THE HONG KONG
Q POLYTECHNIC UNIVERSITY
& Fenian

Pao Yue-kong Library
BEREEE

Copyright Undertaking

This thesis is protected by copyright, with all rights reserved.
By reading and using the thesis, the reader understands and agrees to the following terms:

1. The reader will abide by the rules and legal ordinances governing copyright regarding the
use of the thesis.

2. The reader will use the thesis for the purpose of research or private study only and not for
distribution or further reproduction or any other purpose.

3. The reader agrees to indemnify and hold the University harmless from and against any loss,
damage, cost, liability or expenses arising from copyright infringement or unauthorized
usage.

IMPORTANT

If you have reasons to believe that any materials in this thesis are deemed not suitable to be
distributed in this form, or a copyright owner having difficulty with the material being included in
our database, please contact lbsys@polyu.edu.hk providing details. The Library will look into
your claim and consider taking remedial action upon receipt of the written requests.

Pao Yue-kong Library, The Hong Kong Polytechnic University, Hung Hom, Kowloon, Hong Kong

http://www.lib.polyu.edu.hk




DESIGN, ANALYSIS AND
APPLICATION OF FLUX-
MODULATED MACHINES

YULONG LIU
Ph. D

The Hong Kong Polytechnic University
2016



The Hong Kong Polytechnic University

Department of Electrical Engineering

Design, Analysis and Application

of Flux-modulated Machines

Yulong Liu

A thesis submitted in partial fulfilment of the

requirements for the degree of Doctor of Philosophy

May, 2016



Certificate of Originality

| hereby declare that this thesis is my own work and that, to the best of
my knowledge and belief, it reproduces no material previously published
or written, nor material that has been accepted for the award of any other
degree or diploma, except where due acknowledgement has been made in

the text.

Name of student: Yulong Liu



Abstract

Electric machines have a history of nearly 200 years. They have played
a key role in the electrification of our society and they are widely used
nowadays both in industry and our everyday life. A basic rule for
designing an electric machine is that the pole number of the stator and the
pole number of the rotor should be equal. However, the emergence of
flux-modulated (FM) machines breaks this rule. In a FM machine, the
excitation field and the armature field interact over their harmonic
components, which is the so-called flux modulation effect or magnetic
gearing effect since it was first used in magnetic gears. Due to their
special working principle, the FM machines own some different
characteristics from conventional electric machines such as more flexible
pole number combination and the possibility of realizing multi-port
design. These features of FM machines make them suitable for a number
of certain applications. In this thesis, the design, analysis, and the

potential applications of FM machines are introduced.
The thesis mainly includes the following contents.

a) A literature review on the development of different types of FM
machines is presented. These machines include the basic FM
machines (BFMMs), the vernier permanent-magnet (PM) machines
(VPMMs), the doubly-fed reluctance machines (DFRMs), and the
dual-excitation PM machines (DEPMMs).

b) The magnetics gears and the flux modulation effect are introduced.

A unified theory for FM machines is proposed. Using the proposed



d)

theory, the operating principles of different FM machines are
explained in a unified way.

The general design rules for different components, namely the
winding, the PM and the flux modulation poles, in a FM machine
are introduced.

A quantitative performance comparison among different types of
FM machines is conducted. Based on the comparison result, the
potential applications of these machines are identified.

Two FM machines are designed for electric vehicle propulsion and
wind power generation, respectively, to showcase the potential
applications of FM machines. The performance of these two
machines are analyzed using FEM. Prototypes are made and tested

for validation.
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Chapter 1

Introduction

1.1 Electric machines

An electric machine is an electromagnetic device for energy
conversion from electrical to mechanical, in which process it is usually
called a motor, or from mechanical to electrical, in which process it is
usually called a generator. For over a century, electric machines have
been the most important type of devices for energy conversion concerning
electricity. They are used in most electricity generation processes and
about half of the electricity generated globally is consumed by electric
motors [Al]. Recently, with the fast development of power electronics,
the accurately controlled electrical drive is becoming more and more
popular as it is efficient and provides good control properties for various
applications [A2]. Due to the large power flow related to electric
machines, it is of great significance to improve the efficiency of electrical
machines for energy saving and environmental protection, which gives
electrical engineers a good reason to design new and efficient electric

machines.

The induction machines, especially the squirrel-cage induction
machines (SCIMs), have been dominant in the electric machine market for
a long time because they are rugged, reliable and their costs are low [A3].
However, the induction machines have some inherent drawbacks, namely

relatively low efficiency, low power density (power capacity per volume),



low power factor and their accurate control is complex. Since the late 20™"
century, benefiting from the fast development of permanent magnet
material, the performance of PM machines has been significantly
improved while their cost is getting lower. Compared with SCIMs, these
permanent magnet machines usually have advantages in consideration of
efficiency, power density, and power factor [A4]. The PM motors with
power electronic drivers also provide good control property. Nowadays, a
trend in both industrial and civilian applications is to replace the SCIMs

with permanent magnet machines.

In recent years, the environmental and energy problems are drawing
more and more attention and many solutions have been proposed to
address them. Some of these solutions raise new requirements on the
performance of electric machines. For example, in a wind power
generation system, the generator needs to have a low operation speed and
high torque density (torque capacity per volume). In a single-motor
electric vehicle powertrain, the electric motor needs to have a wide
operation range and high power density. Although the conventional
machines can be used in these applications, their performance is not so
satisfactory, which give rise to the development of new types of electric

machines.

1.2 Flux-modulated machines

Recently, a new kind of electric machine, namely the FM machine, has
drawn much attention from researchers and engineers. As the FM
machines use asynchronous field harmonics to realize energy conversion,
they break the basic principle for conventional machine design which

requires the stator and the rotor to have the same pole number. The FM
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machine makes the machine design more flexible, which is especially

significant when a high pole number is required in low-speed applications.

The fact that FM machines work on harmonic field makes them quite
different from conventional machines. Although the working principles
and performance of different FM machines have been reported in a
number of references, a systematic and comprehensive study is still
desirable. The working principles and design methods for FM machines
need to be studied. The performance of different FM machines also need
to be quantitatively compared together with that of the conventional
synchronous machines. Considering the pros and cons of them, the

suitable applications for FM machines need to be clarified and studied.

1.3 Thesis outline

The thesis aims to study the working principle, design method, and
performance of FM machines. The pros and cons are concluded through
the study and the suitable applications are identified accordingly. Chapter
2 gives an overview of various types of FM machines. The historical
development and brief working principles of these machines are
introduced. In Chapter 3, a unified theory of FM machines is derived from
a coaxial magnetic gear model. Using this unified theory, the working
principles of different types of FM machines are explained. In Chapter 4,
the general principles for the design of FM machines are introduced.
Particularly, the winding design, the PM design, and the design of the flux
modulation pole-pieces are introduced. In Chapter 5, a comparison among
different FM machines and a conventional PM synchronous machine
(CPMSM) is performed. All these machines are designed and optimized

under the predetermined constraints. Based on the comparison results, the
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potential applications of FM machines are classified. In Chapter 6, a FM
machine with wide speed range is designed for in-wheel EV drive. A
prototype is made and tested for validation. Chapter 7 presents a doubly-
fed dual-rotor FM machine which is designed for wind power generation.
This FM machine is also prototyped and tested for performance validation.
A brief summary and recommendations for further study are presented in
Chapter 8.
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Chapter 2

Overview of flux-modulated machines

2.1 Introduction

In recent years, several kinds of non-conventional electric machines
emerged or re-emerged to draw much attention with their special features.
These machines include a basic FM machine (BFMM), a vernier
permanent-magnet (PM) machine (VPMM), a dual-excitation PM machine
(DEPMM), and a doubly-fed reluctance machine (DFRM). An outstanding
feature that differs these machines from the conventional synchronous
electric machines is that, the pole-pair number of the stator can be
different from that of the rotor, which breaks the basic rule of
conventional electric machines. Although the working principles of these
machines are explained in different ways in literature, some inherent
similarities clearly exist among them and they all can be summarized as

general FM machines.

Generally, the FM machines refer to the category of electric machines
whose working principles are based on the flux modulation effect. The
flux-modulation effect is also called the vernier effect or the magnetic
gearing effect as it is first used in coaxial magnetic gears. In these coaxial
magnetic gears or FM machines, the magnetic field path is non-even,
which causes asynchronous flux harmonics to realize the speed variation

and torque transmission.



2.2 Magnetic gears, magnetic-geared machines and
basic flux-modulated machines

The magnetic gear concept is an electromagnetic counterpart of the
mechanical gear. The gears are a very basic yet important type of
components and they are used everywhere. However, the mechanical
gears have some inherent drawbacks, such as vibration, acoustic noise and
wear, which limit their applications. The magnetic gears are proposed to
replace mechanical gears because of their non-contact elements. The early
magnetic gears have a poor usage of PM material. The coaxial magnetic
gear, which is based on the flux modulation effect, is then proposed,

which significantly improves the torque performance.

The first try to introduce the flux modulation effect into electric
machines is realized by the magnetic-geared machine. As is shown in the
name, a magnetic-geared machine is essentially a combination of a
conventional PM machine and a magnetic gear. A magnetic gear is
incorporated into the machine so as to amplify the output torque and
fractionalize the speed of the machine. By simplifying the structure of the
magnetic-geared machine, namely removing one of the two PM rotors, the

basic FM machine is proposed.

2.2.1 Magnetic gears

Since the early 20th century, a number of magnetic gears have been
proposed. The early magnetic gears use magnetizing coils for the
excitation field. Later on, permanent magnets are used to substitute the

coils. However, these magnetics gears usually have a poor utilization of



the PM material because only a small number of PMs take effect at any

one time. A typical example is a magnetic spur gear as shown in Fig. 2.1.

In 2001, a coaxial magnetic gear with slotted intermediary
ferromagnetic pole-pieces (FMPs) was proposed [B1]. In this magnetic
gear, different numbers of PMs are mounted on the inner rotor and the
outer rotor and a specific number of steel pole pieces are fixed between
the two rotors. As is shown in Fig. 2.2, the magnetic gear has two rotors
with PMs mounted on the back iron. Due to the existence of the FMPs
between the rotors, the airgap permeance is uneven and asynchronous
harmonics of the PM field are generated. The PM rotors can hence
interact with each other over the common harmonics to realize stable
torque transmission and speed variation. When the losses are neglected,
the torque and speed relationships between the PM rotors are,

L_o_ R

= :—:G
T, o P (2.1)

where; T1 and T, are the torque of the PM rotors, respectively; w1 and w2 are
the speeds; Py and P> are the pole-pair numbers; G, is defined as the gear ratio,

which is similar to the concept in a mechanical gear.



permanent magnets

ferromagnetic
pole-pieces

Fig. 2.2. A coaxial magnetic gear [B2].



2.2.2 Magnetic geared machines

In [B3], a magnetic-geared machine is proposed by combining a
coaxial magnetic gear with a conventional permanent magnet machine as
shown in Fig. 2.3. This machine has two rotors with permanent magnet.
The inner rotor has two layers of permanent magnets which are separated
by stainless steel. The inner layer of PM interacts with the stator windings
like a conventional permanent magnet machine with outer rotor
configuration. The outer layer of PM on the inner rotor constitutes a
coaxial magnetic gear with the steel pole-pieces and the outer rotor. In
this way, the torque on the inner rotor is amplified by the gear ratio

through the magnetic gear.

In [B4], another magnetic-geared machine which uses the steel pole-
pieces as the low speed rotor is proposed. The magnetic gear and the
electric machine are combined both mechanically and electromagnetically
since the magnetic flux path is continuous. But the airgap between the
windings and the high speed rotor is large in this machine, which makes
its airgap reluctance high. In [B5], a magnetic-geared machine is
constructed by embedding windings among the slots between the steel
pole-pieces. The windings directly drive the inner high-speed rotor and
the outer low-speed rotor is driven accordingly through magnetic gearing.
This design is expected to achieve better utilization of PM material and

save space inside the machine.



Gear outer

ol Original
outer rotor

Fig. 2.3. A MG integrated machine [B3].

2.2.3 Basic FM machines

To simplify the structure, the BFMM is proposed with the shared rotor
omitted so that the winding field can directly interact with the PM field of

the rotor.

