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Supervisors’ Foreword

The Confucian classic Li Ji, literally the Book of Rites, is a collection of articles
written by Confucius’s students and Confucian scholars during the Warring States
Period (475-221 BC) in ancient China, which not only describes rules and regu-
lations, but also benevolence and morality. Among 130 articles in Li Ji, the article
Xue Ji is influential in education. Its essence—Teaching others can gain half of the
effect of learning—is the teaching philosophy that I consider as the doctrine. Being
a Ph.D. supervisor of Christopher, I can fully testify the essence of Xue Ji—
Whenever I teach him, I can find my limitation in knowledge.

This thesis describes the scientific achievements of Dr. Christopher Ho Tin Lee,
who has completed his doctoral program in Department of Electrical and Electronic
Engineering, The University of Hong Kong. Dr. Lee has achieved excellent
research outcome on the electric machine design, particularly on magnetless
machine topologies, during his Ph.D. studies. As his Ph.D. supervisor, I would like
to introduce two important findings from his doctoral work.

One of the most important findings from his works is the development of the
electronic-geared (EG) machine. By purposely combining the design philosophies
of two extreme machine types, the resulting EG machine can switch between two
modes of operation to cater for a wide range of situations. Consequently, the
undesirable mechanical gearbox can be eliminated. This particular feature is highly
desirable for industrial applications, such as wind power generation and electric
vehicle (EV) propulsion. Another important finding comes from the innovation of
magnetic steering (MS) concept. Upon the installation of MS windings in the
double-rotor machine, the resulting double-rotor machine can enable EVs to per-
form stable curvilinear movement. Because of the magnetic interlocking mecha-
nism provided by the MS windings, this machine can provide higher stability and
better reliability than the existing systems.

The findings in this thesis have been published in top engineering journals,
namely the IEEE Transactions on Industrial Electronics, IEEE Transactions on
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Energy Conversion, and IEEE Transactions on Magnetics. 1 hope these research
works would stimulate more researchers to work on electric machines.

Hong Kong, China Prof. K. T. Chau
October 2017

Sustainable energy and environment protection are among current major global
grand challenges. As one of the most promising solutions to these issues, the
developments of the wind power generation and electric vehicle (EV) have been
speeding up recently. As the key part of these emerging applications, the design and
analysis of the electric machines have become a hot research topic.

Because of the high power and torque performances, the permanent-magnet
(PM) machines have dominated the industrial market in the past few decades.
However, due to the limited and fluctuating supply of the PM materials, the con-
struction costs of the PM machines have been raised tremendously. Consequently,
without installation of any PM materials, the magnetless machines have become
very attractive recently. The thesis of Dr. Christopher Ho Tin Lee provides a
comprehensive study of the magnetless machines, particularly for the wind power
generation and EV applications. Throughout the doctoral studies, Dr. Lee has
proposed some interesting ideas, such as electronic-geared operation and magnetic
interlocking mechanism, to improve the overall performances of the magnetless
machines.

Dr. Lee is a hardworking and self-motivated student, and I enjoy supervising
him towards his doctorate. He has shown his talents and dedication towards his
research. I hope you will enjoy reading his work, as much as I do.

Hong Kong, China Prof. C. C. Chan
October 2017



Abstract

Owing to growing concerns on energy utilization and environmental protection,
research on electric vehicle (EV) and wind power generation has drawn much
attention in the past few decades. As a key component of these applications, the
development of electric machines has become a hot research topic since the last
century. While the permanent-magnet (PM) brushless machines have dominated the
industrial and domestic markets for many years due to their outstanding perfor-
mances when compared to their counterparts, the manufacturing costs of the PM
machines have tremendously increased lately as a result of virtual market monopoly
and fluctuating supply of PM materials. Therefore, with the absence of PM mate-
rials, the advanced magnetless doubly salient brushless machines that provide great
cost-effectiveness have become more popular recently.

Without the need to install high-energy-density PM materials, magnetless dou-
bly salient machines undoubtedly suffer from relatively lower torque densities when
compared to their PM counterparts. To resolve this problem, the development of
torque improving techniques has become an interesting research topic for the
magnetless machines. On the other hand, unlike the PM machines whose magnetic
fluxes are uncontrollable, the advanced magnetless machines can utilize its inde-
pendent DC-field excitation for flux regulation. Hence, the operating ranges of the
magnetless machines can be effectively extended.

