den persdénlichen Gebrauch.



6.1. The 3-phase fundamental and over-harmonic winding of 12 slots

Figure 6.6.: The first type of normalized conductor distribution matrix
and primitive double layer winding for the case of v =5
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6. Application of the proposed method for the treatment of winding topology

Figure 6.7.: The second type of normalized conductor distribution matrix
and primitive double layer winding for the case of vy =5
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6.1. The 3-phase fundamental and over-harmonic winding of 12 slots

6.1.1.4. The rotational symmetry and the primitive
single-phase winding

After the primitive multi-phase winding is obtained, the next step is to
investigate the rotational symmetry within the winding. The rotational
symmetry depends on whether the topology of all the phase windings are
the same or not. This is always the case for the symmetrical multiphase
winding, where its name stands for.

This is performed by applying equation 5.50 on each column vector
of the normalized conductor distribution matrix. The result is a set of
primitive single-phase windings with no rotational symmetry between
them.

For the investigated primitive double-layer multi-phase windings (fi-
gure 6.4 to 6.7), there is rotational symmetry between all the phase win-
dings, so that only one arbitrary phase winding needs to be analyzed
further.

The results are given in figure 6.8 and 6.9 for the fundamental and
over-harmonic winding respectively.
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6. Application of the proposed method for the treatment of winding topology

(a) Winding topology of type I, left: the multi-phase winding, right: the single
phase winding after considering the rotational symmetry

(b) Winding topology of type II, left: the multi-phase winding, right: the single
phase winding after considering the rotational symmetry

Figure 6.8.: The rotational symmetry and the primitive single phase win-
ding for the case of v =1
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6.1. The 3-phase fundamental and over-harmonic winding of 12 slots

9

(a) Winding topology of type I, left: the multi-phase winding, right: the single
phase winding after considering the rotational symmetry

(b) Winding topology of type II, left: the multi-phase winding, right: the single
phase winding after considering the rotational symmetry

Figure 6.9.: The rotational symmetry and the primitive single phase win-
ding for the case of v =5
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6. Application of the proposed method for the treatment of winding topology

6.1.1.5. The mirror symmetry and the primitive coil group

After the primitive single-phase winding is obtained, it is to investigate
whether there is further symmetrical property within it. For the most
symmetrical winding, this is the case. Such symmetry is called as the
mirror symmetry.

Equation 5.53 is used to check if the mirror symmetry is within the
primitive single-phase winding. If this is the case, the primitive single
phase winding can be separated into two identical parts. The further
discussion can be limited to one part, and the complexity of the design
problem is then reduced.

Each symmetrical part is named as primitive coil group. In general,
the design purpose is to realize the primitive coil group using coils, which
is generally difficult or even impossible due to given design constraints.

The mirror symmetry, as well as the obtained primitive coil group for
the fundamental and over-harmonic winding, are illustrated in figure 6.10
and 6.11 respectively, with the symmetry axis underlined with red dot
line.
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6.1. The 3-phase fundamental and over-harmonic winding of 12 slots

9

(a) Winding topology of type I, left: the primitive single phase winding, right:
the primitive coil group

9

(b) Winding topology of type II, left: the primitive single phase winding, right:
the primitive coil group

Figure 6.10.: The mirror symmetry and the primitive group for the case
of v=1
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6. Application of the proposed method for the treatment of winding topology

9

(a) Winding topology of type I, left: the primitive single phase winding, right:
the primitive coil group

(b) Winding topology of type II, left: the primitive single phase winding, right:
the primitive coil group

Figure 6.11.: The mirror symmetry and the primitive coil group for the
case of y =5
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6.1. The 3-phase fundamental and over-harmonic winding of 12 slots

6.1.1.6. The connection matrix and the primitive coils

After the primitive coil group is obtained, the next step is to connect the
conductors to coils. Different approaches are possible, leading to winding
topologies of different complexity and performance.

Three types of connections are applied for each obtained primitive coil
group. This results totally in 12 different winding topologies, which are
given in figure 6.12 and 6.13:

e the left sub-figures show the double-way connection, of which each
conductor distribution is assigned to two connections and the total
path of the connections is minimal over the all possible double-way
connections,

e the middle sub-figures show the single-way connection of minimal
deviation, of which each conductor distribution is assigned to one
connection and the total deviation between the positive and nega-
tive conductors of the connections is minimal over the all possible
connections.

e the right sub-figures show the single-way connection of shortest
path, of which each conductor distribution is also assigned to one
connection, and the total path of the connections is minimal over
the all possible single-way connections.

FEach connection can be interpreted as a primitive coil, of which the
coil pitch and position are defined. The number of turns of each primitive
coil is not yet known.
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6. Application of the proposed method for the treatment of winding topology

3

(a) Winding topology of type I

(b) Winding topology of type II
The connection matrix and the primitive coils of the fundamental harmonic winding of v =1

Figure 6.12.:
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6.1. The 3-phase fundamental and over-harmonic winding of 12 slots
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6. Application of the proposed method for the treatment of winding topology

6.1.1.7. Derivation of the multi-turn and the multi-layer
winding topology

The design of the multi-turn and the multi-layer winding are discussed in
the same subsection, since the multi-layer winding is just a simplification
of the multi-turn winding by applying equation 5.74.

For the design of the multi-turn winding topology, the double-way con-
nection matrix is used. An additional constraint that all of the coils have
the same coil pitch is applied:

e The double-way connections of the fundamental harmonic winding
degenerates to single-way connections, as shown in the left sub-
figures of figure 6.14a and 6.14b. It will be shown later that this is
the single-way connections of the shortest path.

e This is also the case for the over-harmonic winding of type I, which
is shown in the left sub-figure of figure 6.15a.

e A more general situation is illustrated in figure 6.15b, which is na-
med as semi double-way connections: two conductor distributions
have the double-way connection while the other two have the single-
way connection.

Applying equation 5.71 and 5.74 give the searched number of turns of
each primitive coil, which is illustrated in a colored circle and is assigned
to the corresponding connection (figure 6.14 and 6.15).

as discussed above, the multi-turn and the multi-layer winding topology
for the fundamental winding as well as for the over-harmonic winding ot
type I are the same (as shown in figure 6.14a, 6.14b and 6.15a). A more
general situation for the over-harmonic winding of type II is given in
figure 6.15b.
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6.1. The 3-phase fundamental and over-harmonic winding of 12 slots

(b) Winding topology of type II

Figure 6.14.: The multi-turn (left) and multi-layer (right) winding topo-
logy of the fundamental harmonic winding
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6. Application of the proposed method for the treatment of winding topology

(b) Winding topology of type II

Figure 6.15.: The multi-turn (left) and multi-layer (right) winding topo-
logy of the over-harmonic winding
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6.1. The 3-phase fundamental and over-harmonic winding of 12 slots

6.1.1.8. Derivation of the multi-coil and the multi-conductor
winding topology

The design of the multi-coil and the multi-conductor winding topology
is discussed in the same subsection since both winding topologies are
derived from the single-way connection matrix.

For the multi-coil winding topology, the single-way connection matrix
of minimal deviation is used. By applying equation 5.75, the searched
number of turns of each primitive coil is obtained, which is given in figure
6.16a and 6.16b respectively. An exact reconstruction of the primitive coil
groups is then possible if the primitive coils are allowed to have different
numbers of turns.

For the multi-conductor winding topology, the single-way connection
matrix of the shortest path is used. By applying equation 5.77, 5.80,
5.79 and 5.81 successively, the searched numbers of positive conductors
are obtained, which are given in figure 6.17a and 6.17b. An exact recon-
struction of the primitive coil group is not possible in this case, because
of the strong constraint of single conductor deviation between the posi-
tive and negative coil sides. Nevertheless, the best approximation can be
obtained by applying the proposed method.

Dieses Werk ist copyrightgeschutzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fir den persdénlichen Gebrauch. 145



6. Application of the proposed method for the treatment of winding topology

(b) Winding topology of type II

Figure 6.16.: The multi-coil (left) and multi-conductor (right) winding
topology of the fundamental harmonic winding
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6.1. The 3-phase fundamental and over-harmonic winding of 12 slots

(b) Winding topology of type II

Figure 6.17.: The multi-coil (left) and multi-conductor (right) winding
topology of the over-harmonic winding
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6. Application of the proposed method for the treatment of winding topology

6.1.1.9. Derivation of the double-layer winding topology

The classical double-layer winding can be easily derived from the single-
way connection matrix by applying equation 5.82, 5.83 and 5.84:

e The use of the single-way connection matrix of minimal deviation
generally leads to winding topologies with coils of different coil pit-
ches, as shown in the left sub-figures of figure 6.18 and 6.19 for the
fundamental and the over-harmonic winding topology respectively,

e The use of the single-way connection matrix of shortest path gene-
rally leads to winding topologies with coils of the same coil pitch,
as shown in the right sub-figures of figure 6.18 and 6.19 for the
fundamental and the over-harmonic winding topology respectively.

It will be shown later in this section that due to the strong constraint
of the equal number of turns for all the coils, the winding factor harmonic
spectrum is the same for the both derived variants. Therefore, it makes
no sense to use the single-way connection matrix of minimal deviation to
derive the classical double-layer winding, since the benefit of the minimal
deviation is eliminated by the constraint of the equal number of turns of
all the coils.
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6.1. The 3-phase fundamental and over-harmonic winding of 12 slots

(a) Winding topology of type I, derived from the minimal deviation connections
(left) and the shortest path connections (right)

(b) Winding topology of type II, derived from the minimal deviation connections
(left) and from the shortest path connections (right)

Figure 6.18.: The classical double-layer winding topology of the funda-
mental harmonic winding
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6. Application of the proposed method for the treatment of winding topology

(a) Winding topology of type I, derived from the minimal deviation connections
(left) and the shortest path connections (right)

(b) Winding topology of type II, derived from the minimal deviation connections
(left) and from the shortest path connections (right)

Figure 6.19.: The classical double-layer winding topology of the over-
harmonic winding
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6.1. The 3-phase fundamental and over-harmonic winding of 12 slots

6.1.1.10. Derivation of the single-layer winding topology

There is only a mirror difference between the derivation of the double-
and the single-layer winding topology. For the derivation of the classical
single-layer winding topology, the single-layer primitive coil group is used
for the deviation of the single-way connection matrix. The criteria for
the derivation of the single-layer primitive coil group is given in equation
5.85.

After the connections are chosen, the classical single-layer winding to-
pology can be obtained by applying equation 5.87 and 5.88. This is shown
in figure 6.20 and 6.21 for the fundamental and over-harmonic winding
respectively.

An important conclusion can be obtained from figure 6.20 and 6.21:
due to the strong constraint of single-layer topology, all the primitive
winding topologies degenerate to the same winding topology.