As shown in Fig. 2.4(a), the basic magnetic FM motor has a stator with
a set of three-phase windings and a rotor with PMs [B6]. Between the
stator and rotor, a set of stationary ferromagnetic segments is sandwiched.
The magnetic field produced by the PMs is modulated by the
ferromagnetic segments and reacts with the magnetic field produced by

the armature.
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In [B7], a BFMM with a consequent-pole PM rotor is proposed as
shown in Fig. 2.4(b). An axial flux type BFMM is proposed in [B8] as
shown in Fig. 2.4(c). To improve the power density, the stator is
sandwiched by the two parts of the outer rotor and the corresponding
ferrite segments. When the ferrite segments and the rotor PMs on the two
sides of the stator are placed in alignment respectively, the torques from
the two parts of the rotor add up to the output torque. A recent research
[B9] shows that, as the free space between the ferrite segments naturally
forms ventilating ducts, the axial flux BFMM has better heat dissipation,

which is very meaningful for improving the power density.

Permanent magnets Stationary steel

egments
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Outer-rotor

Stator

Stationary ring

(b)

PMS Ferrite segments Stator  Winding - Outer rotor

Outer rotor

(c)

Fig. 2.4. (a) Radial-flux BFMM I [B6]. (b) Radial-flux BEMM 11 [B7]. (c) An axial-
flux BEMM [B8].
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2.3 Vernier PM machines and dual-excitation PM
machines

2.3.1 Vernier PM machines

The idea of VPMM comes from the vernier reluctance motor which is
designed for very-low-speed applications. As shown in Fig. 2.5(a), the
vernier reluctance motor has an open-slot type stator and a rotor which is
similar to that of switched reluctance motor [B10]. The particular feature
of the vernier reluctance motor is that, a small displacement of one-half
slot pitch of the rotor will cause a 90 degrees displacement of the
permeance axis, which is depicted in Figs. 2.5(b) and (c). As a result, the

rotor rotates at a much slower speed than the winding field speed.

The VPMM is developed based on the vernier reluctance motor by
replacing the reluctance rotor with a PM rotor. As it is similar to the
principle of the vernier reluctance motor, in the VPMM shown in Fig.
2.6(a), a displacement of one pole pitch of the PM rotor will cause a 90
degree displacement of the permanent magnetic flux in the stator. Due to
the introduction of PMs, the power density and efficiency are

significantly improved [B11].

As shown in Fig. 2.6(b), the stator of VPMM also can be designed as
the split-pole type besides the open-slot type [B12]. In [B13], a
comparison between these two types of VPMM is conducted. It is
concluded that the open-slot VPMM has an advantage over the split-pole
VPMM considering the torque density, torque ripple, flux-weakening
ability and the power losses. In [B11], by placing stator windings on both
sides of the rotor as shown in Fig. 2.6(c), a dual-excitation VPMM is

proposed to improve the torque density. Outer rotor VPMMs have been

13



used for in-wheel propulsion of EVs and direct-drive wind power
generation [B12], [B14]. As shown in Fig. 2.6(d), a recent research
presented a dual-stator topology whose inner stator has a half tooth
displacement relative to the outer stator, and the spoke-array of PMs is

used to produce flux focusing effect. It is claimed that the power factor of
this machine can reach 0.9 [B15].

(a)

000 L1001 L0

PERMEANCE

0 i 3 21
o 2
ANGULAR POSITION

(b)
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Fig. 2.5. (a) A vernier reluctance motor. (b) The airgap permeance distribution. (c)

The equivalent airgap permeance distribution [B10].
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(b) Split-pole type [B12]

(d) Dual-stator spoke-array VPMM [B15]

Fig. 2.6. Different VPMMs.

2.3.2 Dual-excitation PM machines

Like other PM machines, a dual-excitation PM machine (DEPM) has a

set of three-phase windings on its stator. Unlike conventional rotor-PM

16



motors and stator-PM motors, the DEPMM has PMs on both rotor and
stator. The idea of DEPMM machine originally comes from vernier
machines [B16]. As shown in Fig. 2.7, by placing unipolar PMs in both
the stator slots and the rotor slots, equivalently sinusoidal airgap flux
density can be generated. With a small rotor displacement of one rotor
pole pitch, the airgap flux changes 90 degrees, which is quite similar to
what happens in the vernier reluctance machine except that the permeance

variation is replaced by PM flux variation.

In [B17], a DEPMM which does not require the same PM number and
teeth number is proposed as shown in Fig. 2.8(a). Although this machine
has a more flexible pole-pair combination, it is significantly more
complex to manufacture and the robustness is reduced. Fig. 2.8(b) shows
a DEPMM with flux concentrating rotor structure which is proposed in
[B18]. By virtue of the improved flux density, this DEPMM is claimed to

have higher torque density.
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(b)

Fig. 2.7. (a) A DEPMM and (b) the airgap flux density and its equivalent sinusoidal
wave [B16].
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Fig. 2.8. (a) A DEPMM [B17]. (b) A DEPMM with flux concentrating rotor structure
[B18].

2.3.3 Doubly-fed reluctance machines

The DFRM is a re-emerging concept which can be traced back to the
early 1970’s [B19]. As shown in Fig. 2.9, the DFRM consists of a
reluctance rotor and two sets of windings which can be housed either in
one or two stators [B19], [B20]. The DFRM can be either operated in
asynchronous mode like an induction motor with one set of winding short-
circuited or operated in synchronous mode with both sets of windings fed
with current [B21]. The DFRM is drawing attention again because of its
potential application in clean energy harvesting such as wind power
generation. Connected with a partial-scale converter, the DFRM can
generate constant-frequency voltage while the rotor speed can be

changing.

19



Compared with the mostly used doubly-fed induction generator, the
DFRM needs no slip ring or brushes and hence the reliability is improved
and the maintenance is reduced. When compared with a conventional PM
machine with a full-scale convertor for variable speed control, the doubly-
fed machine only needs a partial-scale convertor, which significantly

reduces the overall cost.

Fig. 2.9(c) shows a DFRM with axial laminated rotor which is proposed
and compared with the counterpart with simple salient rotor in [B22]. The
laminations are interleaved with non-magnetic material. The comparison
result shows that the laminated rotor has an advantage over the simple
salient rotor considering the torque capability and the mutual coupling
between the stator windings. In [B23], the DFRM is compared with a
synchronous reluctance motor (SRM) and it is concluded that the DFRM
has lower torque production for the same copper losses but it requires

smaller inverter for the same output power.
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(c)

Fig. 2.9. Doubly-fed magnetic reluctance machines. (a) Components of a DFRM
[B19]. (b) A DFRM with dual stator [B20]. (c) A DFRM with axial laminated rotor
[B22].
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2.4 Conclusion

In this Chapter, several types of newly emerged or re-emerged electric

machine concepts have been reviewed. The historical development and

working principles of these machines are briefly introduced. Although the

working principles are explained in different ways in literature, a common

feature among them is the difference in pole numbers of the stator and

rotor. In this thesis, they are all classified as FM machines and further

study on them is made in the following chapters.
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Chapter 3

Analysis of flux-modulated machines -

a unified theory

In this chapter, a unified theory of FM machines is proposed. At first,

the unified theory is derived from a model of a coaxial magnetic gear. The

theory is then expanded to FM machines. Different types of FM machines

are derived from the MG model and their working principles are explained

by the unified theory.

3.1 Basic principles for electromagnetic field and

analytic calculation

A comprehensive description of the electromagnetic phenomena relies

on Maxwell’s equations [C1l — C3]. In differential form, Maxwell’s

equations are as follows

VxE:—a—B

ot

VxH:J—i-@
ot

V:-D=p

(3.1)

(3.2)

(3.3)

(3.4)
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where; E is the electric field strength; B is the magnetic flux density; H is
the magnetic field strength; J is the current density; D is the electric flux

density; and p is the electric charge density.

Eq. 3.1 1is called Faraday’s induction law which describes a
phenomenon that when a magnetic flux is changing, an electric field is
created around it. Eg. 3.2 is called Ampere’s law which describes how a
magnetic field is created around a changing electric flux or a current. Eq.
3.3 is called Gauss’s law for electric fields which describes that an
electric flux always flows from a positive electric charge to a negative
electric charge. Eg. 3.4 is called Gauss’s law for magnetic fields. It
describes the law that a magnetic flux is always a circulating flux without

starting or end point.

In integral form, Faraday’s induction law is

d dg
E-dl=——[B-dS=——
q,g dt-s[ dt (3.5)

It means that the changing of magnetic flux through a surface S is equal to
the negative integration of electric field strength along line | which is

around surface S.
Ampere’s law in integral form is
fH-di=[J-ds +ijD-ds _ig)+ 3
| g dt 3 dt
(3.6)

It states that the current and changing electric flux through a surface S is
equal to the integration of the magnetic strength along line | which is

around surface S. The second term at the right
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4 p.gs = I

dt ! dt o

is called Maxwell’s displacement current. In electric machine design, the
frequency is usually low and the displacement current can be neglected.

Eq. 3.6 can be then written in its static or quasi-static form

$H-dl=[J-ds=i()
! s (3.8)

This equation is very important for calculating the magnetic potential or

current linkage in an electric machine.

In integral form, Gauss’s law for electric fields is written as

[D-ds=[p,dv
S v (3.9)

It states that the charge inside a volume V is equal to the electric flux
through surface S which is around volume V. Inside an electric machine,
there are some components in which there is no net charge. In these areas,
Eg. 3.9 s

[D-ds=0

S (3.10)
In integral form, Gauss’s law for magnetic fields is written as

[B-ds=0

S (3.11)

It indicates that the total flux entering a closed surface is always zero.

This means a magnetic flux has no starting or end point and so when a
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flux gets into a volume, it must get out of the volume. In an electric

machine, any flux loop is closed.

To describe the relationships between the flux density or current
density and the field strengths, the permittivity ¢, the permeability p, and

the conductivity o are defined as follows.

D=¢E (3.12)
B=uH (3.13)
J=0oE (3.14)

However, these quantities are not necessarily constant. For example, the

ferromagnetic materials usually have nonlinear permeability.

3.2 The flux modulation effect in a magnetic gear

As is shown in Fig. 3.1, the magnetic gear has three parts. The outer
part is referred as Part 1 which has a large number of PMs with p1 pole
pairs, and the inner part is referred as Part 2 which has a small number of
PMs with p2 pole pairs. The middle part consists of ferromagnetic pole-

pieces (FMPs) with a number of Nre.

Basically, in the airgap of electric machines, the relationship among the
magnetomotive force (MMF) drop F, the magnetizing force H and the

magnetic flux density B is,

FooH-2B
Ho (3.15)

and
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B=tO0F = F
o , (3.16)
where; ¢ is the airgap length; o is the permeability of free space; and 1 is

the permeance per unit area.

To simplify the model, the MG is expanded in a pseudo-polar
coordinate system as shown in Fig. 3.2(a) and the corresponding
permeance is shown in Fig. 3.2(b). Supposing that Part 1 is rotating at a
speed of w1, Part 2 is rotating at a speed of @2, and the middle part is
rotating at a speed of wre, the fundamental component of the MMF

produced by the PMs on Part 1 can be expressed as
F =F,, cos[p,(6—d,mt) +¢1]’ (3.17)

where; Fim is the magnitude of MMF Fi; @ is the mechanical angular
position; d:=1 indicates that the MMF rotates in positive direction; di=-1
indicates that the MMF rotates in negative direction; ¢ is the initial phase

angle of Fi.

Permanent
magnets

Ferromagnetic
pole-pieces

Rotor yokes

Fig. 3.1. A magnetic gear.

29



Back iron of
outer rotor

PM of outer rotor

Ferromagnetic
pole-pieces

PM of inner rotor

Back iron of
inner rotor
(@)
A
3
& Ah
(D)
£
3
Q
@
S Moo L
[4+}
>
>
Angle
(b)

Fig. 3.2. (a) The magnetic gear in pseudo-polar coordinates; (b) the corresponding

magnetic permeance.

Similarly, the fundamental component of the MMF produced by the

PMs on Part 2 can be expressed as

F, =F,, cos[p, (H—dngt)'i'(oz]’ (3.18)

where; Fam is the magnitude of MMF F»; @ is the mechanical angular

position; d>=1 indicates that the MMF rotates in positive direction; d»=-1
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indicates that the MMF rotates in negative direction; ¢ is the initial phase

angle of Fo.

As shown in Fig. 3.2(b), when the middle part with Ngr. pieces of the
iron segments is rotating at the speed of wre, the permeance per length of
the air gap can be expressed as:

A= A, + Ay COS[N, (0= droo ) + 0 ] (3.19)

where; Aav is the average of A; Am IS the magnitude of alternating
component of 4; dre=1 indicates that the FMPs rotate in positive direction;
dre=-1 indicates that the FMPs rotate in negative direction; ¢@re is the
initial phase angle of alternating component of A. From (3.17) and (3.19),
the magnetic flux density produced by Part 1 is:

B, = AR, ={4,, + 4, COS[N, (0 — @) t) + ¢ 1} F,, cos[ p, (0 — d,ant) + 1]

2’av I:lm COS[ Py (0 - dla)lt) + §01]

deNe@p —d Py )+ (pe. —@,)
Fe 1

+(1/2)ﬁ’m I:1m COs (NFe o pl)(e_ N

Fe M
= - ot
+1/2)2,Fyp 05| (Ng, + p)(0~ S e TPy )
L NFe + pl N
=B, +B;, + 813, (3.20)
where;
B, =4, R, cos[p, (0 —d,at) + ¢ ] ’ (3.21)
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| d.N.o-. —d, po |
B, = (/2)4, Ry 05| (Np, = p)(O - =258y 4 (g —g)

! re = P 1 (3.22)

| dFeNFea)Fe +d1 Py |
B, = (1/2)4,F,, cos| (Ng, + p)(0— N t) + (P + 0)

L Fe T I 1.(3.23)
Similarly, the magnetic flux density produced by Part 2 is:

B, =B, +B,, + By ’ (3.24)
where;

B,, =4, F,, cos[p, (6 —d,m,t) + @,] | (3.25)

Ne0p, —d,p,0,

Bzz = (]/Z)ﬂ,m Fzm COS|:(NFe - pz)(e_ dF t) + (¢Fe _(pz):|

NFe_ 2
(3.26)
dF NF W +d2p2a)2
Bos = (2) A Py COS| (N, + P, )(0 - =2 0+ (P +2)
Fe 2
(3.27)

To achieve stable torque transmission, there must be at least one
component of By which can interact with one component of B,. The two
field components must have the same pole-pair number, the same rotating
speed and the same rotating direction. In detail, the following cases can
be studied.

(a) If Bi1 interacts with B2, and produces constant torque, it requires

P, = NFe — P ’ (3.28)
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and

Wg1y = Wy

(3.29)
Considering
Wg11 = dla)l’ (3.30)
and
O = deNe@p, —d, P,
B22 — N_ —
Fe pz ’ (3.31)
one can deduce that
dFeNFeer :dl pla)1+d2 pzwz ] (3_32)

It can be simply verified that when Bii interacts with B2z, Biz2 also

interacts with B»: to produce constant torque.

(b) If B11 interacts with B2s to produce constant torque, it requires

P, =Ng + pz’ (3.33)
and
g1 = Wy (3.34)
Considering
Dgry = dee N @p, +d, P,
Nee + P, | (3.35)

one can deduce that
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dee N @ =d; Py -d, P, _

(3.36)

It can be simply verified that when Bii interacts with Bzs, Biz also

interacts with B21 to produce constant torque.

(c) According to the symmetry of Part 1 and Part 2, another possible

design is
P, =Ng +p,
and similarly, one can deduce that

dee N =-0; pyy +d, P, .

(3.37)

(3.38)

Overall, the pole-pair number combination and the rotational speeds of

the three parts should meet:

{NFe =P+ P,
deNeop, =d, po, +d, p,0,

or

{NFe =P-P,

de N, = d; po, —d, p,0,
or

{NFe =—P+ P,
deNee, =-d, po, +d, p,o,

3.3 Derivation of FM machines

(3.39)

(3.40)

(3.41)
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In the MG, when the part with PMs rotates, it will produce a rotating
magnetic field. It is well known that a three-phase winding system excited
with symmetrical ac currents can also produce a rotating magnetic field.
Therefore, if one or two parts with PMs are replaced by three-phase

windings, different types of electric machines can be derived.

3.3.1 Basic Flux-modulated Machine

/ Winding
Ferromagnetic
/ pole-pieces

Rotor PM

—
Back iron
—

Fig. 3.3. A simplified BFMM model in pseudo-polar coordinates.

If the outer part of the MG model is replaced by a three-phase winding,
a BFMM can be derived whose simplified model is shown in Fig. 3.3.
Assuming that the winding has a pole-pair number of pwinding and it is
excited by electric current whose frequency is f. The rotor has protor pole

pairs with the rotating speed awrotor. According to (3.39),
I\IFe:pWinding + pRotor (3_42)
The rotation speed of the fundamental magnetic field produced by the

three-phase winding is governed by

35



a, _ 2rf
inding — .
pWinding (3.43)

Replacing w2 with @wwinding, and w1 With wrotor in (3.39), one has

1
f =— ( N FeWVre 'pRotora)Rotor)
2r

(3.44)
As the iron segments are kept stationary, that is wre = 0, one has
f — pRotora)Rotor
27 (3.45)

In machine design, a large pole-pair number is usually required by
machines with low operation speed [C4]. However, in conventional
machines, the large pole-pair number makes it hard to design the slots and
windings. From (3.45), it can be seen that the frequency of the winding is
related to protor instead of the small pwinding. Hence, the motor has an
equivalent pole-pair number of protor. Hence, considering its small real
winding pole-pair number and large equivalent pole-pair number, BFMM
is expected to be especially suitable for low-speed operations. For
example, it can be used as a motor for direct drive in low speed electric

vehicles, or as a wind power PM synchronous generator.

3.3.2 Vernier PM Machine
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Fig. 3.4. A simplified VPMM model in pseudo-polar coordinates.

From the perspective of our proposed theory, the VPMM has no
difference to a BFMM except that the FMPs are replaced by the stator
teeth as is shown in Fig. 3.4. One can also consider that the machine has
special pole-pair/slot combination, and the airgap between the FMPs and
the stator is removed. The difference gives advantages to the VPMM
because it is easier to manufacture and more compact without the FMPs
distributed in the airgap. But due to the limited pole-pair/slot combination,

the pole-pair numbers and slots cannot be chosen as flexibly as in BFM M.

So similarly to those of the BFMM, substituting Nre With Nreeth in
(3.42), the basic principle of the pole-pair/slot combination for the vernier

machine should be,

NTeeth = pWinding +pRotor (3.46)
f — - pRotora)Rotor
27 (3.47)

where; Nreetn IS the number of stator teeth; pwinding IS the pole-pair number
of the stator winding; protor IS the pole-pair number of the PMs; f is the

frequency of the winding current; and wrotor 1S the rotor speed in RPM.
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3.3.3 Dual-excitation PM Machine

Stator yoke

Winding
Stator PM
Stator teeth
Rotor teeth
Rotor PM

Back iron

Fig. 3.5. A simplified DEPMM model in pseudo-polar coordinates.

A simplified model of a DEPMM in pseudo-polar coordinates is shown
in Fig. 3.5. The DEPMM can be viewed as the combination of two
separate machines. The first part is a VPMM as shown in Fig. 3.6. The
second part is a special BFMM with its PM position and FMP position
exchanged as is shown in Fig. 3.7. According to our analysis in Section
3.2, this positon change does not affect the basic working principle. The

winding is shared by these two parts.

Stator yoke

Winding

Stator teeth

Rotor PM
Back iron

WA

Fig. 3.6. The VPMM part of the DEPMM in pseudo-polar coordinates.
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Fig. 3.7. The special BFMM part of the DEPMM in pseudo-polar coordinates.

First, a VPMM is constructed of the stator armature winding with
Pwinding pole pairs, the PMs on the rotor with protwor pole pairs, and the
Nstator teeth which serve as modulation teeth in the stator. Their pole pairs

and stator teeth should meet the condition of

NStator = pRotor _ p\Ninding (348)

Protor @ = 27 Tiinging (3.49)

where o is the rotor speed, and fwinding IS the winding frequency.

Second, a special BFMM is constructed of the stator armature winding
with pwinding pole pairs, the pstator PMs on the stator, and the Nrotor teeth
which serve as FMPs in the rotor. Compared with the BFMM in Section
3.3.1, this special BFMM has its PMs and winding on the same side of the

FMPs. The pole number combination should meet the condition of

NRotor = pStatol’ + nNinding (350)
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N zotor @ = 277 Tyinging (3.51)
In the design, we intentionally let
Protor =N reator (3.52)
and
Pstator :NStator (3.53)

which means that both the rotor and the stator have consequent-pole PMs
in the slots. Therefore, Egs. 3.48 and 3.50 are actually the same, and Egs.
3.49 and 3.51 are also the same. From the working principle analysis of
the VPMM and the BFMM, it can be easily found out that when the
working principle of the VPMM part is satisfied, the working principle of
the BFMM part is also satisfied. Vice versa, when the BFMM part works,
the VPMM part also works. This means that these two sets of machines

can all work simultaneously.

In this machine, the flux modulation effect is achieved in two ways.
Both the rotor PMs and stator PMs can interact with the windings via the
stator teeth and rotor teeth, respectively. Compared with the rotor-PM
machine and the stator-PM machine, the DEPMM is expected to have
improved torque density because of its dual PM excitation. However, as
the number of rotor PMs equals the number of rotor teeth, and the number
of stator PMs equals the number of stator teeth, the pole-pair number
combination for DEPMM is also less flexible than that of the BFMM,
which may result in larger torque ripple [C5], [C6].
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3.3.4 Doubly-fed Reluctance Machine

Outer
«— winding
Ferromagnetic

/ pole-pieces

Inner

«— winding

Fig. 3.8. A simplified DFRM model in pseudo-polar coordinates.

In the MG model, if the PMs of both Part 1 and Part 2 are replaced by
three-phase windings, a doubly-fed magnetic reluctance motor with dual
stators is generated. The part of FMPs is used as the rotor. From Eq. 3.39,

the pole number combination needs to satisfy,

NFMP — p1+p2 (3_54)

where; Nrmp is the number of FMPs; p1 and p2 are the pole-pair numbers
of the outer winding and the inner winding, respectively. The relationship
among the winding frequencies and the rotor speed is,

NFMPa): 27Z'd1 f1+272'd2f2 (3.55)

where;  is the rotor speed; f: and f, are the frequencies of the outer
winding and the inner winding, respectively. di and d» indicate the
rotation directions of the magnetic fields produced by the outer winding

and the inner winding, respectively.
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According to Eq. 3.55, it can be easily understood that if the machine is

used as a motor, it has a wide speed range [C7].

When the inner winding is fed with dc current, the DFRM can operate
as a simple electric-excited synchronous machine with a pole-pair number

of Newmp. Its advantage is that no brushes and slip rings are required.

When the inner winding is fed with ac current whose frequency is

adjusted according to the rotor speed,

N\ o®
f, = (2L )
27 (3.56)
the outer winding can output a voltage with constant frequency fc. In this
way, the DFRM can be used for variable-speed constant-frequency wind

power generation.

Compared with the mostly used doubly-fed induction generator, the
DFRM needs no slip ring or brushes and hence the reliability is improved
and the maintenance is reduced. When compared with a conventional PM
machine with a full-scale convertor for variable speed control, the doubly-
fed machine only needs a partial-scale convertor, which significantly

reduces the overall cost.

3.4 Conclusion

In this chapter, starting from a magnetic gear model, a comprehensive
insight into the flux modulation effect is made. The basic rules for flux
modulation are explained by analyzing the magnetic gear. Using this
theory, different FM machines are derived and their working principles

are explained in a unified way.
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Chapter 4

Design of flux-modulated machines

Basically, the FM machines belong to the category of synchronous
machines. Many methods or procedures for the design of synchronous
machines have been presented in a number of references [D1, D2]. In this

section, the basic principles for designing a FM machine are presented.

4.1 General design principles

An important point for the design of an electric machine is the
quantitative determination of the magnetic flux. As is introduced in
Section 3.1, Faraday’s induction law and Ampere’s law are extremely
important for the design of an electric machine. To be more specific,
Ampere’s law is the basis to design the magnetic circuit and the required
current linkage. So the dimensional parameters of different parts of the
electric machine can be decided accordingly. Faraday’s law is the basis

for determining the induced voltage in the windings.