Dieses Werk ist copyrightgeschutzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fir den persdénlichen Gebrauch. 151



6. Application of the proposed method for the treatment of winding topology

(a) Winding topology of type I, derived from the minimal deviation connections
(left) and the shortest path connections (right)

(b) Winding topology of type II, derived from the minimal deviation connections
(left) and from the shortest path connections (right)

Figure 6.20.: The classical single-layer winding topology of the fundamen-
tal harmonic winding
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6.1. The 3-phase fundamental and over-harmonic winding of 12 slots

(a) Winding topology of type I, derived from the minimal deviation connections
(left) and the shortest path connections (right)

(b) Winding topology of type II, derived from the minimal deviation connections
(left) and from the shortest path connections (right)

Figure 6.21.: The classical single-layer winding topology of the over-
harmonic winding
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6. Application of the proposed method for the treatment of winding topology

6.1.2. Evaluation and discussion of the results
6.1.2.1. The fundamental harmonic winding

The classical single- and double-Layer topology For the single-
layer topology of the fundamental harmonic winding, figure 6.22 gives all
the possible topologies by considering the design constraints. When com-
pared with the winding topology obtained from the star of slots method
(figure 4.12), which can also be found in [63], the same winding topology
is obtained by using the proposed method.

Moreover, it is possible to show that the classical single-layer topology
obtained by using the star of slots method is the optimal solution under
the given constraints.

Winding Factor Deviation
o
=
(6]

-4 =2 0 2 4 6
Harmonic Order

Figure 6.22.: The classical single-layer winding topology

For the double-layer topology of fundamental harmonic winding, fi-
gure 6.23 shows all the possible topologies by considering the design con-
straints. When compared with the classical winding textbook written by
H. Sequenz [63], it is clear, that the winding topology given in figure 6.23c
is the well-known double-layer winding with 5/6-chording (pole pitch is
equal to 6 slot pitch, and the coil pitch is equal to 5 slot pitch) which has
one slot shift between the upper and lower windings.

Moreover, the given winding topology in figure 6.23a can also be found
in [63], which has the same winding factor harmonic spectrum as that
of the 5/6-chording winding. Such winding is named as winding with
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6.1. The 3-phase fundamental and over-harmonic winding of 12 slots

concentric coils since the coils within the same coil group have the same
center line.

From figure 6.23, the 5/6-chording winding has a better winding fac-
tor harmonic spectrum. Therefore, it can be proved, that the well-
known 5/6-chording winding is the optimal solution under all the classical
double-layer topologies.
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I Working Harmonic

Winding Factor Deviation
o
=
U
T

Harmonic Order

(a) Coils with different pitches (7.1 = 6, Tc.2 = 4)

-4 =2 0 2 4 6
Harmonic Order

(b) Coils with different pitches (7.,1 = 5, 7c,2 = 3)

Figure 6.23.: The double-layer winding topology
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6. Application of the proposed method for the treatment of winding topology
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(c) Coils with the same pitch (7. = 5)
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(d) Coils with the same pitch (7. = 4)

Figure 6.23.: The double-layer winding topology

The multi-turn and multi-layer topology It is interesting to no-
tice that when the design constraints of coils with the same coil pitch
is applied for the double-way connections, no multi-turn and multi-layer
winding topology can be obtained. Because the double-way connection
matrix degenerates to a single-way connection matrix (figure 6.14), which
corresponds to the classical double-layer winding topology. According to
the author’s knowledge, no publications can be found for the multi-turn
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6.1. The 3-phase fundamental and over-harmonic winding of 12 slots

and multi-layer topology of the 3-phase fundamental harmonic winding
with 12 slots.

The multi-coil topology For the multi-coil topology of the funda-
mental harmonic winding, figure 6.24 shows all the possible winding to-
pologies.

A comparison with the results published by H. Schack-Nielsen in year
1940 [61], where a huge number of examples for the multi-coil topology
of the fundamental harmonic winding of different pole-slot combinations
were given, shows that for the case of 2 poles and 12 slots, the second
obtained topology with the 5/6-pitch coils of 82 turns and the 3/6-pitch
coils of 30 turns (figure 6.24b) is in principle the same as that H. Schack-
Nielsen was found and was claimed as the best solution.

It is to mention that in the original paper [61], these two numbers are
given as 73 and 27 so that the total number of conductors of each slot
is 100. As the winding topology is independent on the total number of
conductors but dependent on the ratio between them, it can be simply
proofed that:

73 +27=270~82+30=2.73

which is the best approximation to 2.73 under the constraint of totally
100 conductors per slot (74 = 26 = 2.85 and 72 + 28 = 2.57).

It is to mention that all the results obtained in [61] is through trying
and a deterministic and systematical procedure was not mentioned. Furt-
hermore, from the obtained winding topologies listed in figure 6.24, a
better solution can be found. This is the first obtained winding topology
with the full-pitch coils of 50 turns and the 4/6-pitch coils of 58 turns (fi-
gure 6.24a). When compared with the winding topology discussed above,
the winding factor harmonic spectrum of the new winding is improved.
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6. Application of the proposed method for the treatment of winding topology
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(b) Coils with 82 and 30 turns

Figure 6.24.: The multi-coil winding topology

The multi-conductor topology For the multi-conductor topology
of the fundamental harmonic winding, figure 6.25 gives all the possible
topologies.

Two possible topologies are obtained, which are derived from the single-
way connection matrix of shortest path of the both types of winding
topology (figure 6.16). A comparison between the both topologies shows
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6.1. The 3-phase fundamental and over-harmonic winding of 12 slots

that the first topology is better since the deviation of the winding factor
harmonic spectrum against the ideal solution is smaller.

According to the author’s knowledge, it is here the first time to intro-
duce such topology for the fundamental harmonic winding.
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Figure 6.25.: The multi-conductor winding topology
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6. Application of the proposed method for the treatment of winding topology

6.1.2.2. The over-harmonic winding

The classical double- and single-layer topology The obtained
single-layer topologies derived from two different types of the primitive
winding topologies and two different types of the single-way connection
matrices are given in figure 6.26. Due to the strong constraints of single-
layer topology and the equal number of turns of the total coils, they
degenerate to the same topology.

When compared with the results of various publications [50, 9, 36],
the same winding topology can be found, by directly applying the star
of slot method. Therefore, it can be proved now that the result obtained
by the star of slot method is the best solution under the given design
constraints.
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Figure 6.26.: The classical single-layer winding topology

For the classical double-layer topology of the over-harmonic winding,
figure 6.27 shows all the possible topologies by considering the design con-
straints. Four different topologies are obtained with totally two different
types of winding factor harmonic spectrum. Among them, the topology
given in figure 6.27b is considered as the best solution, since it is with the
smallest winding factor deviation against the ideal solution and is also
with the shortest coil pitches.

When compared with the various publications [50, 9, 36], the same
winding topology can be found by using the star of slots method, which
is confirmed in section 4.3.1 (figure 4.13).
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6.1. The 3-phase fundamental and over-harmonic winding of 12 slots
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(b) With single-tooth coils

Figure 6.27.: The double-layer winding topology
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6. Application of the proposed method for the treatment of winding topology
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Figure 6.27.: The double-layer winding topology

The multi-turn and multi-layer topology The multi-turn topology
of the over-harmonic winding is given in figure 6.28. It is shown that by
using two types of coils with a different number of turns (30 and 52),
it is possible to completely cancel the sub-harmonic contents. In this
case, the winding factor of the working harmonic is only slightly reduced.
The same winding topology can be found in various publications [18,
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6.1. The 3-phase fundamental and over-harmonic winding of 12 slots

42|, which is obtained by modifying the classical double-layer winding
topology.
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Figure 6.28.: The multi-turn winding topology

The multi-layer topology of the over-harmonic winding is given in figure
6.29. The winding has 4-layer and the number of turns of the coils is the
same. Such winding topology can be also found in various publications |2,
81|, where the topology is also obtained through modifying the classical
double-layer winding topology.

As the obtained multi-layer topology has exact four layers, it means
that the 4-layer topology is the best solution for all the possible multi-
layer topologies. A further increase in the number of layers does not
provide better results.

Thus by using the proposed approach, it is not only possible to obtain
such multi-layer winding topologies by a deterministic approach, but also
possible to prove that the obtained number of layers is the optimal solu-
tion.
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6. Application of the proposed method for the treatment of winding topology
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Figure 6.29.: The multi-layer winding topology

The multi-coil topology The multi-coil topology of the over-harmonic
winding is given in figure 6.30. Totally, two solutions are obtained. Both
of the winding topologies have negligible small sub-harmonics contents.
The winding factor harmonic spectrum of the first topology is better
because of the smaller deviation of the winding factor of the working
harmonic (0.07 vs. 0.10). On the other side, the coil pitches of the se-
cond winding topology are smaller than its counterpart (coils of 1 and 3
slot pitch vs. coils of 4 and 6 slot pitch). In this case, a trade-off between
the performance and the manufacturing cost should be made.

According to the author’s knowledge, such winding topology, as well
as the method to obtain them, are firstly introduced by the author [11].
Such winding topology is characterized by negligible small sub-harmonic
contents with a marginally more production cost.
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6.1. The 3-phase fundamental and over-harmonic winding of 12 slots
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(b) Coils of 1 and 3 slot pitch

Figure 6.30.: The multi-coil winding topology

The multi-conductor topology For the multi-conductor topology of
the over-harmonic winding, figure 6.31 shows all the possible designs. In
this case, the first winding topology gives the absolute better solution,
since it is with smaller sub-harmonic contents and is with a larger winding
factor of the working harmonic.

It is interesting to notice that a similar winding topology is introduced
by G. Dajaku in [20]. Instead of (6,7), the number of conductors for
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6. Application of the proposed method for the treatment of winding topology
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Figure 6.31.: The multi-conductor winding topology
the negative and positive coil sides are given as (7,8). By using the

introduced method, it can be proved that the optimal number of turns
are:

V3 2
2-v32-43

) = (6.4641,7.4641)
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6.2. The 3-phase winding of 9 slots with working Harmonic of 4

As the number of turns must be an integer, the optimal results are the
rounded values of (6.4641,7.4641) towards the nearest integers, which are
(6,7). It should be noticed that 6.4641 is almost in the middle of 6 and
7. Therefore, the difference between the two rounded values: (6,7) and
(7,8) are so small (6 +7—7-+8 = 0.018), that almost no difference in the
resulting winding factor harmonic spectrum can be observed. Neverthe-
less, the result proposed in [20] is not the best solution.

After a careful analysis of this paper, two errors are found. Firstly, the
proposed equation 3 in the paper is wrong: the index 1 and 2 should be
interchanged. Secondly, the proposed curve in figure 4 is unfortunately
not fully correct. This leads to exactly miss the best solution! A corrected
curve is given in figure 6.32.
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Figure 6.32.: The winding factor of the fundamental harmonic vs. the
conductor ratio

6.2. The 3-phase winding of 9 slots with working
Harmonic of 4

As a detailed example was given in the previous section, this example is
used to underline some special aspects for the case of an odd number of
slots. In this example, the design of a 3-phase winding with 9 slots and
working harmonic of v = 4 is considered.
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6. Application of the proposed method for the treatment of winding topology

6.2.1. The normalized conductor distribution matrix and the
primitive double layer winding

The first and second type of the normalized conductor distribution matrix
as well as the primitive double-layer winding are given in figure 6.33 and
6.34 respectively.