From Ampere’s law, the line integration of magnetic field strength H
along the magnetic circuit is equal to the current linkage penetrating

through the circuit.

However, in an electric machine, the magnetic flux is usually uneven in
different components. A practical way is to divide the magnetic circuit
into different parts and in each part, the flux is assumed to be distributed

evenly. This strategy to solve a magnetic field is sometimes called
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equivalent magnetic circuit method. In this way, Ampere’s law is written

as

Upo =2 Upi =PH-dI=[J-ds=Yi=0
| S

(4.1)

where; Um ot IS the total magnetic voltage; Um, is the magnetic voltage of
part i; and @ is the current linkage. Since the flux in each part is assumed

to be evenly distributed, the magnetic voltage across each part is

b
U, = Hdl=HI
o ja (4.2)

If the electric machine is excited with PM, an apparent current linkage

is defined as

Opy =H, 'hpy,

(4.3)
where H.- is the coercive force and hpwm is the thickness of the PM.

When a magnetic flux is assumed, the flux density and then the
magnetic field strength in different parts can be determined. The required
magnetizing current can be decided accordingly. Also, as the magnetic
flux is assumed, the induced voltage in the windings can be calculated by
Faraday’s induction law. By selecting different magnetic flux, the no-load
curve of the machine, which shows the relationship between the

magnetizing current and the induced voltage, can be plotted.

4.2 Windings

In an electric machine, the basic working principle exists in the

interaction between the magnetic field and the current in the windings.
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The winding configurations and the current or voltage fed into the
windings decide the electric machine type. Based on the functions of the
windings, there can be several types of windings in a synchronous electric
machine, such as armature windings, field windings, and damper windings
[D3]. Generally, the armature windings are the place where actual energy
conversion is performed; the field windings are for the creation of
magnetic fields; the damper windings are for the prevention of
oscillations and opposite rotary direction of fields and they do not work

under normal operation.

For FM machines, it is sometimes required that the pole number should
be relatively high. It is well known that integral slot windings are not
suitable for high pole numbers because of the large slot number required.
To address the problem, fractional slot windings are used in many FM

machines.

The three phase armatures windings are usually spatially distributed in
the stator slots. The basic aim is to make the current linkage along the
periphery as sinusoidal as possible so that a sinusoidal magnetic field can
be created. In Fig. 4.1, the division of airgap periphery into phase zones
in a three phase electric machine with four poles is shown. The pole pitch
1, which corresponds to a pole arc of 180 electrical degrees, can be

expressed as

_7Z'D

T =——
2p

(4.4)

where D is the diameter of the airgap and p is the pole-pair number.
Starting from the phase zone positive phase U, the first zone of positive
phase V should be 120 electrical degrees from it, since it is a three phase

machine. Similarly, the first zone of positive phase W should be 120
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electrical degrees from the zone of positive phase V. The negative phase
zones should be 180 electrical degrees from the corresponding positive

phase zones.

The number of slots for each phase zone, which is also known as the

number of slots per pole and phase, can be expressed as,

Q

q:ﬁ

(4.5)

where Q is the total number of slots. The term g determines the type of
the winding, namely, when q is an integer, it is called an integer slot
winding; and when q is a fraction, it is called a fractional slot winding
[D4].

Compared with integer slot windings, fractional slot windings enjoy
more flexible pole slot combination. In other words, if the slot number has
been determined, the fractional slot winding has more choices for pole
number. Also, certain pole slot combination can reduce some specific
harmonics hence the induced voltage waveform can be improved [D5].
However, the main drawback of fractional slot windings is the

subharmonics, the frequencies of which are lower than the fundamental.
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Fig. 4.1. Division of airgap periphery into phase zones in a three phase electric

machine.

4.3 Permanent magnets

As most FM machines use PM for field excitation, it is of great
importance to determine proper PM dimensional parameters. The basic
characteristics of PMs can be chiefly described by the hysteresis curve as
shown in Fig. 4.2 [D6]. When a magnetic field is applied to a magnet
material, the flux density of the magnet will increase with the field
strength as curve 0-1 which is called the initial magnetization curve. Point
1 is called the saturation point. Further increase of field strength after
point 1 will cause marginal increase or, in other word, increase at a rate of
around the permeability of vacuum, of flux density. If the field strength

decreases from point 1, the flux density will decrease along curve 1-2.
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The flux density at point 2 is called the remanence or remanent flux
density. An external field in the opposite direction will cause further
decrease in the magnet flux density along curve 2-3 which is called the
normal demagnetization curve. The field strength at which the flux
density reaches zero is called the coercivity or coersive force. Further
increase of the reverse field will cause magnetization of the magnet in the
opposite direction along curve 3-4.

B+A 1

Remanent
Flux
Density

| .
Coersive
3
Force

4 B-

Fig. 4.2. Hysteresis curve of PM [D6].

The flux density in magnet material can be divided into two
components. One is the part like in vacuum oH and the other part is due

to the properties of the magnet Bi. It can be expressed by,

B =B-,H (4.6)
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The curves between Bj and H is called the intrinsic hysteresis loop.

Considering a loop of permanent magnet and air gap, from Ampere’s

law, we have

$Hdl=H I, +H,5=0 “n
where; Hpm and Hs are the field strengths in the magnet and the airgap,
respectively; lom and ¢ are the lengths of the magnet and the airgap,
respectively. In an electric machine, however, the magnetic field loop
usually has an additional part of steel. The effect of steel is usually

considered by a reluctance factor K, as

H,. | =KH )
The relationship between the magnet flux and the airgap flux is,
BpmSpm = KI B5S5 (4.9)

where; B stands for flux density and S stands for area; K, is a factor for

consideration of leakage.

If the working point is known, the dimensions of the magnet can be
decided using the above equations together with the hysteresis loop. Vice
versa, if the magnet and airgap dimensions are known, the working point
of the magnet can be determined similarly. Assume the working point to

be (-Hm, Bm), the volume of the magnet can be decided by [D7],

_KK,B;S,;6

pm_pm

S
HoBrnHy (4.10)
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The term BmHm is called the energy product which represents the energy
in the magnet. It can be seen that, the higher the energy product is, the

smaller the volume of magnet is required.

4.4 Flux modulation poles

The FMPs are important for the FM machine design since they are the
key for achieving the flux modulation effect. The determination of the
number of FMPs in a FM machine has been introduced in Chapter 3. The
FMPs can be isolated steel segments distributed in the airgap like in
BFMM and DFRM, or they can be integrated into the stator like in VPMM.
In DEPMM, as it has two types of flux modulation, FMPs are integrated

with both the stator and the rotor.

The shape of FMP affects the airgap permeance distribution. In Eq.
3.19, the coefficients Aav and Am are partially determined by the height and
width of FMPs which need to be designed from case to case so that the
effective flux density component is the highest. To ensure the accuracy, a

good choice to design the FMPs is using the finite element method (FEM).

The ratio of the FMP width to pole pitch has been investigated in [D8].
According to the study, in most cases, the flux modulation effect is good

when the ratio is roughly 0.5~0.6.
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Chapter 5

Optimization and performance
comparison of flux-modulated

machines

5.1 Introduction

In this chapter, a quantitative comparison among different types of FM
machines and a CPMSM is presented. The aim is to evaluate the
performance of these FM machines and classify their potential
applications. Before comparison, it is of vital importance to make sure

that all machines are optimal designs under the predetermined criteria.

The optimization algorithms used for electric machines can be
classified into two categories, namely the classical gradient-based
algorithms and the modern intelligent algorithms. The popular intelligent
algorithms include genetic algorithm (GA), ant colony optimization
(ACO), and particle swarm optimization (PSO) [E1].

To analyze the electromagnetic performance of the electric machine
design, several methods can be used, including the analytical method,
magnetic circuit method, and the FEM. For the former two methods, as
they reveal physical working principles, a model needs to be constructed
for a specific machine. FEM is a numerical method. It is a more universal

method which is widely applicable to the analysis of wvarious
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electromagnetic devices [E2]. However, FEM also consumes much more
computation time than the other two methods. Nowadays, with the
development of computer technology, FEM is becoming more and more

popular.

5.2 Genetic algorithm

As is indicated by its name, the idea of evolutionary algorithm comes
from the natural evolutionary. The process of natural evolutionary is in a
sense to optimize the fitness of species to the environment. Applying this

idea to optimization problems generates the evolutionary algorithms.

In evolutionary algorithms, each solution is called an individual. The
parameters of an individual are called its code or genes and the
performance evaluation is called its fitness value. Usually, a group of
individuals are used in evolutionary algorithms so that the optimization
process is conducted in parallel. This individual group is called a
population. The individuals need to take a number of variations in their

codes in the process of optimization.

Various EAs have been proposed since the 1960s. A timeline of the
development of EA is depicted in Fig. 5.1 [E1].

As an example, the process of a classical EA, namely GA, is briefly

introduced as follows [E3].

1) Initialization. Set the basic parameters for GA, including the
population size, the maximum generation, and the possibilities for
crossover and mutation. Then, generate the initial population and

evaluate the fitness values of every individual.
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2) Main loop. Choose two random individuals to crossover with the
predetermined probability. In the crossover operation, random genes
are exchanged between the individuals to generate the individual for
next generation, namely the offspring. Still, every gene has a chance
to mutate in the generation of the offspring, which is called the
mutation operator. Repeat these operations to generate the whole
population to replace the former population.

3) Repeat the replacement of population until the convergence
condition is satisfied or the maximum generation. The final

generation of population is the GA result.

1986 1992 1995
1965 1066 AIS (Farmer) ACO (Dorigo)  PSO (Kennedy and Eberhart)

ES (Rechenberg and Schwefel) EP (Fogel) \
e \ / / \ZOOS
Simplex search (Nelder and Mead)  GA (Holland)

1965 1967 GP (Koza) DE (Storn and Price) Scatter search (Glover)
1992 1997 2000

Fig. 5.1. Timeline of the development of EA [E1].

5.3 FEM in electric machine analysis

The basic design for an electrical machine can be performed using
analytical equations. However, to know the accurate performance of the
machine, numerical methods are usually needed. These numerical
methods make it possible to accurately model the machine’s behavior and
assess the dynamic performance of the machine. The most widely used

numerical method for the analysis of electric machines is the FEM. The
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mathematical analysis and detailed implementation of FEM have been
introduced in a number of references [E4] — [E7]. In this thesis, all FE

analysis is performed using commercial software Maxwell of Ansys Inc.

5.4 Optimization of flux-modulated machines

5.4.1 Optimization objective and criteria

The optimization of different machines is performed using GA and
FEM in this thesis. The objective is to achieve the highest output torque

within the constraints. The detailed criteria are as follows.

(a) All machines have the same outer diameter and axial length. The

same types of PM material and silicon steel are used.

(b) All machines have the same number of rotor poles and their rated

rotor speeds are the same.

(c) The slot fillet is 50% and the maximum current density in the

winding conductors is 4A/mm?,

The optimization is conducted with the following considerations: a
population of 30 elements; the maximum generation number of 20;

crossover probability of 0.8; mutation probability of 0.1.

Ignoring the mechanical losses in the comparison of electromagnetic
performance of different types of FM machines, the losses are taken as the
sum of the core loss Pre which is calculated using FEM [E8], [E9] and the

copper loss which is calculated by,
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I:)Cu = 3' ? X E |\Islot chonductor M = I i Njot Nczonductor M
3 slot Stot_slot
(5.1)

where; | is the rms value of phase current; Nsiot is the number of slots,
Nconductor 1S the number of conductors per slot; Ssiot is the cross-sectional
area of one slot; Siot_siot IS the cross-sectional area of all the slots; p is the
resistivity of conductor; L is the axial length of the machine; and Lenqg is

the end winding length.

The efficiency of the motor is calculated by,

Tw

n= x100%
To+B, +P

(5.2)

where; T is the output torque; and w is the rotor speed in rad/s.

5.4.2 Performance of the BFMM

The optimized BFMM with an outer rotor configuration is shown in
Fig. 5.2 with its key design data listed in Table 5.1. Using FEM, the flux
distribution as well as the output torque, the no-load back-EMF and the
core loss under full-load operation are computed and shown in Figs. 5.3 -
5.6. The output torque ripple is small and the back-EMF is generally

sinusoidal.
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Fig. 5.2. The designed BFMM.

Table 5.1. Key design data of the BFMM

Frequency

Axial length

Outside radius of outer rotor
Thickness of rotor yoke
Thickness of rotor PM
Thickness of FMPs

Airgap

Stator tooth width

Stator tooth height

Number of outer rotor pole pairs

Number of stationary iron pieces

220 Hz

100 mm

120 mm

6.8 mm

3.9 mm

7.7 mm

0.6 mm

4.2 mm

65.3 mm

22

25
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Number of stator pole pairs 3

Number of stator slots 36

300

N

o

o
1

Torque (Nm)
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0 2 4 6 8 10
Time (ms)

Fig. 5.4. The full-load torque of BFMM.
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Fig. 5.5. The no-load back-EMF of BFMM.
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Fig 5.6. The full-load coreloss of BFMM.

5.4.3 Performance of the VPMM

A typical open-slot type VPMM is designed and optimized as shown in
Fig. 5.7. The main parameters are listed in Table 5.2. The results of FEM
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analysis are shown in Figs. 5.8 — 5.11. The torque ripple is small
considering the high average torque and it is quite acceptable for common

drive use. The back-EMF is very sinusoidal.

Stator

Fig. 5.7. The designed VPMM.

Table 5.2. Key design data of VPMM

Frequency 220 Hz

Axial length 100 mm
Outside radius of outer rotor 120 mm
Thickness of rotor yoke 15.2 mm
Thickness of rotor PM 3.9 mm
Airgap 0.6 mm
Stator tooth width 8.1 mm
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Stator tooth height 65.9 mm

Number of outer rotor pole pairs 22
Number of stator pole pairs 2
Number of stator slots 24

Fig. 5.8. The flux distribution of the VPMM.
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Fig. 5.9. The full-load torque of the VPMM.
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Fig. 5.10. The no-load back-EMF of VPMM.
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Fig. 5.11. The full-load coreloss of VPMM.

5.4.4 Performance of the DEPMM

An outer rotor DEPMM is designed as shown in Fig. 5.12. The stator
PMs are placed at the slot openings. All the PMs in the DEPMM are
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magnetized radial outwards. The main parameters of the DEPMM are
listed in Table 5.3. The results of FEM analysis are shown in Figs. 5.13 —
5.16. Benefiting from the dual-PM excitation, the DEPMM has a high
torque density. Although the torque ripple is obvious, it is still acceptable
for common drive applications. The coreloss counts for a relatively large

part of the total loss because of its strong PM excitation field.

Rotor

Stator

Fig. 5.12. The designed DEPMM.

Table 5.3. Key design data of DPM

Frequency 220 Hz
Axial length 100 mm
Outside radius of outer rotor 120 mm
Thickness of rotor yoke 7.1 mm
Thickness of rotor PM 3.7 mm
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Airgap

Stator tooth width

Stator tooth height

Thickness of Stator PM

Number of outer rotor teeth

Number of stator winding pole pairs

Number of stator slots

0.6 mm

10.8 mm

51.1 mm

3.8 mm

22

24

Fig. 5.13. The flux distribution of the DEPMM.
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Fig. 5.14. The full-load torque of the DEPMM.
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Fig. 5.15. The no-load back-EMF of the DEPMM.
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Fig. 5.16. The full-load coreloss of the DEPMM.

5.4.5 Performance of the DFRM

A DFRM is designed and optimized as shown in Fig. 5.17. The main
parameters of the DFRM are shown Table 5.4. The teeth widths are much
smaller than those of the previous FM machines. The reason is that the
DFRM is electrically excited instead of PM excited, which causes the
copper loss to be large. To balance the copper loss and coreloss, the slot
area is designed to be relatively large. The results of FEM analysis are
shown in Figs. 5.18 — 5.21. During the FEM analysis, the outer stator
winding is fed with dc current and the inner stator winding is fed with ac

current.

Clearly, as no PM is used for field excitation, the torque density of the
DFRM is not comparable to that of the PM machines. The flux density in
the airgap is low, which largely limits the torque performance of the

DFRM. Considering the low average output torque, the torque ripple is
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quite big. As the excitation field is weak, the flux leakage is significant,

which makes the no-load back-EMF not so sinusoidal.

Outer stator

Fig. 5.17. The designed DFRM.

Table 5.4. Key design data of DFRM

Frequency 220 Hz

Axial length 100 mm
Outside radius of outer stator 120 mm
Inside radius of outer stator 92.2 mm
Teeth width of outer stator 4.3 mm
Teeth height of outer stator 22.1 mm
Airgaps 0.6 mm
Thickness of FMPs 6.0 mm
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Teeth width of inner stator

Teeth height of inner stator
Number of outer stator pole pairs
Number of FMPs

Number of inner stator pole pairs
Number of outer stator slots

Number of inner stator slots

3.1 mm

56.7 mm

19

22

36

36

Fig. 5.18. The flux distribution of the DFRM.
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Fig. 5.19. The full-load torque of the DFRM.
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Fig. 5.20. The no-load back-EMF of the DFRM.
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Fig. 5.21. The full-load coreloss of the DFRM.
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5.4.6 Performance of the CPMSM

A CPMSM with radial flux outer-rotor configuration is designed and
optimized for comparison as shown in Fig. 5.22. As 22 is a relatively
large pole-pair number for a machine of this size, fractional slot
concentrated winding is used to reduce the slot number. The main
parameters of the CPMSM are shown Table 5.5. As the fundamental
component of the flux has 22 pole-pairs, the stator yoke is significantly
thinner than the PM FM machines. The results of FEM analysis are shown
in Figs. 5.23 — 5.26.

Fig. 5.22. The designed CPMSM.

Table 5.5. Key design data of the CPMSM

Frequency 220 Hz

Axial length 100 mm
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Outside radius of the rotor
Yoke height

Teeth width of the stator
Teeth height of the stator
Airgap

Number of rotor pole pairs
Number of stator pole pairs

Number of stator slots

120 mm

4.5 mm

6.0 mm

55.3 mm

0.6 mm

22

22

48

Fig. 5.23. The flux distribution of the CPMSM.
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Fig. 5.24. The full-load torque of the CPMSM.
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Fig. 5.25. The no-load back-EMF of the CPMSM.
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Fig. 5.26. The full-load coreloss of the CPMSM.
5.5 Comparison results
Table 5.6. Performance comparison of FM machines

Motor type BFMM | VPMM | DEPMM | DFRM | CPMSM
Pull-out torque (Nm) 273 467 466 25 163
No-load back-EMF (V) 125 145 227 26 125
Copper loss (W) 476 568 383 527 213
Core loss (W) 492 721 749 393 440
Efficiency (%) 94.7 95.8 96.3 63.1 94.0
Power factor 0.51 0.50 0.68 0.20 0.97
Torque ripple (%) 1.8 2.6 1.9 39.8 5.5
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To make the comparison clear, the main parameters of the above five
FM motors are depicted in Table 5.6. The following conclusions are

drawn from the results.

(1) Compared with the CPMSM, higher torque densities can be
achieved by the PM FM machines, namely the BFMM, the VPMM, and
the DEPMM. The reason is that, when a big pole-pair number is required,
the slot number is large for a CPMSM even with concentrated winding.
The large slot number limits the radial depth of the slots, which limits the
total slot area accordingly. Hence, the electric load of the CPMSM s
small and its torque density is relatively low. On the contrary, the winding
pole-pair number in a PM FM machine can be small even though the rotor
pole-pair number is large, so its torque density is not limited by the large

rotor pole-pair number.

The VPMM and the DEPMM have higher torque densities than BFMM
because they each have only one airgap, which reduces the reluctance of
the magnetic circuit. Although the DEPMM has larger volume of PM, the
stator PM compresses the room of the windings and the electric load is
reduced accordingly. Hence, the torque densities of the VPMM and the
DEPMM are quite close.

Note that although the torque densities of the PM FM machines are
higher than that of the CPMSM, their losses are also higher, which means

that they need better thermal dissipation.

(2) The torque ripples of the PM FM machines are quite acceptable
compared with that of the CPMSM, particularly when the ratio to the
average torque is considered. According to [E10], [E11], the cogging
torque is decided by the cogging torque factor which is the greatest

common divisor between the number of stator poles and the number of
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FMPs. In this comparison, all FM machines are designed with a small

cogging torque factor of 1 or 2.

(3) The efficiencies of the PM FM machines are even slightly higher
than that of the CPMSM. The main reason is that these PM FM machines
have a better utilization of the ferromagnetic material. From Fig. 5. 23, it
can be seen that a large room at the center of the stator has very small flux.
The DEPMM machine has the highest efficiency because it uses the most

PM material among these machines, but its coreloss is also the highest.

(4) The power factors of the FM machines are generally low compared
with that of the CPMSM. According to the analysis in Chapter 3, the FM
machines work on the flux harmonics. However, the airgap flux has many
significant harmonic components but only a part of them contribute to the
energy conversion, which somewhat reduces the effective airgap flux. The
leakage inductance is hence large and the power factor is limited. The
power factor of the DEPMM is the highest among these FM machines

because it uses the most PM and its field excitation is stronger.

(5) Overall, the PM FM machines have a good potential to be used for
general purpose drive or power generation, particularly when the pole-pair
number needs to be high and an outer-rotor configuration is needed. For
example, in EV in-wheel drive and wind power generation, the torque
density of the electric machine needs to be high and an outer-rotor
configuration is preferred for simpler mechanical design. The PM FM

machines are expected to be suitable for these applications.

(6) The performance of the DFRM is not comparable to the other
machines. As no PM is used, the excitation field set up by the field
winding is much weaker, which largely limits its torque density and

power factor. Moreover, the copper loss is significantly increased by the
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excitation winding, which further reduces its efficiency. However, the
doubly-fed feature makes it possible to be used in wind power generation.
The DFRM also has a robust structure as it has a reluctance rotor and its
cost is low. Moreover, the DFRM can be operated in different modes as it
has two sets of windings. In this comparison, the field winding is fed with
direct current, but it can also be fed with alternating current so that energy
conversion can happen in both windings. The operating range of the
DFRM can be hence expanded and its performance may also be different.
The possibility of using DFRM for in-wheel electric vehicle propulsion

has been studied and it will be introduced in Chapter 6.

5.6 Conclusion

In this chapter, the optimization of electric machines is simply
introduced at first. Using GA and FEM, several typical FM machines are
designed and optimized for a quantitative performance comparison. Based
on the comparison results, the pros and cons of these FM machines are

concluded and their potential applications are identified accordingly.
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Chapter 6

A doubly-fed reluctance machine for

In-wheel electric vehicle propulsion

6.1 Introduction

The exhaustion of fossil fuel as well as environmental issues gives a
compelling impetus to develop sustainable, efficient and clean alternative
vehicles. Electric and hybrid electric vehicles (HEVs) are among the most
popular solutions. Several studies on the applications of FM machines in
HEV are presented in [F1 — F3]. Compared with the internal combustion
engine (ICE) driven vehicles, electric vehicles are clean and efficient and
they can even regenerate electrical energy during unurgent braking [F4].
However, EV is not a new concept. The history of EV can be traced back
to the early 19th century following the invention of DC motors. The early
EVs are proposed to replace the steam powered transportation, but due to
the limitations in motor and battery technologies, the early EVs are later

overtaken by gasoline powered vehicles [F5].

As a key of the propulsion system, the electric motor decides the
performance of the EV in a significant sense. It is of great importance to
design suitable motors which satisfy the needs of electric vehicle
propulsion. In this chapter, a DFRM is designed for in-wheel electric
vehicle propulsion. The design aims and design process are introduced. A
prototype is made and the experiment results are compared with FEM

simulation results to validate its performance.
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6.2 Preliminary design considerations

To have a knowledge of the required performance parameters of the
motor, the weight and performance specifications of the vehicle need to
be determined. In this thesis, an electric vehicle which has a similar size
to a passenger car Nissan Leaf is decided to be the target application. The

specifications of the car are listed in Table 6.1.