Figure 6.33.: The first type of the normalized conductor distribution ma-
trix and the primitive double layer winding
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6.2. The 3-phase winding of 9 slots with working Harmonic of 4

Figure 6.34.: The second type of the normalized conductor distribution
matrix and the primitive double layer winding

6.2.2. The primitive single phase winding and the primitive
coil group

The primitive single phase winding, as well as the primitive coil group,
are given in figure 6.35 for the two types of primitive winding topology re-
spectively. From the graphical representation, two important conclusions
can be obtained, these are:

e The rotational, as well as the mirror symmetry, are also available
for winding topologies with an odd number of slots (figure 6.35a).
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6. Application of the proposed method for the treatment of winding topology

In that case, the symmetrical order of such winding is the same as
its counterpart with an even number of slots.

However, the total number of positive conductors and the negative
conductors within the primitive coil group may not be the same.
This makes the reconstruction of the primitive coil group by using
coils more difficult.

e The primitive single phase winding may lack mirror symmetry (fig
6.35b). In that case, the symmetrical order of such winding is lower
than its counterpart with an even number of slots. It means that
the primitive coil group is more complicated from the topological
aspects and this leads to a more complicated winding topology.

6.2.3. The double- and single-way connections

The double- and single-way connections of the investigated primitive coil
groups are given in figure 6.36 for the fist and second type of the winding
topology respectively.

For the case of an unequal number of positive and negative conductor
distributions, it is impossible to connect all the conductor distributions
using single-way connections, as illustrated in figure 6.36a. For this case,
it is recommended to use the double-way connections, which leads to the
multi-turn and multi-layer winding topology.
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6.2. The 3-phase winding of 9 slots with working Harmonic of 4

(a) Winding topology of type I (b) Winding topology of type II

Figure 6.35.: The primitive single phase winding and the primitive coil
group

Dieses Werk ist copyrightgeschutzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fir den persdénlichen Gebrauch. 171



6. Application of the proposed method for the treatment of winding topology

(1y811) yyed 9S91I0YS JO UOIIIUUO0D ARM-9[3UTS ‘(S[PPIW) UOIIRIASD [RUUITUT
JO UOT}08UU0) AeMm-9[3Uls ‘(9J9]) UOIIIUUOD ABM-3[(NOP :SUOIJILBUUO0D AeM-9[3UIS pUR -9[qNOP AT, :'9¢"Q 2IndI

IT @d4y jJo A8ojodoy Sutpuipy (q)

I od4y jo A8ojodoy Surpurpy ()

Dieses Werk ist copyrightgeschutzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.

Es gilt nur fir den persdénlichen Gebrauch.

172



6.2. The 3-phase winding of 9 slots with working Harmonic of 4

6.2.4. Discussion of the resulting winding topologies

The resulting winding topologies are given in figures from 6.37 to 6.42 for
the multi-turn and multi-layer winding topology, the single- and double-
layer winding topology and the multi-coil and multi-conductor winding
topology respectively.

6.2.4.1. The multi-turn and multi-layer winding topology

There are totally two designs available for the multi-turn winding topo-
logy which are given in figure 6.37. The first design has two different
types of coils for the number of turns 34 and 45. The second design
has three different types of coils for the number of turns 20, 38 and 50.
Although the second design is more complicated to produce, it has the
advantage that it cancels the sub-harmonic contents completely and the
winding factor of the working harmonic is still quite large (ca. 0.90).

A comparison has been made with the winding topology proposed in
[18]. It leads to the conclusion that the second winding topology with
winding factor of & = 0.0013,&_5 = 0.0002, &4 = 0.9026 is exactly what
M.V. Cistelecan obtained through modifying the classical double-layer
winding .

A further comparison of the first winding topology with that proposed
by C. Veeh in [78] (also has two different types of coils) shows that the pro-
posed winding topology has better performance (smaller sub-harmonic
contents and a larger winding factor of the working harmonic).

The corresponding multi-layer winding topology is given in figure 6.38.
The second winding topology with winding factor of &; = 0.0108, £ 5 =
0.0304, &4 = 0.9072 can be also found in the same publication by M.V.
Cistelecan [18].
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(b) Coil with number of turns 20, 38 and 50

Figure 6.37.: The multi-turn winding topology
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6.2. The 3-phase winding of 9 slots with working Harmonic of 4
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Figure 6.38.: The multi-layer winding topology
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6. Application of the proposed method for the treatment of winding topology

6.2.4.2. The single- and double-layer winding topology

The classical opinion is that it is not possible to construct symmetrical
windings with an odd number of slots by using single-layer topology [63].
This is considered as the general drawback of such winding. It is possible
to overcome the difficulties by having some slots filled with more number
of conductors than the other slots. An example is given in figure 6.39
where the middle slot has twice conductors than the slots on the sides.

The obtained classical double-layer winding topology which is illustra-
ted in figure 6.40 can be found in various publications [50, 9, 36].

{ - T T T
. |HEE Working Harmonic

Winding Factor Deviation
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Figure 6.39.: The Single-layer winding topology with unique number of
conductors per slot

6.2.4.3. The multi-coil and multi-conductor winding topology

The multi-coil topology is given in figure 6.41 with three different types
of coils with different numbers of turns and different coil pitch. In this
example, the coil with coil pitch of one slot pitch is with 88 turns, the
coil with coil pitch of three slot pitch is with 58 turns, and the coil with
coil pitch of six slot pitch is with 20 turns. The winding factor harmonic
spectrum of this winding is with negligible small sub-harmonic contents.
According to the author’s knowledge, for the 3-phase winding with 9 slots
and working harmonic of 4, it is for the first time that such topology is
introduced.
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6.2. The 3-phase winding of 9 slots with working Harmonic of 4
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Figure 6.40.: The classical double-layer winding topology
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Figure 6.41.: The multi-coil winding topology

In principle, the multi-conductor winding is more suitable for such
cases, because it allows a different number of conductors per coil side.
This solves the problem of unequal numbers of positive and negative
conductor distributions within the primitive coil group. However, the
obtained results given in figure 6.42 are not as expected. This is due
to the very strong constraint of one conductor difference between the
positive and negative coil sides.
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(b) 1 conductor of the positive coil side and 2 conductors of the negative coil
side

Figure 6.42.: The multi-conductor winding topology
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6.3. The 6-phase winding of 24 slots with working harmonic of 5

6.3. The 6-phase winding of 24 slots with working
harmonic of 5

The last example given in this chapter is to design a 6-phase winding of
24 slots with working harmonic of 5. This example serves to show the
possibility to use the proposed method to treat winding with an even
number of phases.

The normalized conductor distribution matrix and the primitive
double-layer winding The normalized conductor distribution matrix
and the corresponding primitive double-layer winding are given in figure
6.43 and 6.44 for the both types of primitive winding respectively.

The primitive single phase Winding and the Primitive Coil
Group After the primitive double-layer windings are obtained, by con-
sidering the rotational and mirror symmetry, the primitive single-phase
windings and the primitive coil groups are obtained, which are given in
figure 6.45a and 6.45b for the both types of primitive double-layer win-
dings respectively.

The connection matrix and the primitive coils The double- and
single-way connection matrix, as well as the corresponding primitive coils,
are illustrated in figure 6.46 for the both types of primitive double-layer
windings respectively.
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6. Application of the proposed method for the treatment of winding topology

Figure 6.43.: The first type of normalized conductor distribution matrix
and the primitive double layer winding

Dieses Werk ist copyrightgeschutzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.
180 Es gilt nur fir den persdénlichen Gebrauch.



6.3. The 6-phase winding of 24 slots with working harmonic of 5

Figure 6.44.: The second type of normalized conductor distribution ma-
trix and the primitive double layer winding
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6. Application of the proposed method for the treatment of winding topology

(a) Winding topology of type I (b) Winding topology of type II

Figure 6.45.: The primitive single phase winding and the primitive coil
group
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6.3. The 6-phase winding of 24 slots with working harmonic of 5

Dieses Werk ist copyrightgeschutzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.

183

Es gilt nur fir den persdénlichen Gebrauch.



6. Application of the proposed method for the treatment of winding topology

Discussion of the resulting winding topologies Two obtained win-
ding topologies are chosen for discussion. The first one given in figure
6.47 is the classical double-layer 6-phase winding, which is exactly that
introduced by N. Domann in [24] through modifying the classical 3-phase
double-layer winding. The second one given in figure 6.48 is the combi-
nation of the multi-turn and the multi-coil topologies. It is characterized
by a multi-layer topology with coils of different numbers of turns and coil
pitches.

When compared with the classical double-layer winding (figure 6.47),
where each coil group has 2 coils with coil pitch of 2 slot pitch, the novel
topology introduces an additional coil with coil pitch of 7 slot pitch to
surround the two coils. This leads to completely cancel the 7th over-
harmonic and to improve the winding factor of the working harmonic

(v =9).
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6.3. The 6-phase winding of 24 slots with working harmonic of 5
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Figure 6.47.: The classical double-layer winding
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Figure 6.48.: The novel multi-layer, multi-turn and multi-coil winding
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7. Winding theory: a far from completed
topic

During this research work, a unified method for the treatment of win-
ding topologies has been achieved, which can analyze and to design all
considerable winding topologies in a straightforward procedure (chapter
5 and 6). However, this does not mean that the research on this topic is
completed.

From the review of the history in this topic (chapter 3), it is lear-
ned that any innovation on the electrical machine always brings further
development to this topic. As an example, the introduction of the over-
harmonic windings is due to the innovation of high energy permanent
magnets. It was also shown in chapter 1 and 2 that the winding of the
electrical machine is the key component of the electromechanical energy
conversion process (chapter 1) and therefore has impacts on the overall
machine performance (chapter 2).

Based on these considerations, an outlook on the recent development
in this field is given in the last chapter of this thesis, which serves to help
the academic successor to gain an overview of the recent development
in this field and so that it can better identify the ideas for the further
development of this topic.

In general, the recent development in windings of electrical machines
is due to the synergy effect of integrating the electrical inverters into the
winding, which makes the excitation of the windings more flexible and so
that more suitable for each operation point in the torque-speed plane.

This can be categorized into two groups, which are the electric win-
ding topology reconfiguration and windings with individual conductor
excitation.
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7.1. Electric winding topology reconfiguration

7.1. Electric winding topology reconfiguration

At that time, when the electrical machine works with the 3-phase grid
voltage of constant frequency and amplitude, the only possibility to
change the rotor speed is to use induction motor with pole-changing win-
dings, where the pole pairs of the winding are changed by changing the
winding topology. And all this was done by electromechanical equipment.