Generally, the traction force needs to overcome the aerodynamic drag
and provide the needed acceleration. When the vehicle is in hill climbing,

the traction force is,

F=F+Fi+Fa (6.1)

where; Fq is aerodynamic drag; Fi is hill climbing force; and Fa is

acceleration force. The aerodynamic drag force can be calculated by [F6],

Fo=L.Co A
2

(6.2)

where; Cp is the aerodynamic drag coefficient; A is the cross sectional

area; u is the velocity.

A simple force analysis model of the car during hill climbing is shown
in Fig. 6.1.
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Fig. 6.1. Force analysis of a car.

Considering the vehicle running at 100 km/h (rotor at 924 rpm), the

output power of one in-wheel motor is,

Co-A-Ua
“py = (m-g-f+—"""")=45kW
4 |0 3600-7 21.15 (6.3)
And the rated torque is,
9550-P
| =X~ 47Nm
n=924
n (6.4)
TABLE 6.1
SPECIFICATIONS OF THE CAR
Parameters Symbol Value
Length (mm) L 4100
Width (mm) w 1700
Height (mm) H 1500
Cross sectional area (m?) A 2
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Curb weight (kg) m 1300

Aerodynamic drag coefficient Co 0.33
Rolling friction coefficient fo 0.014
Wheel radius (m) r 0.285

The structure of the proposed motor is shown in Fig. 6.2. The DFRM
has two parts of stator and one rotor of ferromagnetic segments. Each part
of the stator has a set of windings housed in it. The working principle of
the brushless doubly fed FM machine has been introduced in Section 3.3.4.
The main parameters of the DFRM are listed in Table 6.1.

(a)
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Outer stator winding

Inner stator windin

Inner stator

Ferromagnetic segments

(b)

Fig. 6.2. Configuration of the DFRM (a) radial cross section (b) full view.

Table 6.2. Key design data of DFRM

Rated speed

Axial length

Outside radius of outer stator
Inside radius of inner stator
Airgaps

Number of outer stator pole pairs
Number of FMPs

Number of inner stator pole pairs
Number of outer stator slots

Number of inner stator slots

924 rpm
160 mm
155 mm
30 mm
0.6 mm

6

11

5

36

24

Outer stator
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6.3 Optimal design

For the optimal design, a parameterized model is constructed as is

shown in Fig. 6.3. The following criteria are considered for the design.

1) The outer and inner diameters and the axial length of the DFRM are
fixed.

2) The minimum output torque is 47 Nm as discussed in Section 6.2.

3) The maximum current density is 5 A/mm? to ensure a safe

temperature rise of the winding conductors.

The optimization is conducted using GA and FEM. The objective is to
maximize the efficiency of the DFRM. The efficiency is calculated by Eq.
5.2. Note that for the copper loss calculation, both the outer and inner
windings need to be considered. The coreloss is calculated using time-
stepping FEM with the windings excited at the same frequency [F7], [F8].
The GA optimization is conducted with the following considerations: a
population of 100 elements; a maximum generation number of 20; a

crossover probability of 0.8; a mutation probability of 0.1.

The optimal parameters of the DFRM are listed in Table 6.3.
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(c)

Fig. 6.3. Parameterized model of the DFRM. (a) The outer stator, (b) the inner stator,
and (c) the rotor.

TABLE 6.3
THE OPTIMAL PARAMETERS OF THE DFRM
Parameter Value Parameter Value
r, (mm) 155.0 r, (mm) 107.8
r,(mm) 121.4 h, (mm) 13.5
b,, (mm) 9.1 0 (deg) 16.4
h, (mm) 7.2 r, (mm) 107.2
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r, (mm) 120.8 r, (mm) 30.0
h,,(mm) 3.0 b, (mm) 12.1
h,,(mm) 2.8 h,,(mm) 4.2
h,,(mm) 20.4 h,,(mm) 3.7
b,,(mm) 3.9 h,,(mm) 24.9
g (mm) 0.6 b,,(mm) 4.1

6.4 Control strategy

Due to the special configuration with two sets of windings, the DFRM
can work in various modes. Either of the two windings can be used for
field excitation when the other one can be controlled to drive the rotor.
Still, for field excitation, both DC and AC can be used. As is introduced
in Section 3.3.4, the relationship between the rotor speed and winding
frequencies is,

n =60(f,+f)/p, 65

The relationship between the rotor and the winding field position changes

IS,

0,=06,+0,
(6.6)

where the subscript “r”, “p”, and “s” represent rotor, primary winding and

secondary winding, respectively.
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When the primary winding is fed with DC for field excitation, and the

secondary winding is used as the control winding, the control block

diagram is depicted in Fig. 6.4. In this operation mode, the position of the

primary winding field is fixed, which means 6, = 0.

When the field is set up by AC excitation, the control block diagram is

shown in Fig. 6.5. In this control mode, the position of the primary

winding field is needed for the determination of the control current.
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Vector Oriented
Control

> IGBT

i

SVPWM _\/ IGBT

Clarke

y
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stator

rotor

%

inner
stator

ANV

V77—

outer
stator

Fig. 6.4. Control block diagram with dc for field excitation.
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Fig. 6.5. Control block diagram with ac for field excitation.

6.5 Performance analysis

A prototype of the designed DFRM is made as shown in Fig. 6.6. The

test bed is shown in Fig. 6.7. In this section, the back-EMF, torque, and

efficiency performance of the prototype are tested. The test results are

compared with the FEM result for validation.
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6.5.1 Back-EMF test

For the back-EMF test, a DC of 15A is applied to phase B and phase C
of the outer winding for field excitation and the rotor is driven by the
servo motor at 924 rpm. Both the test result and the FEM simulation result
of the induced voltage in the inner winding are shown in Fig. 6.8.
Similarly, when the same DC is applied to the inner winding, the induced
voltage in the outer winding is shown in Fig. 6.9. It can be seen that the
test results correspond well with the FEM results. The relationship

between the rotor speed and winding frequency agree with the analysis.
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Fig. 6.9. Back-EMF of the outer winding. (a) The test result. (b) The FEM result.

6.5.2 Operation under load condition

Under different rotor speed and output torque, the losses and efficiency
of the motor are tested. During this test, both the frequencies and
amplitudes of the two windings are kept close to each other. The servo
motor is used as the load. The input power is calculated by adding the
output power with the mechanical loss, the coreloss, and the copper loss
which are shown in Figs. 6.10 — 6.12. The efficiency map is plotted in Fig.
6.13.
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Fig. 6.13. The efficiency map of the DFRM.
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It can be seen that the DFRM does have a wide speed range as the
frequency variations in both windings result in the speed change.
However, as the DFRM is by nature an electric-excited machine, the
copper loss is relatively high, and the low power factor of the DFRM even

amplifies this effect, which significantly limits the efficiency performance.

Besides a wide speed range, the main advantages of the DFRM are its
low cost and robust structure since no PM is used. In conclusion, the
DFRM can be used for EV propulsion when the above factors are the key
considerations. However, when the efficiency, the power factor, or the
torque density is more important, the DFRM is not as good as a PM

machine.

6.6 Conclusion

In this chapter, a DFRM for in-wheel EV propulsion is designed,
optimized, prototyped, and tested. The working principles and
performance of the DFRM are validated. The pros and cons of the DFRM
are concluded. Although the DFRM is not always a good choice for in-
wheel EV propulsion, it does have some particular features meeting

certain requirements on speed range, cost, and robustness.

References - part F

[F1] Y. Liu, S. L. Ho, and W. N. Fu, “Novel electrical continuously variable
transmission system and its numerical model,” IEEE Trans. Magn, vol. 50, no.
2, Feb. 2014.

97



[F2]

[F3]

[F4]

[FS]

[F6]

[F7]

[F8]

Yulong Liu, Shuangxia Niu, S. L. Ho, and W. N. Fu, “A New Hybrid-Excited
Electric Continuous Variable Transmission System,” IEEE Trans. Magn., vol.
50, no. 11, Nov. 2014.

Yulong Liu, S. L. Ho, W. N. Fu and Xiu Zhang, “Design Optimization of a
Novel Doubly Fed Dual-Rotor Flux-Modulated Machine for Hybrid Electric
Vehicles,” IEEE Trans. Magn., vol. 51, no. 3, Mar. 2015.

M. Terashima , T. Ashikaga , T. Mizuno , K. Natori , N. Fujiwara and M. Yada,
"Novel motors and controllers for high-performance electric vehicle with four
in-wheel motors”, IEEE Trans. Ind. Electron., vol. 44, no. 1, pp. 28-38, 1997.

D. A. Kirsch, The electric vehicle and the burden of history, Rutgers
University Press, USA, 2000.

J. D. Jr. Anderson, Introduction to flight, McGraw Hill Higher Education,
Boston, Massachusetts, USA, 2015.

D. Lin, P. Zhou, W. N. Fu, Z. Badics and Z. J. Cendes, “A dynamic core loss
model for soft ferromagnetic and power ferrite materials in transient finite
element analysis,” IEEE Trans. Magn., vol. 40, no. 2, pp. 1318-1321, March
2004.

S. L. Ho, W. N. Fu and H. C. Wong, “Estimation of stray losses of skewed
induction motors using coupled 2-D and 3-D time stepping finite element
methods,” IEEE Trans. Magn., vol. 34, no. 5, pp. 3102-3105, September, 1998.

98



Chapter 7

A doubly-fed dual-rotor flux-
modulated machine for wind power

generation

7.1 Introduction

As an environmentally clean, renewable and cost-effective energy
source, wind power has a great significance for addressing the rising
electric power consumption and the global warming problem. According
to the Global wind 2014 report, since the late 20th century, the global
wind energy capacity has been increasing rapidly as is shown in Fig. 7.1
[G1]. Many countries around the world published government policies or
decisions to provide help to the development of wind energy. The
increasing contribution of wind power generation has motivated

development of new wind turbine systems.

Basically, the most important objective for wind turbines is to
minimize the cost of the generated electricity energy. To fulfil this
objective, the following aspects of the generator system need to be

considered.

The capital expenditures, which include cost of manufacturing,
transportation and installation, need to be noted. Usually, the use of rare-
earth permanent magnet material increases the manufacturing cost. A

generator with higher power density (power capacity per unit volume)
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usually makes the transportation and installation simpler and hence lowers

the cost.

The system efficiency is another important factor. To offer the same
electric power, the needed wind farm area is smaller when the system
efficiency is higher. Generally, the permanent magnet machines have
higher efficiencies than the electric-excited machines or induction

machines.

The maintenance is also an important part of the cost. For offshore
wind farms, the maintenance may count for about 30% of the cost. For
this consideration, a low maintenance generator system is favorable.
Usually, the use of gearboxes, especially the multi-stage gearboxes, will

increase the maintenance.
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Fig. 7.1. Global cumulative installed wind capacity [G1].

7.2 Overview of wind turbine concepts

The development of wind turbines has been well reviewed in literature
[G2]-[G4]. Generally, modern grid-connected wind turbines can be
classified into the constant speed constant frequency (CSCF) concept and

the variable speed constant frequency (VSCF) concept. The VSCF
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concept can be further classified into the semi-variable speed type and the
full-variable speed type. Generally, the VSCF system has higher power
conversion efficiency than CSCF system as it allows the turbine speed to
vary and match the wind speed. As the key component to perform the
mechanical to electrical energy conversion, the generators play an
important role in wind energy conversion systems, which urges engineers

to design new generators suitable for wind turbines.

Considering the use of gearboxes, the wind turbine generators can be
classified into geared types and direct drive types. A number of
comparisons between geared and direct drive systems have been
conducted. Generally, the geared systems have an advantage in terms of
the cost and the size or weight. The direct drive systems, however, usually
have an advantage in terms of the efficiency, the system reliability and
maintenance. Currently, the geared systems have a larger share in the

market, but the direct drive systems are drawing more and more attention.

For the VSCF concept, two solutions are popular, namely the doubly-
fed induction generator (DFIG) system and the direct-drive permanent
magnet synchronous generator (PMSG) system as shown in Figs. 7.2(a)
and 7.2(b). The main merit of the DFIG system is its low cost as no
permanent magnet (PM) is used and it needs only a partial-scale converter
which is around 30 percent of the generator power level [G5]. But the
additional mechanical gearbox design reduces the reliability of DFIG
system. In contrast, the direct-drive PMSG system has high torque density
and it does not need gearboxes or carbon brushes which cause mechanical
problems. But the cost of the direct-drive PMSG system is much higher
because of the PM material and full-scale converter. It has also been
investigated to realize the variable speed operation using a mechanical

torque/speed converter as shown in Fig. 7.2(c) [G6], [G7]. Hence a
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synchronous generator (SG) can be used for power generation. This type
of VSCF system has a lower cost as no power electronic converter is
needed but it is rarely used in industry because of issues related to the
mechanical converter.

Partial-scale
Converter

@)

Full-scale

(b)
converter
(c)

Fig. 7.2. Schematics of (a) the DFIG system, (b) the direct-drive PMSG system, and (c)
the SG system with mechanical torque/speed converter.

7.3 An E-CVT based WECS

Recently, the possibility of using electrical continuously variable
transmission (E-CVT) system for wind power generation has been
investigated in [G8]-[G10]. In [G8], an E-CVT system based on a set of

planetary gear and a drive motor is proposed and it is connected to a
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generator for wind power generation. In [G9], another design is proposed
by replacing the planetary gear with a magnetic gear. These designs are
quite bulky due to the multiple components. In [G10], the variable-speed
operation is realized by one double rotor machine, but this machine needs
carbon brushes as it has windings in a rotor and it still needs an additional

synchronous generator for power generation.

In this section, a novel E-CVT based wind energy conversion system
(WECS) is proposed. This WECS is gearless and it needs only a partial
scale converter as shown in Fig. 7.3. The most outstanding feature is that
the variable speed operation and power generation are realized within one
single machine, which greatly reduces the size and simplifies the whole
generation system. This machine has a doubly-fed dual-rotor structure and
compact construction. Inspired by the flux-modulation effect, it allows to
keep the speed of the outer rotor constant under the varying speed of the
inner rotor. In the meanwhile, it generates power by the electromagnetic
interaction between the secondary winding and the outer rotor. As PM
material is used for both the inner and outer rotor, the PM excited
machine has a relatively high torque density. By virtue of the flux-
modulation effect, it can be designed with high pole-pair number for
direct-drive system. The gearless and brushless structure makes the
machine more reliable and maintenance free. After introducing the
structure and working principle of the WECS, the design and FEM based
optimization of this doubly-fed dual-rotor permanent magnet machine
(DFDR-PM) is presented. The DFDR-PM is also prototyped and

experiments are carried out to validate its performance.
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Fig. 7.3. Schematics of the proposed WECS.

7.3.1 Structure and Working Principle

Secondary
winding

Primary
winding

segments

Fig. 7.4. Radial cross section of the DFDR-PM.
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Fig. 7.5. Configuration of the proposed WECS.

A. Machine Structure and Working Principle

As the key component of the proposed WECS, the DFDR-PM machine
is introduced first. A radial cross section of the DFDR-PM is shown in
Fig. 7.4. It has two sets of windings which are housed in one stator, and
two coaxial rotors which are installed inside the stator. The inner rotor is
a consequent-pole PM rotor in which all the PMs are magnetized in
radially outward direction. The outer rotor comprises interleaved PMs and
steel segments. Basically, the secondary winding interacts with the outer
rotor like a conventional single-rotor PM machine, and the primary

winding interacts with both rotors with the flux modulation effect.

The flux modulation effect means to take advantage of the harmonic
components of the magnetic field [G11]. In the proposed DFDR-PM

machine, bi-direction flux modulation is employed.

Basically, in the airgap, the relationship between the magnetomotive
force (MMF) drop F and the flux density B is,
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B=AF (7.1)
where A is the permeance per unit airgap area.

The MMF developed by the PM can be expressed as a sum of two
components,

F = F cos[N, (0 —-at)+¢]+F, cos[N, (6 —awyt)+¢,] (7.2)

where; F1 and F, are the magnitudes of the MMF components due to the
inner rotor and the outer rotor, respectively; Nri and Ny, are the pole-pair
numbers of the inner rotor and the outer rotor; w1 and w2 are the rotation
speeds of the inner rotor and the outer rotor; ¢1 and ¢ are the initial phase

angles of the two MMF components.

Similarly, the permeance can be expressed as,
A g+ 24 COSIN, (0—at) + ]+ 2, 008N, (0- ) +4] ;o

where; 1o is the average value of 4; A1 is the magnitude of the alternating
component due to the inner rotor; A2 is the magnitude of the alternating
component due to the outer rotor; and ¢3 and ¢4 are the initial phase
angles of the two alternating components, which are ¢3 = ¢1 + @ and ¢4 =

¢2 + m, as the PMs and steel segments are arranged alternately.

By substituting F and 4 in Eq. (7.1) with Eq. (7.2) and Eq. (7.3), it can
be deduced that,
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Ao F COS[N (0 — ant) + 4]+ 4, F, COS[N (6 — w,t) + 4, ]
—%{&Fl COS[2N,, (6 — o) + 2¢, ]+ A, F, cos[2N,, (6 — w,t) + 2¢2]}

1 COS[(Nro_Nri)(e_wt)+¢2_¢l]
~Z (4R, + AF) S
2 +cos[(N,, + N, )(O— e Nay g g1

ro r

(AR +4F)
2 (7.4)
Obviously, the airgap flux density has six rotating components whose
pole-pair numbers (PPNs) are Nri, Nro, 2Nri, 2Nro, Nro - Nri, @and Nro + Npi,
respectively. In a conventional PM machine, the Ny, - Nyi component is
neglectable. But in the DFDR-PM, due to the existence of the steel
segments, the Nro - Nri component becomes significant. By designing the
PPN of the primary winding to be

I:)pw: I\Iro_Nri’ (7.5)

voltage will be induced in the primary winding with the rotors rotating.

From Eq.7.5, the rotation speed of the N, - Nri component is,

o Nroa)z B I\Iria)l
P N _ —N
ro ri

(7.6)

Accordingly, the frequency of the induced voltage in the primary winding

IS,

f :a)PW(NVO_NFi): Nroa)Z_Nria)l
P 2 21 (7.7)

The configuration of the proposed WECS is depicted in Fig. 7.5. The

inner rotor is fixed on the shaft which is connected to the turbine blades.
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The primary winding is linked to the power grid through a converter and
the secondary winding is linked to the power grid directly. Reforming Eq.

7.7, the speed of the outer rotor is,

N +27f,
o, =
Nio (7.8)

When the blade speed w1 varies, by adjusting the excitation current of the
primary winding, the speed of the outer rotor w2 can be kept constant.
Hence, the frequency and amplitude of the induced voltage in the
secondary winding are constant, enabling it to be directly connected to the

power grid.

For the secondary winding, as it constitutes a conventional PM
machine with the outer rotor, its pole-pair number is the same to that of

the outer rotor.

Fractional slot design is adopted to reduce the slot number for both
windings. Concentrated winding is used by the secondary winding to
reduce the copper loss. The pole-slot combination for fractional slot

concentrated winding has been investigated in [G12], [G13].

B. Energy Conversion

During stable operation, the mechanical torque from the turbine is
balanced by the electromagnetic torque on the inner rotor T:i. For the
outer rotor, its torque T comprises two electromagnetic components,
namely the part due to the primary winding Tro1 and the part due to the

secondary winding Tro2. As the outer rotor is a floating rotor, the two
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torque components need to cancel each other, which means Tro = Tro1 +
Tro2 =0. The torque relationship between the rotors in a FM machine has

been introduced in [G14], which in this machine is

T _ T

I\Iro I\Iri (7.9)

When the losses in the system are not considered, the input power of
the converter is,

P =P

con rated

P

wind — lro1@ _Tri 2]

(7.10)

where; Prated IS the rated power output to the power grid; Pwing IS the wind
power captured by the turbine blades. Clearly, only a partial scale
converter is needed for this WECS and its power level depends on the
designed speed range of the turbine blades. Like that of a doubly-fed
induction generator, a synchronous speed is defined for the inner rotor of
the DFDR-PM,

ro

() = ), =
1syn 2
’ N i I:)szri

Il

N,  2zf,N,

(7.11)

where fsw and Psw are respectively the frequency and the pole-pair number
of the secondary winding. Accordingly, the speed below/above the
synchronous speed is defined as subsynchronous/supersynchronous. The

system working principle is simply introduced as follows.

1) When the inner rotor is rotating at the synchronous speed, Pcon is O,
which means no power is flowing through the converter and the primary
winding. The primary winding needs to be fed with dc current and no

effective electromotive force is induced in it.
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2) During subsynchronous operation, Pcon iS positive. The primary
winding helps to drive the outer rotor and it extracts power from the grid

through the converter as shown in Fig. 7.6(a).

3) During supersynchronous operation, Pcon is negative. More power
is supplied by the inner rotor than the rated power needed by the outer
rotor. The extra power goes to primary winding for generation. Both the
primary winding and the secondary winding inject power to the grid. The

power flow is shown in Fig. 7.6(b).

=
=

Converter
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.
=

S (PG

(b)
Fig. 7.6. Power flow in the WECS during (a) subsynchronous operation and (b)
supersynchronous operation.
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7.3.2 Preliminary Design Consideration

In view of the fact that the DFDR-PM is essentially a combination of
an E-CVT and a generator, the performances of both of them have to be
considered. For convenience, the two components are referred to as E-

CVT part and generator part, respectively.

Considering that Tro1 and Tro2 need to cancel each other, the E-CVT
part and the generator part should have similar torque capability. As these
two parts have the same rotor diameter, they should also have similar
electrical load. As a result, in this design, the slot room is evenly divided

by the primary winding and the secondary for the sake of heat dissipation.

Since the torques of the rotors are reversely proportional to their pole-
pair numbers as shown in Eq. 7.9, only the torque of the outer rotor needs
to be considered for the design of the E-CVT part and the torque of the

inner rotor can be decided accordingly.

The cogging torque in a FM machine is decided by the cogging torque
factor which is the greatest common devisor between the pole-pair
numbers of the two rotors [G11], [G15]. In the proposed DFDR-PM
machine, the cogging torque factor is 1 with the designed pole

combination and its cogging torque is expected to be relatively small.
For the design of a conventional synchronous machine, the following
famous sizing equation is usually used,

f— -_o . 2. .
S=11K,-B-A-D?-1-n 712)

where; S is the output power in W; Ky is the winding factor; B is the

mean flux density in the airgap in T; A is the electrical loading in A/m; D
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Is the airgap diameter; | is the core length; and n is the rotational speed
[G16]. For the DFDR-PM machine, although two windings are used, they
do not affect each other except for the saturation problem since their pole-
pair numbers are different. So Eq. (7.12) can still be used to decide the

preliminary geometric parameters with only the generator part considered.

The ratio of PM width to steel width in the rotor has been investigated
in [G17]. To achieve the best flux modulation effect, this ratio should be
roughly 0.5~0.6. In the proposed DFDR-PM, the rotor PM and steel

segments have the same width.

To have a general idea of the effect of the geometrical parameters on
the torque performance of the DFDR-PM, a parametric analysis is first

done before optimization. The analyzed variables are:
Hri, radial length of the PM in the inner rotor;
Hro, radial length of the outer rotor;
Rs, inner radius of the stator;
Hy, radial length of the stator yoke.
W¢, width of the stator teeth.

For each variable, its effects on Tro1 and Tro2 are analyzed separately using
static two-dimensional (2-D) FEM. The excitation current is fixed at the
maximum torque point during the analysis. The analysis results are shown
in Fig. 7.7.

1) As is analyzed in Section 7.3.1, the inner rotor only interacts with
the primary winding and the change of H; does not have significant
influence on the torque of the generator part. For the E-CVT part, the
change of Hy; affects its MMF and the flux modulation effect. Hro2 can be

maximized at certain Hyi value.
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2) To increase Tro2, Hro IS required to be large enough, which is similar
to the situation in a conventional PM machine. However, for the E-CVT
part which is basically a FM machine, the increase of Hr, not only
increases the MMF, but also decreases the radius of the inner airgap and
affects the flux modulation effect. So a compromise is needed for the

design of Hyo.

3) The effects of Rs on Tro1 and Tro2 are similar. The increase of Rs
Increases the airgap radius, which is a positive element for improving the
torque. However, it also compresses the slot area, which decreases the

electrical load considering a constant current density.

4) The effects of Hy and W; are similar. The increase of them
compresses the slot area, but lowers the flux density in the stator core. To
improve the torque performance, they need to be designed with a

compromise considering the electrical load and the saturation problem.
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Fig. 7.7. Effect of geometric parameters on torque.