Since the electrical machine is fed by electrical inverters, the frequency
and amplitude of the phase voltage can be varied continuously, leading to
the possibility to change the rotor speed and output torque continuously.
Therefore, there is no need to grasp the old technique of winding topology
changing discussed above.

However, as the electrification of the passenger vehicle becomes a major
topic again, the need to reconfigure the winding topology is more and
more clear. Without the multilevel transmission, the electrical machine
should be operated both for high torque and high speed of the torque-
speed plane, where the phase current and voltage are limited by the on-
board battery. This problem is especially critical for electrical machines
with permanent magnets excitation.

In general, it is physically defined that for the same voltage and current
limits, there are winding topologies, which can generate large torque but
operate at low speed, and there are winding topologies, which can operate
at high speed but generate low torque.

Therefore, there is again investigation about winding topology recon-
figuration, instead of electromechanical equipment, electrical inverters
are used. This idea can be applied to both asynchronous machines and
synchronous machines.

7.1.1. Asynchronous machine

For the asynchronous machine, the purpose of the winding topology re-
configuration is to realize a different number of pole pairs.

Miller et al. introduced a toroidally wound winding in [48], where
each slot is wound with a toroidal coil. The coils are connected to a
9-phase H-Bridge inverter, making it possible to generate 4-pole and 12-
pole MMF harmonics. D. Sun in [68] introduced a winding configuration,
which can operate either in 9-phases with 4-poles, 3-phases with 12-poles
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7. Winding theory: a far from completed topic

or 3-phases with 4-poles. A comparison between the conventional win-
ding topology, the toroidal winding topology, and the dual-rotor toroidal
winding topology is also given in the same publication. The modeling (in-
cluding inductance matrices, voltage, flux linkages, mechanical dynamics
and torque equation) and control of the same machine (dual-vector con-
trol algorithm) during pole changing and its validation with experiment
results are given by B. Ge in [29].

7.1.2. Synchronous machine

As the number of pole pairs of the synchronous machine is defined by
the rotor, the purpose of the winding topology reconfiguration is to re-
alize different connections between the phase windings, so that different
number of turns of the phase winding can be achieved.

Nipp in [51] investigated the so-called Switched Stator Windings with
4 different connections: Y-series, A-Series, Y-Parallel and A-Parallel.
Swamy et al. in [70] investigated the possibility to electrically change the
number of turns of the phase winding to cover a wide range of operation.
Sadeghi et al. in [60] investigated different winding configurations for a
5-phase winding: star-, pentagon- and pentacle-connection. Atiq et al.
in [5] modified the inverter operation mode to achieve flux weakening,
instead of changing the winding topology. In order to expand the opera-
ting range and to have broader high efficiency contour in the torque-speed
plane, Hijikata et al. in [33, 34, 35] had simultaneously changed the win-
ding topology and adapted the phase current control, which is similar to
the concept of the pole-phase modulation method.

7.2. Winding with individual slot excitation

The maximal flexibility of the winding topology reconfiguration is achie-
ved when the conductor within each slot is supplied with an individual
current source. The advantages of such technique are:

e the optimal winding factor harmonic spectrum can be achieved, as
shown in chapter 5. This means, the winding factor of the working
harmonic is equal to 1 and the winding factors of the sub- and
over-harmonics (aside the slot harmonics) are equal to 0,

e the maximal possibility to change the working harmonic of the ma-
chine electrically can be achieved. As shown in chapter 5, for the
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7.2. Winding with individual slot excitation

same set of current sources, different working harmonic can be re-
alized by changing the excitation sequence of each slot conductor,

e and the achievement of the maximal possible fault tolerance.

All these features together with the further improvement of the fast
switching power electronics (SiC and GaN) make such idea very attractive
for the electrical mobility, where the power density and the fault tolerance
of the electrical machine play very important roles.

Recently more and more investigations are published in this field [52,
30|, showing the further research direction of this field.

In general, two concepts are considerable: massive conductors per slot
with short-circuit ring as connection and toroidally wound coil per slot
(Gramme-Winding).

The idea of massive conductors per slot with short-circuit ring was first
introduced by Dajaku et al. in [21]. The advantages of such winding are
summarized below:

e the possibility to realize a very short end-winding, since one side
of the massive conductors is connected by an end-connection ring,
which is similar to the end-connection ring of the squirrel cage rotor.
This is possible only when the sum of the N -phase source current
is equal to 0.

e the possibility to improve the thermal state of the stator winding
by directly mounting the cooling channel on the end-ring lateral
side,

e the possibility to operate the machine for a very low DC-link voltage
and to optimally use the DC-link voltage. This is because the
number of conductor per phase is 1 and the conductor is directly
connected to the DC-link voltage.

An intensive analysis of this concept shows that there are some unavoi-
dable conceptional drawbacks, which are given in [14] comprehensively:

e the open-circuit voltage of each phase is comparable with the voltage
drop over the power semiconductors of the H-bridge. This means,
independent on the control strategies, the power losses within the
power inverters are comparable with the mechanical power of elec-
trical machines. Hence, the system efficiency is strongly reduced

and (even without the iron and rotor losses) is in the range of
50...60%.
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7. Winding theory: a far from completed topic

e such concept is not economically feasible because firstly the current
load carrying capacity of the power semiconductors lies in the range
of 1000...14000 A and secondly as per slot needs 2 power semicon-
ductors, for the case of 36 slots, there are totally 72 such IGBTs
needed.

e each massive conductor is excited with the slot leakage magnetic
field of stator frequency, which leads to extensive current losses due
to skin effects.

e although the sum of the total currents of the short-circuit ring is
zero, there are locally currents with a magnitude of several kA,
which cause again extensive copper losses. To reduce such copper
losses, the cross section of the end-ring should be increased.

Based on these critical points, an improved concept with toroidally
wound coil per slot is introduced in the same technical report [14]. The
advantages of such concept are summarized as follows:

e By using rectangular copper conductors, a good slot filling factor
can be reached.

e It is also possible to connect all the toroidally wound coils to a short-
circuit ring. Due to the significantly smaller current magnitude, a
ring having smaller cross area can be used, without significantly
increasing the copper losses.

e With a good design of the housing, a direct and efficient cooling of
the winding is also possible.

7.3. Issues of further investigation

For the research topics discussed in the previous section, there are also
some issues which need further investigation:

e The idea of using cage stator of massive conductors to increase the
copper fill factor, to improve the thermal property of the winding
and to simplify the production process, as Dajaku et al. proposed in
[21], is generally a very interesting point. Such concept brings at the
same time a major drawback, namely the eddy current effect within
the massive conductor. Such effect can not be neglected anymore,
especially if fast switching inverters are used. The impacts of the
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eddy current effect on the machine performance is a major topic if
this concept is further followed, and this is till now not mentioned
in the publications.

e By the concept of toroidally wound coil per slot with individual cur-
rent control, the leakage flux linkage is of the winding is increased.
The impacts of the increased leakage flux linkage on the machine
performance should be further investigated. Concepts of leakage
flux linkage compensation are also interesting issues for further in-
vestigation.

e The possibility to change the MMF working harmonics through
changing the conductor excitation during the operation makes such
concepts very attractive for machines of wide operation range. Ho-
wever, it is necessary to investigate the dynamic behavior of the
machine during the pole-changing process and to find out the suit-
able control method.

e When the number of phases is significantly increased, control met-
hods without current measurement sensors or with cost-effective
sensor technologies become more and more attractive. A prelimi-
nary investigation can be found in [52].

e When the inverters are integrated into the winding, investigations
on the mechanical construction, the electromagnetic and thermal
behavior of the both systems to achieve the best synergy (e.g. same
cooling system for stator winding and inverters etc.) as well as on
the physical interaction of the both systems should be done.

As such issues are generally multi-physics comprehensive, this demands
further development of tools for multi-physics modeling as well as met-
hods for efficient co-simulation.
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A. Implementation of the proposed method
in Python

A.1. Codes for the winding topology analysis

1 def WindingSchema2WindingSpectrum(ConductorDistributionMatrix,

s MultiPhaseCurrentSystem):

2 # Winding Topology

3 WindingTopology = ConductorDistributionMatrix /
< np.sum(np.abs(ConductorDistributionMatrix))

4 # Postion Vector

5 Number0fSlots = np.size(WindingTopology, axis=0)

6 PositionVector = np.linspace(0, NumberOfSlots - 1, NumberQfSlots)

7 # Harmonic Vector

8 if bool(Number0fSlots 7 2): # if number of slot is even

9 HarmonicNegLimit = -(NumberQ0fSlots + 1) / 2 + 1

10 HarmonicPosLimit = (NumberOfSlots - 1) / 2

11 else:

12 HarmonicNegLimit = -Number0fSlots / 2 + 1

13 HarmonicPosLimit = NumberQ0fSlots / 2

14 HarmonicVector = np.linspace(HarmonicNegLimit, HarmonicPosLimit,
<s Number0fSlots)

15 # Transformation MNatriz

16 PositionMatrix, HarmonicMatrix = np.meshgrid(PositionVector,

— HarmonicVector)
17 TransformationMatrix = np.exp(-1j * HarmonicMatrix * 2 * np.pi /
«  NumberOfSlots * PositionMatrix)
18 # Winding Spectrum
19 WindingFactorHarmonicSpectrum =
— TransformationMatrix.dot(WindingTopology.dot(MultiPhaseCurrentSystem))

20 return WindingFactorHarmonicSpectrum
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A.2. Codes for the graphical presentation

A.2. Codes for the graphical presentation

A.2.1. The winding factor harmonic spectrum

1 def DrawStarOfSpectrums(WindingFactorSpectrum, Color):

2 # outer circle

3 alpha = np.linspace(0, 2 * np.pi, 100)

4 for r in np.linspace(0, 1, 6):

5 plt.plot(r * np.cos(alpha), r * np.sin(alpha), linestyle=':"',
— color="black')

6 plt.plot(np.cos(alpha), np.sin(alpha), 'black’)

7 # harmonic wvector

8 NumberOfHarmonics = np.size(WindingFactorSpectrum, axis=0)

9 if bool (NumberOfHarmonics % 2):

10 HarmonicNegLimit = -(NumberOfHarmonics + 1) / 2 + 1

11 HarmonicPosLimit = (NumberOfHarmonics - 1) / 2

12 else:

13 HarmonicNegLimit = -NumberOfHarmonics / 2 + 1

14 HarmonicPosLimit = NumberOfHarmonics / 2

15 HarmonicVector = np.linspace(HarmonicNeglLimit, HarmonicPosLimit,

<s  NumberOfHarmonics)

16 # dot line and harmonic order

17 for i in range(0O, NumberOfHarmonics):

18 x = np.cos(2 * np.pi / NumberOfHarmonics * HarmonicVector[i])
19 y = np.sin(2 * np.pi / NumberOfHarmonics * HarmonicVector[i])
20 plt.plot ([0, x], [0, y], linestyle=':', color='black')

21 plt.text(i.1 * x, 1.1 % y, "Ji" 7 HarmonicVector[i],

22 horizontalalignment="'center',

23 verticalalignment='center')

24 DrawArcArrow(Radius=1.2, ArcStart=0, ArcStop=90, Label=r'$+\nu$')
25 plt.scatter(1.2, 0)

26 DrawArcArrow(Radius=1.2, ArcStart=0, ArcStop=-90, Label=r'$-\nu$')
27 # spectrum

28 for i in range(0, NumberOfHarmonics):

29 Phasor = np.abs(WindingFactorSpectrum[i]) * np.exp(lj * 2 * np.pi

«s / NumberOfHarmonics * HarmonicVector[i])

30 x = np.real(Phasor)

31 y = np.imag(Phasor)

32 plt.plot ([0, x], [0, y], Color)
33 # azis configuration

34 plt.axis('equal')
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35 plt.axis('off')

36 plt.subplots_adjust(left=0.0, right=1., top=1., bottom=0.)
37 plt.show(block=False)

38 return

A.2.2. The normalized MMF distribution

1 def DrawStar0fMMFs(Phasors, Color, LineStyle='-', ShowArrow=False):
2 Phasors = Phasors / np.amax(np.abs(Phasors))
3 NumberOfPhasors = np.size(Phasors, axis=0)
4 DrawPolarCoordinateSystem(np.angle(Phasors) / (2 * np.pi /
—  NumberOfPhasors))
5 # az = plt.azes()
6 for i in range(0, NumberOfPhasors):
7 x = (np.abs(Phasors[i]) - 0.1) * np.cos(np.angle(Phasors[i]))

8 y = (np.abs(Phasors[i]) - 0.1) * np.sin(np.angle(Phasors[i]))

9 plt.arrow(0, O, x, y, head_width=0.05, head_length=0.1, fc=Color,
< ec=Color, linestyle=LineStyle)

10 if ShowArrow:

11 DrawArcArrow(Radius=1.2, ArcStart=0,
s ArcStop=180/np.pi*np.angle(Phasors[1]),

— Label=r'$\gamma\frac{2\pi}{N_s}n$"')

12 plt.scatter(l.2, 0)
13 plt.axis('equal')

14 plt.axis('off')

15 plt.show(block=False)
16 return

A.2.3. The normalized conductor distribution matrix

1 def DrawConnectionMatrix(

2 ConnectionMatrix, MultiPhaseCurrentSystem, Color=['b', 'b', 'b'],
3 WithMMF=1, WithText=[1, 1, 1], alpha=[1, 1, 1, 1, 1, 11):

4 Number0fSlots = np.size(ConnectionMatrix, axis=0)

5 ConnectionMatrix = ConnectionMatrix * Number(OfSlots

6 import matplotlib

7 paramstring = r'\usepackage{bm}'
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8 matplotlib.rcParams['text.latex.preamble'] = paramstring

9 matplotlib.rcParams['text.usetex'] = True

10 NameOfPhase = [[r'$\overline {\bm{A}$', r'$\overline {\bm{B}}$"',

< r'$\overline {\bm{C}}$',

11 r'$\overline {\bm{D}$', r'$\overline {\bm{E}}$',
— r'$\overline {\bm{F}}$'1,

12 1,

13 [r'$\bm{A}$', r'$\bm{B}$', r'$\bm{C}$', r'$\bm{D}$",
— r'$\bm{E}$', r'$\bm{F}$']]

14 for i in range(0, NumberOfSlots):

15 # indez

16 # 1st possibility

17 Index0fPhase = np.argsort(np.abs(ConnectionMatrix[i, :]))

18 Index0fPhase = Index0fPhasel[::-1]

19 Sign0fPhase = np.int64(np.sign(ConnectionMatrix[i, Index0fPhase]))

20 Phasor = ConnectionMatrix[i, IndexOfPhase] *

«» MultiPhaseCurrentSystem[Index0fPhase]

21 Sign0fPhase = SignOfPhase[np.nonzero(Phasor)]

22 Index0fPhase = IndexOfPhase[np.nonzero(Phasor)]

23 Phasor = Phasor[np.nonzero(Phasor)]

24 if Phasor.size ==

25 continue

26 x0 = (np.abs(Phasor[0]) - 0.1) * np.cos(np.angle(Phasor[0]))

27 yO = (np.abs(Phasor[0]) - 0.1) * np.sin(np.angle(Phasor[0]))

28 plt.arrow(0, 0, x0, yO, head_width=0.05, head_length=0.1,

29 fc=Color[Index0fPhase[0]], ec=Color[Index0fPhase[0]],
<> alpha=alpha[Index0fPhase[0]])

30 x0 = (np.abs(Phasor[0])) * np.cos(np.angle(Phasor([0]))

31 yO = (np.abs(Phasor[0])) * np.sin(np.angle(Phasor[0]))

32 x00 = 0.2 * np.cos(np.angle(Phasor[0]))

33 yO0O = 0.2 * np.sin(np.angle(Phasor[0]))

34 if WithText[Index0fPhase[0]] ==

35 plt.text(x0 - x00, yO - yO00,

36 NameOfPhase[Sign0OfPhase[0] + 1] [Index0fPhase[0]],

37 horizontalalignment='center',

38 verticalalignment="'center')

39 if np.size(Phasor) ==

40 x1 = (np.abs(Phasor[1]) - 0.1) * np.cos(np.angle(Phasor[1]))

41 y1l = (np.abs(Phasor[1]) - 0.1) * np.sin(np.angle(Phasor[1]))

42 plt.arrow(x0, yO, x1, yl, head_width=0.05, head_length=0.1,
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43 fc=Color[Index0fPhase[1]],
«s ec=Color[Index0fPhase[1]],
< alpha=alpha[Index0fPhase[1]])

44 x1 = (np.abs(Phasor[1])) * np.cos(np.angle(Phasor[1]))
45 yl = (np.abs(Phasor[1])) * np.sin(np.angle(Phasor[1]))
46 if WithText[Index0fPhase[1]] ==

47 plt.text((x0 + x1 + x0) / 2, (yO + y1 + y0O) / 2,
48 NameOfPhase [SignOfPhase[1] + 1] [Index0fPhase[1]],
49 horizontalalignment='center',

50 verticalalignment="'center')

51 if WithMMF:

52 MmfDistribution = ConnectionMatrix.dot(MultiPhaseCurrentSystem)
53 DrawStar0fMMFs (MmfDistribution, 'r', '--')

54 alpha = np.linspace(0, 2 * np.pi, 100)

55 plt.£i11(0.05 * np.cos(alpha), 0.05 * np.sin(alpha), 'black')
56

57 if WithMMF ==

58 alpha = np.linspace(0, 2 * np.pi, 100)

59 plt.plot(l * np.cos(alpha), 1 * np.sin(alpha), 'w')

60 plt.axis('equal')

61 plt.xlim(-1, 1)

62 plt.ylim(-1, 1)

63 plt.axis('equal')

64 plt.axis('off')

65 plt.show(block=False)

66 return

A.2.4. The winding topology

1 def DrawConductorPlanOfConnectionMatrix(

2 ConnectionMatrix,
3 ToothWidthRatio=0.4, 0r=0.15, Color=['lime', 'gold', 'b'],
4 FlagOfShow=[1, 1, 1], NumberOfConductorPerSlot=100):
5 N = np.size(ConnectionMatrix, axis=0)
6 ConnectionMatrix = ConnectionMatrix * N * Number(OfConductorPerSlot
7 ToothOuterRadius, ToothWidth, ToothHight = DrawStator2(N,
< ToothWidthRatio, RotationAngle=180 / N)
8 for n in range(0, N):
9 # position of slot
10 RotationAngle = np.rad2deg(2 * np.pi / N * n)

Dieses Werk ist copyrightgeschutzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.
196 Es gilt nur fir den persdénlichen Gebrauch.



A.2. Codes for the graphical presentation

11 # negative winding direction first

12 Index0fPhase = np.argsort(ConnectionMatrix[n, :])

13 # find nonzero element

14 ConnectionVector = ConnectionMatrix[n, Index0fPhase]

15 Index0fPhase = Index0fPhase[np.nonzero(ConnectionVector)]
16 ConnectionVector = ConnectionVector[np.nonzero(ConnectionVector)]
17 if ConnectionVector.size == 0:

18 continue

19 if ConnectionVector.size == 1:

20 ConnectionVector = ConnectionVector / 2

21 ConnectionVector = np.append(ConnectionVector,

<s ConnectionVector)

22 Index0fPhase = np.append(Index0fPhase, Index0fPhase)
23 # first winding layer
24 0x1 = ToothOuterRadius - Or
25 Oy = 0. # ToothWidth/2 + 0r*2
26 # show phase or not
27 if Flag0fShow[Index0fPhase[0]] ==
28 if np.sign(ConnectionVector[0]) ==
29 GoConductor(0x1, 0Oy, Or, RotationAngle,
< Color[Index0fPhase[0]])
30 elif np.sign(ConnectionVector[0]) == -1:
31 ReturnConductor(0x1, 0y, Or, RotationAngle,
< Color[Index0fPhase[0]])
32 # text
33 Tx = np.atleast_1d4(0x1) + 2.5 * Or
34 Ty = np.atleast_1d(0y) # + 0.1
35 Tx, Ty = Rotation(Tx, Ty, RotationAngle)
36 plt.text(Tx, Ty, "%i" % np.rint(ConnectionVector[0]),
37 horizontalalignment="'center',

— verticalalignment='center') # , fontsize=8)

38 # show phase or not
39 if FlagOfShow[Index0fPhase[1]] ==
40 # second winding layer
41 0x2 = 0x1 - 2 * 0r = 1.2
42 Oy = 0. # ToothWidth/2 + Or#*1.4
43 if np.sign(ConnectionVector[1]) ==
44 GoConductor(0x2, Oy, Or, RotationAngle,
< Color[Index0fPhase[1]])
45 elif np.sign(ConnectionVector[1]) == -
46 ReturnConductor(0x2, Oy, Or, RotationAngle,

«s Color[Index0OfPhase[1]])
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47 Tx = np.atleast_1d4(0x2) - 3. * Or # -0.2#0r
48 Ty = np.atleast_1d(0y) # + 0.2
49 Tx, Ty = Rotation(Tx, Ty, RotationAngle)
50 plt.text(Tx, Ty, "%i" % np.rint(ConnectionVector[i]),
51 horizontalalignment="'center',
< verticalalignment='center') # , fontsize=8)
52 plt.axis('equal')
53 plt.axis('off")
54 plt.show(block=False)
55 return

A.3. Codes of the design algorithm

A.3.1. Obtain the ideal MMF distribution from the ideal
winding factor harmonic spectrum