7.3.3 Optimal Design

An optimization of the DFDR-PM is conducted based on genetic
algorithm (GA) and FEM. The aim is to maximize the torque capability of
the system with both the E-CVT part and the generator part considered.
As the torque components due to two windings need to balance each other
on the outer rotor, both of them are important and their maximum values

should be similar. The fitness function is,

F(H Hro’Rs’Hy’Wt):T 'Tr02

ri? rol

(7.13)
The following constraints are used for the optimization.

1) The outer geometry is fixed. The outer diameter of the stator is

fixed at 216 mm and the stack length is fixed at 65 mm.

2) The lengths of the outer airgap and the inner airgap are both fixed at

1 mm.

3) The current density in the conductor is limited within 5.5 A/mmz2.
The slot fill factor, which is the ratio of the cross section area of

conductors to the slot area, is 55%.
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For each element, Tro1 and Tro2 are respectively computed using one
transient FEM analysis. Unlike the parametric analysis in which the
windings are excited separately, to have the saturation issue considered,
the two windings are excited at the same time in the optimization. For the
calculation of Tro1, the locked-rotor torque angle curve is first computed
with the primary winding excited with ac current and the secondary
winding excited with dc current. By averaging the maximum value and the
minimum value in the torque angle curve, the torque component due to
the secondary winding can be removed and Tro1 is calculated. The torque
Tro2 can be calculated in a similar way by exciting the primary winding
with dc current and the secondary winding with ac current. A flowchart of

the optimization process is shown in Fig. 7.8.

The optimization is conducted with the following considerations: a
population of 30 elements; the maximum generation number of 20;

crossover probability of 0.8; mutation probability of 0.1.

To improve the GA convergence performance, for each generation, if
the best element is worse than the best element of its previous generation,
its worst element will be replaced by the previous best element. The
fitness variation during the optimization process is shown in Fig. 7.9.
Although the average fitness of the population goes up and down, the best
fitness keeps increasing. The optimized variables are: Hyi = 15. 8 mm, Hio
= 6.1 mm, Rs = 73.3 mm, Hy = 4.1 mm, Wy = 3.9 mm. Through the
optimization, the slot area is designed to be relatively large. This is due to
the arrangement of placing both windings in one stator. The other
specifications of the DFDR-PM are listed in Table 7.1.
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Fig. 7.8. Flowchart of the optimization process.
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TABLE 7.1

SPECIFICATIONS OF THE DFDR-PM

Quantity Value
Number of phases 3
Rated frequency 50 Hz
Rated power 420 W
Rated output phase voltage 13.5 V(rms)
Rated output phase current 10.4 A(rms)
Synchronous inner rotor speed 176.5 rpm
Rated inner rotor torque 27 Nm
Outer radius of stator 108.0 mm
Inner radius of stator 74.7 mm
Outer airgap length 1.0 mm
Inner airgap length 1.0 mm
Radial length of outer rotor 6.1 mm
PM length of inner rotor 15.8 mm
PM pole-pair number in outer rotor 28
PM pole-pair number in inner rotor 17
Number of primary stator winding pole pair 11
Number of secondary stator winding pole pair 28
Number of stator slots 48
Number of turns for primary winding 30
Number of turns for secondary winding 30
Stack length 65 mm
Stator and rotor core material M19 24G
Magnetic remanence 1.2T
Rated efficiency at synchronous speed 70 %

Power density

7.0x10%2 kW/m?3
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Fig. 7.9. Fitness variation during the optimization process.

7.3.4 Performance Validation

To validate the performance of the proposed machine, besides FEM
simulation, a prototype is also made and tested as shown in Fig. 7.10 and
Fig. 7.11. The inner rotor of the prototype is connected to a servo motor
through a torque transducer. The primary winding is connected to the

controller and the secondary winding is connected to resistive load.
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(b)
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Fig. 7.10. (a) The inner rotor; (b) the outer rotor; (c) the stator; (d) the whole
prototype of the DFDR-PM.
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Fig. 7.11. The test bed.

A. Field and Back-EMF

Using FEM, the PM field is computed. The airgap flux density and the
corresponding spectra are depicted in Fig. 7.12. Besides the largest
fundamental components Nyi and Ny, four harmonic components 2Ny,
2Nro, Nro - Nri, and Nro + Nyi are also significant. This FEM results agree
well with the theoretical analysis given in Section 7.3.1. Under the rated
load, the magnetic flux density and the flux lines are plotted in Fig. 7.13.
The maximum flux density is about 2 T which is acceptable for the silicon

steel used.
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Fig. 7.12. (a) The PM flux density in the airgap and (b) the corresponding spectra.
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Fig. 7.13. (a) The flux density map, and (b) the flux line plot at the rated load.
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The back-EMFs in two sets of windings during subsynchronous and
synchronous operation and the corresponding harmonic spectra are shown
in Figs. 7.14 - 7.17. For subsynchronous operation, the speed of the inner

rotor is set at 100 rpm.

a) For the subsynchronous operation, the frequency of the back-EMF
in the primary winding is around 18.3 Hz, which corresponds with the
theoretical analysis in Eq. 7.7. The back-EMF of the primary winding is
less sinusoidal than that of the secondary winding. The reason is that the
primary winding has a pole-pair number of Nro - Nyi. It is shown in Fig.
7.12(b) that this harmonic component of the airgap flux has smaller
amplitude than the Ny, component which is the fundamental component
for the secondary winding. The asynchronous harmonics of the airgap flux

cause more significant distortion for the primary winding back-EMF.

b) The experimental and FEM results are generally in agreement,
especially for the secondary winding back-EMF. In Fig. 7.14(a), the
experiment result has larger distortion than the FEM result. The possible
reasons are the small ripples in the inner rotor speed during the test. Also,
the back-EMF of the primary winding is easier to be affected since its

magnitude is small.

c) During synchronous operation, the back-EMF in the primary
winding is close to zero. The reason is that the speed of the effective

harmonic component is zero according to Eg. 7.6.

d) When the speed of the inner rotor changes from subsynchronous to
synchronous, the back-EMF in the secondary winding is constant while
the back-EMF in the primary winding changes accordingly. In the WECS,
when the current frequency of the primary winding is intentionally

controlled to vary with the speed of the inner rotor, the outer rotor speed
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can be kept constant and hence the output voltage can be kept constant. In

this way, the WECS can be used for VSCF operation.
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Fig. 7.14. The back-EMF during subsynchronous operation in the primary winding, (a)
The FEM result, (b) the experiment result, and (c) the corresponding harmonic spectra.
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Fig. 7.15. (a) The back-EMF during subsynchronous operation in the secondary
winding, and (b) the corresponding harmonic spectra.
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Fig. 7.16. The back-EMF during synchronous operation in the primary winding.
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Fig. 7.17. (a) The back-EMF during synchronous operation in the secondary winding
and (b) the corresponding harmonic spectra.

B. Operation under Load Conditions

In the beginning, the performances of the E-CVT part and the
generator part are tested separately. For the test of the E-CVT part, the
outer rotor is locked and the inner rotor is driven by the primary winding.
At different inner rotor speeds and torque loads, the losses and efficiency
are shown in Fig. 7.18. The copper loss is calculated simply by Joule’s
first law and it increases with the winding current. The sum of coreloss
and the mechanical loss are measured by reducing the copper loss from
the total loss. This part of losses increases with both the load torque and
the rotor speed. For the generator part test, the outer rotor is driven by a
servo motor and the secondary winding is connected to a resistive load.

The losses and efficiency of the generator part are shown in Fig. 7.19.
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Fig. 7.18. (a) Coreloss and mechanical loss, (b) copper loss, and (c) efficiency of the
E-CVT part at different inner rotor speeds and torque.
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Fig. 7.19. (a) Coreloss and mechanical loss, (b) copper loss, and (c) efficiency of the
generator part at different outer rotor speeds and torque.

For the test of the DFDR-PM, the secondary winding is connected to a

resistive load. The inner rotor is driven by a servo motor at different
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speeds while the outer rotor speed is kept constant, namely 107 rpm, by
the primary winding. Assuming the efficiency of the converter to be 1, the
losses and efficiency of the DFDR-PM under different input speeds and
torques from the servo motor are shown in Fig. 7.18. The input power
includes both the mechanical power from the servo motor and the electric

power from the primary winding.

Note that as the two windings have different pole numbers, the two
parts of DFDR-PM do not have significant influence on each other except
for the saturation issue. Since the flux density is not high in this design as

shown in Fig. 7.13(a), the saturation problem can also be neglected.

When the inner rotor is at 120 rpm and the outer rotor is at 107 rpm
stably under the rated load, the torque from the outer rotor is measured in

comparison with FEM analysis results as shown in Fig. 7.21.

a) As we have considered the cogging torque factor for the design of

the pole number combination, the torque ripple is generally acceptable.

b) For the outer rotor, the torque due to the primary winding and the
torque due to the secondary winding are canceling each other, which

makes it a floating rotor.

c) The electromagnetic torque of the inner rotor is around 27 Nm. This
torque is to be cancelled out by the mechanical torque from the wind
blades in the WECS. In this experiment, it is balanced by the servo motor

instead.
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Fig. 7.22. System dynamics when the inner rotor speed changes.

A simple test for the dynamics of the system in VSCF operation is also
conducted as shown in Fig. 20. Obviously, when the inner rotor speed
increases, the frequency of the controlled current in the secondary

winding decreases so that the speed of the outer rotor is kept constant.

7.4 Conclusion

A novel WECS concept based on E-CVT is proposed for VSCF wind
power generation. The basic idea is to realize variable-speed operation by
compensating the power from the wind turbine. Utilizing the flux
modulation effect among the windings and rotors, the frequency of the
output voltage is decoupled with the wind turbine speed. By artfully

integrating a flux modulation machine with a conventional PM machine,
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this system realizes the speed matching and power generation within one

single machine. Compared with previous WECS concepts, this system has

the advantage of being gearless and brushless and it needs only a partial

scale converter, which means to incorporate the merits of the popular

DFIG system and direct drive PMSG system. The working principle and

design of the core DFDR-PM are introduced. The performance of the

DFDR-PM is validated by both FEM simulation and experimental results.
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Chapter 8

Summary, contributions and

recommendations

In this thesis, the design, analysis, and application of a new electric
machine concept, namely the FM machines, are studied. At first, the
historical development of different types of FM machines is reviewed. A
comprehensive insight into the flux modulation effect is then taken by
analyzing a magnetic gear model, after which a unified theory of FM
machines is proposed. The theory is then used to derive different FM
machines and explain their working principles. The general design
principles of different components in FM machines are briefly introduced.
A quantitative comparison among different FM machines is conducted to
investigate their pros and cons, after which the potential applications of
these machines are identified accordingly. As an example, a DFRM and a
doubly-fed dual-rotor FM machine are proposed for EV propulsion and
wind energy conversion, respectively. Prototypes of these two machines

are made and tested for validation.

The main merits of FM machines can be summarized as follows. 1)
Flexible pole design. As the pole numbers can be different for the rotor
and the stator winding, the FM machines are particularly suitable for low
speed applications where high pole numbers are needed. 2) Capability of
offering multi-mechanical / electrical port. The existence of FMPs
naturally offers an additional mechanical port when they are used as a

rotor. It is also possible to add an extra electrical port in relation to the
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PM rotor without using the flux modulation effect. The FM machines are
hence an attractive choice for power splitting, which makes them suitable
to be used in HEV and wind energy conversion. 3) Capability of realizing

a robust reluctance rotor structure with PM housed in the stator.

The main drawback of FM machines is that, due to flux modulation,
the flux leakage increases and their power factors are usually not as high

as those of the conventional PMSMs, which increases the copper loss.

The following areas are recommended for future research. 1) FM
machines with single rotor are considered in the performance comparison
in this thesis. The performance of multi-rotor designs can be further
studied. 2) FM machines with axial flux, transverse flux, or linear
configurations need to be studied. 3) A common method for the
improvement of power factor is worth investigating. 4) Simple single-
objective GA is used for optimization in this thesis. Other algorithms and
multi-objective optimization of the FM machines can be investigated. 5)
The potential of FM machines for more applications needs to be studied,

such as in robotics, wave energy harvesting, and railway transportation.
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