1 def GetMMF(WindingSpectrum_):

2 # Anpassung

3 MMF_ = MMF(WindingSpectrum_)

4 WindingSpectrum = WindingSpectrum_.Distribution

5 # Postion Vector

6 Number0fSlots = np.size(WindingSpectrum, axis=0)

7 PositionVector = np.linspace(0, NumberOfSlots, Number0fSlots,
— endpoint=False)

8 # Harmonic Order Vector

9 # 1f number of slot ts even

10 if bool(NumberOfSlots 7 2):

11 HarmonicNegLimit = -(NumberQ0fSlots + 1) / 2 + 1

12 HarmonicPosLimit = (Number0fSlots - 1) / 2

13 else:

14 HarmonicNegLimit = -NumberOfSlots / 2+ 1

15 HarmonicPosLimit = Number0fSlots / 2

16 HarmonicVector = np.linspace(HarmonicNegLimit, HarmonicPosLimit,
«  NumberOfSlots)

17 # Transformation MNatriz

18 PositionMatrix, HarmonicMatrix = np.meshgrid(PositionVector,

— HarmonicVector)
19 TransformationMatrix = np.exp(-1j #* HarmonicMatrix #* 2 #* np.pi /

<s Number0fSlots * PositionMatrix)
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20 # Winding Spectrum

21 from numpy import linalg as LA

22 NormalizedMMFVector = LA.solve(TransformationMatrix, WindingSpectrum)
23 # Anpassung

24 MMF_.TransformationMatrix = TransformationMatrix

25 MMF_.Distribution = NormalizedMMFVector

26 return MMF_

A.3.2. Obtain the primitive multi-phase winding topology
from the ideal MMF distribution and the multi-phase
current system

1 def GetPrimitiveMultiPhaseWinding(IdealNormalizedMMFVector_,

s SymmetricalMultiphaseCurrentSystem_):

2 # Anpassung
3 IdealNormalizedMMFVector = IdealNormalizedMMFVector_.Distribution
4 SymmetricalMultiphaseCurrentSystem =

— SymmetricalMultiphaseCurrentSystem_.Distribution

5 Number0fMMFPhasors = np.size(IdealNormalizedMMFVector)

6 NumberQ0fPhases = SymmetricalMultiphaseCurrentSystem_.NumberOfPhases

7 # Number of Connection matriz type

8 NumberOfConnectionMatrixType = 2

9 # for odd and even number of slots

10 if NumberOfMMFPhasors 7 2:

11 AngleDelta = np.exp(lj * np.pi / (2 * NumberOfMMFPhasors))

12 else:

13 AngleDelta = np.exp(lj * np.pi / NumberOfMMFPhasors)

14 # set of connection matriz

15 Set0fMultiPhaseWinding_ = []

16 for h in range(0, NumberOfConnectionMatrixType):

17 # connection matriz

18 NormalizedConnectionMatrix = np.zeros((Number0fMMFPhasors,
s  NumberOfPhases))

19 CurrentSystem_ = SymmetricalMultiphaseCurrentSystem * (AngleDelta
— #*% h)

20 for n in range(0, NumberOfMMFPhasors):

21 MMFn = IdealNormalizedMMFVector [n]

22 kO, k1 = proj(CurrentSystem_, MMFn)

23 Ck0, Ckl = CalcConnection(MMFn, CurrentSystem_, kO, k1)
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24 NormalizedConnectionMatrix[n, kO] = CkO

25 NormalizedConnectionMatrix[n, k1] = Ckl

26 MultiPhaseWinding_ = MultiPhaseWinding(IdealNormalizedMMFVector_,
<« CurrentSystem_)

27 NormalizedConnectionMatrix[np.abs(NormalizedConnectionMatrix) <
— 1E-6] = 0

28 MultiPhaseWinding_.ConnectionMatrix = NormalizedConnectionMatrix

29 Set0fMultiPhaseWinding_.append(MultiPhaseWinding_)

30 return Set0fMultiPhaseWinding_

A.3.3. Obtain the primitive single-phase winding topology
through detecting the rotation symmetry

1 def GetSinglePhaseWinding(SetO0fConnectionMatrix, CurrentSystemFlag):

2 NumberOfConnectionMatrixType = len(Set0fConnectionMatrix)

3 Set0fSinglePhaseWinding = []

4 for n in range(0O, NumberOfConnectionMatrixType):

5 ConnectionMatrix = SetOfConnectionMatrix[n].ConnectionMatrix
6 Flag0fSymmetry = 0

7 N = np.size(ConnectionMatrix, axis=0)

8 m = np.size(ConnectionMatrix, axis=1)

9 nl = np.linspace(0, N, N, endpoint=False, dtype=np.int)

10 n2 = np.linspace(0, m, m, endpoint=False, dtype=np.int)

11 for g in range(l, N):

12 # break from the outer loop

13 if FlagOfSymmetry == 1:

14 break

15 for h in range(1l, m):

16 k1 = np.mod(nl + g, N)

17 k2 = np.mod(n2 + h, m)

18 MatrixOfRotationSymmetryTypel = np.zeros((N, N))

19 MatrixOfRotationSymmetryTypelI = np.zeros((m, m))

20 MatrixOfRotationSymmetryTypeI[nl, k1] = 1

21 MatrixOfRotationSymmetryTypeII[n2, k2] = 1

22 # Residum

23 ConnectionMatrix_ = ConnectionMatrix.copy()

24 if CurrentSystemFlag ==

25 # the topology of the last phase and the first phase
— are the same, ezcept for the sign!

26 ConnectionMatrix_[:, 0] = -ConnectionMatrix_[:, O]
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27 Residum = ConnectionMatrix_ -

«— MatrixOfRotationSymmetryTypeI.dot(ConnectionMatrix).dot(

28 MatrixOfRotationSymmetryTypeIl)
29 # break from the inner loop
30 if LA.norm(Residum, np.inf) < 1E-10:
31 FlagO0fSymmetry = 1
32 Matrix0OfRotationSymmetry =
— Matrix0OfRotationSymmetryTypel
33 MatrixOfRotationSymmetryTypell =
— Matrix0OfRotationSymmetryTypell
34 ConnectionVector = ConnectionMatrix[:, 0]
35 break
36 else:
37 MatrixOfRotationSymmetry = np.zeros((N, N))
38 MatrixOfRotationSymmetryTypeII = np.zeros((N, N))
39 ConnectionVector = np.zeros(N)
40 SinglePhaseWinding_ = SinglePhaseWinding(Set0fConnectionMatrix[n])
41 SinglePhaseWinding_.ConnectionVector = ConnectionVector
42 SinglePhaseWinding_.RoationSymmetryMatrix =

— MatrixOfRotationSymmetry

43 SinglePhaseWinding_.RoationSymmetryMatrixTypell =
— MatrixOfRotationSymmetryTypell

44 SinglePhaseWinding_.FlagOfSymmetry = FlagOfSymmetry

45 Set0fSinglePhaseWinding.append(SinglePhaseWinding_)

46 return SetO0fSinglePhaseWinding

A.3.4. Obtain the primitive coil group through detecting the
mirror symmetry

1 def GetCoilGroup(SetOfPhaseWinding):

2 NumberOfConnectrionMatrixType = len(Set0fPhaseWinding)

3 Set0fCoilGroup = []

4 for n in range(0O, NumberOfConnectrionMatrixType):

5 ConnectionVector = SetO0fPhaseWinding[n].ConnectionVector
6 FlagO0fMirrorSymmetry, MatrixOfMirrorSymmetry,

< Position0fSymmetryAxis =

«» DetectMirrorSymmetry(ConnectionVector)

7 if FlagOfMirrorSymmetry == 1:
8 UpperPart0fConnectionVector, _MatrixOfMirrorSymmetry = \
9 GetPart0fMirrorSymmetry(Matrix0fMirrorSymmetry,
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10 PositionOfSymmetryAxis,
11 ConnectionVector, 'U')

12 else: # in case of no mirror symmetry

13 UpperPart0OfConnectionVector = ConnectionVector

14 Matrix0fMirrorSymmetry = _MatrixOfMirrorSymmetry =

< np.identity(np.size(ConnectionVector))

15 CoilGroup_ = CoilGroup(SetO0fPhaseWinding[n])

16 CoilGroup_.ConnectionVector = UpperPartOfConnectionVector
17 CoilGroup_.Flag0fSymmetry = FlagOfMirrorSymmetry

18 CoilGroup_.MirrorSymmetryMatrix = _MatrixOfMirrorSymmetry
19 CoilGroup_._MirrorSymmetryMatrix = Matrix0fMirrorSymmetry
20 CoilGroup_.Position0fSymmetricAxis = PositionOfSymmetryAxis
21 Set0fCoilGroup.append(CoilGroup_)

22 return Set0fCoilGroup

A.3.5. Obtain the primitive coils through detecting the
connection matrix

1 def WindingTopologyDoubleWayConnection(Set0fCoilGroup5):

2 Set0fPriMultilayerTurnPitchTop = []

3 for 1 in range(len(Set0fCoilGroup5)):
4 # 4l

5 a = Set0fCoilGroupb[il

6 WorkingHarmonic =

< a.ParentSinglePhaseWinding.ParentMultiPhaseWinding. \

7 ParentMMF .ParentWindingSpectrum.WorkingHarmonic
8 MSymMatrix = a.MirrorSymmetryMatrix
9 RSymMatrixI = a.ParentSinglePhaseWinding.RoationSymmetryMatrix
10 RSymMatrixII =
— a.ParentSinglePhaseWinding.RoationSymmetryMatrixTypell
11 MPhaCurrSys =
— a.ParentSinglePhaseWinding.ParentMultiPhaseWinding.CurrentSystem
12 _MSymMatrix = a._MirrorSymmetryMatrix
13 ConductorDistributionIdeal = a.ConnectionVector
14 ConductorDistributionIdeal = np.rint(ConductorDistributionIdeal *

< ConductorDistributionIdeal.size * 1e2).astype(

15 int)

16 # /% Double-Way Connection: Approzimation using multi-layer
— topology (4-layer)

17 _ConductorDistributionIdeal = ConductorDistributionIdeal
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18 _ConnectionVector, _CoilPitchVector, _Number0fCoils =

«s 0ObtainSet0fConnection(_ConductorDistributionIdeal)

19 _ConnectionMatrix = np.zeros((_ConductorDistributionIdeal.size,
<s _Number0fCoils))

20 for i in range(_NumberO0fCoils):

21 _ConnectionMatrix[_ConnectionVector[i, 0], i] = 1

22 _ConnectionMatrix[_ConnectionVector[i, 1], i] = -1

23 _NumberO0fTurns, _ErrorRel, _ConductorDistributionReal = \

24 CalculateNumber0fTurns(_ConnectionMatrix,

25 _ConductorDistributionIdeal)

26 PriMultilLayerTurnPitchTopol = PriMultilLayerTurnPitchTopo(

27 _ConductorDistributionldeal,

28 _ConductorDistributionReal,

29 _ConnectionVector, _CoilPitchVector, _ConnectionMatrix,

30 _Number0fTurns, _ErrorRel,

31 MSymMatrix=MSymMatrix, RSymMatrixI=RSymMatrixI,

32 RSymMatrixII=RSymMatrixII, MPhaCurrSys=MPhaCurrSys,

33 _MSymMatrix=_MSymMatrix,

34 WorkingHarmonic=WorkingHarmonic)

35 Set0fPriMultilayerTurnPitchTop.append(PriMultilayerTurnPitchTopol)

36 return SetO0fPriMultilayerTurnPitchTop

37

38

39 def WindingTopologySingleWayConnectionMD(Set0fCoilGroup5):

40 Set0fPriDLayerMTurnMPitchTopo = []

41 for 1 in range(len(Set0fCoilGroup5)):
42 #A1

43 a = Set0fCoilGroupb[il

44 WorkingHarmonic =

< a.ParentSinglePhaseWinding.ParentMultiPhaseWinding. \

45 ParentMMF .ParentWindingSpectrum.WorkingHarmonic
46 MSymMatrix = a.MirrorSymmetryMatrix
a7 _MSymMatrix = a._MirrorSymmetryMatrix
48 RSymMatrixI = a.ParentSinglePhaseWinding.RoationSymmetryMatrix
49 RSymMatrixII =
— a.ParentSinglePhaseWinding.RoationSymmetryMatrixTypell
50 MPhaCurrSys =
— a.ParentSinglePhaseWinding.ParentMultiPhaseWinding.CurrentSystem
51 ConductorDistributionIdeal = a.ConnectionVector
52 ConductorDistributionIdeal = np.rint(ConductorDistributionIdeal *

«» ConductorDistributionIdeal.size * 1e2).astype(

53 int)
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54 # /1 Single-Way Connection: Multi-Coil Adpproach
55 _ConductorDistributionIdeal = ConductorDistributionIdeal
56 _ConnectionVector, _CoilPitchVector, _Number0fCoils =

<s 0ObtainMCoilConnection(_ConductorDistributionIdeal)

57 _ConnectionMatrix = np.zeros((_ConductorDistributionIdeal.size,
«  _Number(0fCoils))

58 for i in range(_NumberQ0fCoils):

59 _ConnectionMatrix[_ConnectionVector[i, 0], i] = 1

60 _ConnectionMatrix[_ConnectionVector[i, 1], il = -1

61 _NumberO0fTurns, _ErrorRel, _ConductorDistributionReal = \

62 CalculateNumberOfTurns(_ConnectionMatrix,

63 _ConductorDistributionIdeal)

64 PriDLayerMTurnMPitchTopo = PriMultiLayerTurnPitchTopo (

65 _ConductorDistributionldeal, _ConductorDistributionReal,

66 _ConnectionVector, _CoilPitchVector, _ConnectionMatrix,

67 _Number0fTurns, _ErrorRel,

68 MSymMatrix=MSymMatrix, RSymMatrixI=RSymMatrixI,

69 RSymMatrixII=RSymMatrixII, MPhaCurrSys=MPhaCurrSys,

70 _MSymMatrix=_MSymMatrix, WorkingHarmonic=WorkingHarmonic)

71 Set0fPriDLayerMTurnMPitchTopo.append(PriDLayerMTurnMPitchTopo)

72 return SetO0fPriDLayerMTurnMPitchTopo

73

74

75 def WindingTopologySingleWayConnectionSP(Set0fCoilGroup5b):

76 Set0fPriDLayerMCondMPitchTopo = []

77 for i in range(len(Set0fCoilGroup5)):
78 #A

79 a = Set0fCoilGroupb[il

80 WorkingHarmonic =

< a.ParentSinglePhaseWinding.ParentMultiPhaseWinding. \

81 ParentMMF .ParentWindingSpectrum.WorkingHarmonic
82 MSymMatrix = a.MirrorSymmetryMatrix
83 _MSymMatrix = a._MirrorSymmetryMatrix
84 RSymMatrixI = a.ParentSinglePhaseWinding.RoationSymmetryMatrix
85 RSymMatrixII =
— a.ParentSinglePhaseWinding.RoationSymmetryMatrixTypell
86 MPhaCurrSys =
— a.ParentSinglePhaseWinding.ParentMultiPhaseWinding.CurrentSystem
87 ConductorDistributionIdeal = a.ConnectionVector
88 ConductorDistributionIdeal = np.rint(ConductorDistributionIdeal *

«» ConductorDistributionIdeal.size * 1e2).astype(

89 int)
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90 # /1 Single-Way Connection: Multi-Conductor
91 _ConductorDistributionIdeal = ConductorDistributionIdeal
92 _ConnectionVector, _CoilPitchVector, _Number0fCoils =

<s 0ObtainMCondConnection(_ConductorDistributionIdeal)

93 _ConnectionMatrix = np.zeros((_ConductorDistributionIdeal.size,
<s _NumberQ0fCoils + 1))

94 MultiCondMatrix = np.zeros((_ConductorDistributionIdeal.size,
<s _Number0fCoils))

95 for i in range(_Number0fCoils):

96 _ConnectionMatrix[_ConnectionVector[i, 0], il = +1

o7 _ConnectionMatrix[_ConnectionVector[i, 1], il = -1

98 # one more column for additional conductor

99 _ConnectionMatrix[_ConnectionVector[i, 1], -1] = np.sign(

100 np.sum(_ConductorDistributionIdeal[_ConnectionVector[i,

— 110

101 # save the additional conductor in a ezira matriec

102 MultiCondMatrix[_ConnectionVector[i, 1], i] = np.sign(

103 np.sum(_ConductorDistributionIdeal[_ConnectionVector[i,

— 110N

104 _NumberO0fTurns, _ErrorRel, _ConductorDistributionReal = \

105 CalculateNumber0fTurns(_ConnectionMatrix,

106 _ConductorDistributionIdeal)

107 # normalization

108 if _NumberOfTurns[-1] ==

109 _Number0fTurns = _NumberOfTurns

110 else:

111 _NumberO0fTurns = _NumberOfTurns / _NumberQOfTurns[-1]

112 # number of conductor should be integer: round-off

113 _Number0fTurns = np.rint(_Number0fTurns)

114 _ConductorDistributionReal = _ConnectionMatrix.dot(_NumberQOfTurns)

115 ConnectionMatrix = _ConnectionMatrix[:, :-1]

116 NumberO0fTurns = _NumberOfTurns[:-1]

117 _ErrorAbs = _ConductorDistributionReal * _NumberOfTurns[-1] -
<« _ConductorDistributionlIdeal

118 _ErrorRel = LA.norm(_ErrorAbs.astype(float)) /
< LA.norm(_ConductorDistributionIdeal.astype(float))

119 PriDLayerMCondMPitchTopo = PriMultilayerTurnPitchTopo(

120 _ConductorDistributionIdeal, _ConductorDistributionReal,

121 _ConnectionVector, _CoilPitchVector, ConnectionMatrix,

122 Number0fTurns, _ErrorRel, MultiCondMatrix=MultiCondMatrix,

123 MSymMatrix=MSymMatrix, RSymMatrixI=RSymMatrixI,

124 RSymMatrixII=RSymMatrixII, MPhaCurrSys=MPhaCurrSys,

Dieses Werk ist copyrightgeschutzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fir den persdénlichen Gebrauch. 205



A. Implementation of the proposed method in Python

125 _MSymMatrix=_MSymMatrix, WorkingHarmonic=WorkingHarmonic)
126 Set0fPriDLayerMCondMPitchTopo .append(PriDLayerMCondMPitchTopo)
127 return SetO0fPriDLayerMCondMPitchTopo

A.3.6. Obtain the coils of particular winding topology

1 def ObtainMultiTurnWindingTopology(SetOfPriMultilLayerTurnPitchTopob):

2 Set0fPriMLayerMTurnSPitchTopo = []

3 for i in range(len(SetO0fPriMultilayerTurnPitchTopo5)):

4 PriMultiLayerTurnPitchTopol = SetOfPriMultilLayerTurnPitchTopo5[i]
5 # who remains: remove the unequal cotl pitch

6 _CoilPitch = PriMultiLayerTurnPitchTopol.CoilPitch

7 UniqueCoilPitch, InverseIndex, Number(OfCoils =

— np.unique(_CoilPitch, return_counts=True,

<y return_inverse=True)

8 _Index0fMaxNumber0fCoils = np.argmax(Number0fCoils)
9 _CoilPitchOfMaxNumberO0fCoils =
s UniqueCoilPitch[_Index0fMaxNumber0fCoils]
10 _Index0fCoils = np.where(_CoilPitch ==
< _CoilPitchOfMaxNumber0fCoils) [0]
11 _CoilPitch = PriMultilayerTurnPitchTopol.CoilPitch[_Index0fCoils]
12 _ConnectionMatrix =

< PriMultilayerTurnPitchTopol.ConnectionMatrix[:,
s _Index0fCoils]
13 _ConnectionVector =
— PriMultiLayerTurnPitchTopol.ConnectionVector[_IndexOfCoils,
— ::|
14 _ConductorDistributionIdeal =

« PriMultilLayerTurnPitchTopol.ConductorDistributionIdeal

15 # solve the equation system

16 _NumberO0fTurns, _ErrorRel, _ConductorDistributionReal = \
17 CalculateNumber0fTurns(_ConnectionMatrix,

18 _ConductorDistributionIdeal)

19 PriMLayerMTurnSPitchTopo = PriMultilayerTurnPitchTopo(

20 _ConductorDistributionIdeal, _ConductorDistributionReal,
21 _ConnectionVector, _CoilPitch, _ConnectionMatrix,

22 _Number0fTurns, _ErrorRel,

23 MSymMatrix=PriMultilayerTurnPitchTopol.MSymMatrix,

24 RSymMatrixI=PriMultilayerTurnPitchTopol.RSymMatrixI,
25 RSymMatrixII=PriMultiLayerTurnPitchTopol.RSymMatrixII,
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26 MPhaCurrSys=PriMultilayerTurnPitchTopol.MPhaCurrSys,

27 _MSymMatrix=PriMultilLayerTurnPitchTopol._MSymMatrix,

28 WorkingHarmonic=PriMultiLayerTurnPitchTopol.WorkingHarmonic)
29 Set0fPriMLayerMTurnSPitchTopo .append(PriMLayerMTurnSPitchTopo)
30 return SetOfPriMLayerMTurnSPitchTopo

31

32 def ObtainMultilayerWindingTopology(SetOfPriMLayerMTurnSPitchTopo):

33 Set0fPriMLayerSTurnTopo = []

34 for i in range(len(Set0fPriMLayerMTurnSPitchTopo)):

35 PriMLayerMTurnSPitchTopo = Set0fPriMLayerMTurnSPitchTopo[i]

36 _Number0fTurns = PriMLayerMTurnSPitchTopo.NumberO0fTurns

37 _Number0fTurns = np.rint(_Number0fTurns / np.amin(_Number0fTurns))

< * np.amin(_Number0fTurns)

38 _ConnectionMatrix = PriMLayerMTurnSPitchTopo.ConnectionMatrix

39 _ConnectionVector = PriMLayerMTurnSPitchTopo.ConnectionVector

40 _CoilPitch = PriMLayerMTurnSPitchTopo.CoilPitch

41 _ConductorDistributionReal = _ConnectionMatrix.dot(_NumberQOfTurns)
42 _ConductorDistributionIdeal =

— PriMLayerMTurnSPitchTopo.ConductorDistributionIdeal

43 _ErrorAbs = _ConductorDistributionReal -
<« _ConductorDistributionIdeal
44 _ErrorRel = LA.norm(_ErrorAbs.astype(float)) /
« LA.norm(_ConductorDistributionIdeal.astype(float))
45 PriMLayerSTurnTopo = PriMultilayerTurnPitchTopo(
46 _ConductorDistributionIldeal, _ConductorDistributionReal,
a7 _ConnectionVector, _CoilPitch, _ConnectionMatrix,
48 _Number0fTurns, _ErrorRel,
49 MSymMatrix=PriMLayerMTurnSPitchTopo.MSymMatrix,
50 RSymMatrixI=PriMLayerMTurnSPitchTopo.RSymMatrixI,
51 RSymMatrixII=PriMLayerMTurnSPitchTopo.RSymMatrixII,
52 MPhaCurrSys=PriMLayerMTurnSPitchTopo.MPhaCurrSys,
53 _MSymMatrix=PriMLayerMTurnSPitchTopo._MSymMatrix,
54 WorkingHarmonic=PriMLayerMTurnSPitchTopo.WorkingHarmonic)
55 Set0fPriMLayerSTurnTopo.append(PriMLayerSTurnTopo)
56 return SetOfPriMLayerSTurnTopo
57

58 # J/ double- and single-layer single turn: can be obtained from multi-coil
— or multi-conductor
59 def ObtainDoubleLayerWindingTopology2(Set0fPriDLayerMTurnMPitchTopo5):

60 # start from single pitch, since solution of multe pitch with negative
61 Set0fPriDLayerSTurnTopo = []
62 for i in range(len(Set0fPriDLayerMTurnMPitchTopo5)):
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63 PriMultiLayerTurnPitchTopol = Set0fPriDLayerMTurnMPitchTopo5[i]
64 # calculate

65 _CoilPitch = PriMultilLayerTurnPitchTopol.CoilPitch

66 # actual connection matriz

67 ConnectionMatrix =

< np.sign(PriMultilayerTurnPitchTopol.ConnectionMatrix)

68 # for calculation

69 _ConnectionMatrix = np.sum(ConnectionMatrix, axis=1)

70 _ConnectionVector = PriMultilayerTurnPitchTopol.ConnectionVector
71 _ConductorDistributionIdeal =

— PriMultilayerTurnPitchTopol.ConductorDistributionIdeal
72 _Number0fTurns, _ErrorRel, _ConductorDistributionReal =

—s CalculateNumber0fTurns (

73 np.atleast_2d(_ConnectionMatrix).transpose(),

74 _ConductorDistributionIdeal)

75 NumberO0fTurns = _NumberOfTurns * np.ones(_CoilPitch.size)

76 # save results

77 PriDLayerSTurnTopo = PriMultiLayerTurnPitchTopo(

78 _ConductorDistributionIdeal, _ConductorDistributionReal,
79 _ConnectionVector, _CoilPitch, ConnectionMatrix,

80 Number0fTurns, _ErrorRel,

81 MSymMatrix=PriMultilLayerTurnPitchTopol.MSymMatrix,

82 RSymMatrixI=PriMultilayerTurnPitchTopol.RSymMatrixI,

83 RSymMatrixII=PriMultilLayerTurnPitchTopol.RSymMatrixII,
84 MPhaCurrSys=PriMultilayerTurnPitchTopol.MPhaCurrSys,

85 _MSymMatrix=PriMultilayerTurnPitchTopol._MSymMatrix,

86 WorkingHarmonic=PriMultiLayerTurnPitchTopol.WorkingHarmonic)
87 Set0fPriDLayerSTurnTopo .append(PriDLayerSTurnTopo)

88 return Set0fPriDLayerSTurnTopo
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Nomenclature

Mathematical Notations

a, A algebraical vector

al, AT transpose of vector a, A

a, A amplitude of a sinusoidal function

A matrix

AT transpose of matrix A

Im{a} imaginal part of the complex number a

Re{a} real part of the complex number a

a,A  mean value
a,A  complex number
a Physical vector

f(x) function with variable x

Mathematical Functions

abs(a) magnitude of the complex number a
ceil(a) nearest integer greater than or euqal to a
floor(a) the nearest integer less than or equal to a
lem(a,b) least common multiplier of @ and b
mod(a,b) the modular after a/b

sign(a) sign of the vector a

size(a) number of element of the vector a
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Nomenclature

Symbols

a,B  Angle, general

0] m-phase current system as vector

€, € Error

P Vector of phase flux-linkage

J§ Jacobian vector of the magnetic co-energy in respect of mechani-

cal variation

J! Jacobian matrix of the magnetic co-energy in respect of electrical
variation

Jao Jacobian vector of the magnetic energy in respect of mechanical
variation

J; Jacobian matrix of the magnetic energy in respect of electrical
variation

m©®P  Vector used for the calculation of the classical double-layer win-

ding topology

mMCond Vector used for the calculation of the multi-conductor winding
topology

m, Connection vector
mMT  Connection vector of the multi-turn winding topology

NMCond Nymber of the conductors of the negative coil sides of the multi-
conductor winding topology

w Vector used for presentation of the winding topology

wMC  Number of turns of the coils of the multi-coil winding topology
wME Number of turns of the coils of the multi-Layer winding topology
wMT  Number of turns of the coils of the multi-turn winding topology

AT,  Temperatur difference of the winding
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Nomenclature

o Air gap thickness

d(x)  Dirac impulse function

7y Working harmonic order

Er’y Rotor flux density amplitude of the v-harmonic order
IA(S’,, Stator current sheet amplitude of the v-harmonic order
Ke Thermal specific conductivity of the conductor

Kp Thermal specific conductivity of the isolation

Kwtn  Thermal specific conductivity of the winding
Ue Set of phase winding

MMCond Natrix used for the calculation of the multi-conductor winding

topology
M, Transformation matrix between space and spectrum domain
M. Connection matrix

MSP  Connection Matrix of the classical double-layer winding topology
MP  Connection matrix of the double-way connection
MMT  Connection matrix of the multi-turn winding topology

M>MD Connection matrix of the Single-way connection of minima devi-
ation

M?>SP Connection matrix of the single-way connection of shortest path

ME;;\/{D Connection matrix of the Single-way connection of minima devi-
ation for the single-layer winding topology

ME-SF Connection matrix of the single-way connection of shortest path
for the single-layer winding topology

R Resistance matrix

Sy, Matrix for the calculation of the lower symmetry part
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Nomenclature

Smu  Matrix for the calculation of the upper symmetry part
Sm Matrix of mirror symmetry
Sr Matrix of rotation symmetry

(rect)(x) Rectangle-shaped function

7 vector of phase current

u vector of phase voltage

Jo Jacobian matrix in respective of mechanical variation

J; Jacobian matrix in respective of electrical variation

C Conductor distribution matrix

C, Normalized conductor distribution matrix of the single-layer wi-
ning topology

v Harmonic order, general

w Electrical frequency

C normalized conductor distribution matrix

A, B,C Phase current with negative winding direction

f Average force density

EE’M Normalized conductor distribution vector of the single-layer wi-
ning topology after the rotation and mirror symmetry exploita-
tion

[©) Normalized MMF vector

¢M  Normalized conductor distribution vector after rotation and mir-
ror symmetry exploitation

et Normalized conductor distribution vector after rotation symme-

try exploitation

Ch h-th phase winding
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Nomenclature

Cy. k-th column vector of the normalized conductor distribution ma-
trix
C,, n-th row vector of the normalized conductor distribution matrix

Ok Current phase of the k-th phase current

E, Electrical field streght caused by mechanical volecity

F Electromechanical Force

U Length with direction

) Mechanical volecity

p Electrical specific resistance
Te Coil pitch

Tso Slot opening

Tsp Slot pitch

[C) Total slot MMF' as vector

[C) MMFEF harmonic of v-th order

u Complex voltage phasor as vector
] Complex phasor of MMF

C, Fourier coefficent of the v-th harmonic
A Magnetic vector potential

a,a  Physical vector

B Magnetic flux density

E Eletric field strength

H Magnetic field strength

J Current density

S Surface with direction vector

Dieses Werk ist copyrightgeschutzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fir den persdénlichen Gebrauch. 293



Nomenclature

Q Mechanical rotation speed

el

Electromagnetic torque
& Winding factor of the v-harmonic order
¢pu™  The n-th part winding factor of the vth-harmonic

A, B, C' Phase current with positive winding direction

A, Z-component of the vector potential
b Number of coils per coil group
c Conductor charaterized number

Dy Diameter of the air gap

E Magnetic co-energy

Eq Mechanical energy

F4ss dissipative energy

E.. Coupling electrical energy

E.; Dissipative electrical energy

E. Electrical energy

E., Magnetic energy

f Distance between adjacent coils
fe Filling factor of the conductor

Ip Filling factor of the isolation

g, 2 Integer, general
J Imaginary unit
J, Z-component of the current densigy

K Number of coil groups
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Nomenclature

k,n Index, general

l. Circumference of the machine
[, Lenght in z-direction
m Number of phases

N, Number of winding layers

Ny Number of slots

Ny Number of possible winding topology

Nz, Number of negative conductor distribution

Nz,  Number of positive conductor distribution

Nz Number of conductor distribution

N.r  Number of conductors belonging to k-th phase winding
O.r  Winding direction of conductors belong to k-th phase winding
D Number of poles

Pioss Power loss of the winding

q Number of slot per pole per phase

R.;. Electrical resistance of the conductor

R Electrical resistance of the winding

Rinw  Thermal resistance of the winding

Sy, Area of the nth-slot

Sn Area, general
t Time
Uy, Induced voltage in the n-th slots

Vv Volumes
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Nomenclature

We Number of turns of coil
W Total number of turns of the k-th phase winding
x Coil pitch

x,Y,z Space coordinate
Y Distance between adjacent coil groups

Z1,Z5 Number of coil groups within the positive and negative winding
zone

Acronyms
EMF Electro-Motive Force

MMEF Magneto-Motive Force
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