The purpose of this thesis is to investigate the characteristics of existing mag-
netless doubly salient machines, analyze their design philosophies and propose
new topologies for various applications. Firstly, the background of magnetless
machines and previous works conducted by other researchers are introduced. Based
on the study of the existing works, the upcoming trend and the potential devel-
opment are also reviewed. Secondly, the torque improving structures, namely the
multi-tooth  structure, the double-rotor (DR) structure, the singly fed
mechanical-offset (SF-MO) structure, the flux-reversal (FR) and the axial-field
(AF) structure, that are purposely implemented into the magnetless machines are
discussed. Next, the magnetic steering (MS) machine, which utilizes the concept of
magnetic interlocking to achieve higher stability for curvilinear motion, is
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X Abstract

proposed. Then, the idea to incorporate the design philosophies of the two different
machines to form new dual-mode machines is covered. With the reconfiguration of
winding arrangement and the support from controllable DC-field excitation, the
proposed machines can further extend their operating range to fulfill extreme
conditions required by the applications of EV and wind energy harvesting. Finally,
all the key performances of the proposed machines are thoroughly analyzed by the
finite element method (FEM), while the experimental setups have also been
developed to verify the proposed concepts.
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Chapter 1
Introduction

1.1 Background of Electric Machines

As one of the most efficient energy conversion devices that interconvert the
mechanical and electrical powers, the electric machines have been employed in
various industrial and domestic applications for more than one hundred years. To be
specific, the electric machines have consumed about 65% of total generated elec-
trical energy in the developed countries [1], and this particular invention has been
renowned as one of the most important milestones for modern civilization.
Generally speaking, there are two major electric machines available, namely the
brushed machine and the brushless machine. By the classification based on the
employed materials, the brushless machine can be further divided into two sub-
groups, namely the permanent-magnet (PM) brushless machine and the magnetless
brushless machine. Most of the major machine types, including the brushed, the
brushless, the PM brushless and the magnetless brushless machines have been
classified as shown in Fig. 1.1.

Because of the simple control scheme and wide operating range, the brushed
machines have drawn most of the attentions in the early years so that various
topologies have been proposed [2]. However, the brushed machines suffer from the
unavoidable frictional losses due to the commutator operation and hence the overall
stability is degraded. To maintain the normal functionality of the brushed machines,
the undesirable regular maintenances are needed. On the other hand, without
installation of any brushes and commutators, the brushless machines can eliminate
the profound maintenance problem that exists in the brushed machines. However,
these types of machine were not popular because of the complex control algorithms
and expensive material costs of power electronics [3].

The brushed machines have dominated the industrial and domestic markets for a
long period of time, yet the situation has changed since the advancement of the
power electronic technologies. With the development of the power electronics, the
complex control algorithms for the brushless machines can be achieved at a very

© Springer Nature Singapore Pte Ltd. 2018 1
C. H. T. Lee, Design, Analysis and Application of Magnetless

Doubly Salient Machines, Springer Theses,

https://doi.org/10.1007/978-981-10-7077-8_1



2 1 Introduction

Electric Machines

N
| Brushed | Brushless

\

T Separately- /—‘; N /—‘ﬁ
Self-Excited | . PM Installed | Magnetless |
1 XCued ,\ I‘.Nt‘lwll II\ nstatiec I‘_'l]l. €SS /]

Series '1| |f PM-Excited | ,'/ DSPM \I /Inductinn SR \
[ [
\ Shunt /

|
\  Field-Excited | \ FRPM FSPM | \_ VR S_vnR)

Fig. 1.1 Classification of the modern electric machines

low cost [4]. Therefore, there is an increasing trend to employ the brushless
machines for various applications, while the brushed machines are fading out.
Nowadays, the brushless machines have served as the predominated candidates for
many industrial applications, such as the electric vehicle (EV) application and the
wind power generation.

1.2 Development of Brushless Electric Machines

Owing to the ever enhancing concerns on environmental protection as well as
energy efficiency, the development of EV application and wind power generation
has been speeding up [5, 6]. Served as the key element for these applications, the
electric machines, particularly the brushless one, have drawn many attentions in the
past few decades. Indeed, the concept of the brushless machines has been probably
first proposed by Nikola Tesla in the late 1800s [7]. It should be noted that the
brushless machine was originally developed based on the magnetless structure, i.e.,
without any PM components. Due to the robust and simple structure, the
magentless brushless machines have been more attractive than the PM one. Yet, the
leading position of the magnetless brushless machines has been challenged by the
high-performance PM brushless machines that were proposed in 1950s [8].

By employing the high-energy-density PM materials, the PM brushless machi-
nes can offer better performances, including higher efficiency and higher power
density, as compared with the magnetless counterparts. Hence, the PM brushless
machines have started to overtake the leading role for the industrial applications.
Upon the enhancing demands on the environmental protection, the developing rate
of the PM brushless machines has been accelerating so that numerous topologies
have been proposed in the last few decades. The PM brushless machines can be
categorized based on its PM allocation and the flux-linkage characteristic. To be
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specific, there are generally three major types available, namely the doubly salient
permanent-magnet (DSPM) type [9], the flux-reversal permanent-magnet (FRPM)
type [10] and the flux-switching permanent-magnet (FSPM) type [11].

Even though the PM brushless machines can offer the outstanding performances,
these types of machines have suffered from the high material costs in the past few
years [12]. Apart from the high construction costs, the PM flux density cannot be
controlled effectively so that the operating ranges of the PM machines are limited.
All these shortcomings have hindered the further development of the PM machines,
and hence the researchers and engineers have instead started to pay more attentions
on the magnetless candidates recently. Since the very first magnetless doubly salient
brushless machine, the induction machine was proposed in more than one century
ago, some other magnetless doubly salient brushless candidates have been proposed
throughout the years. In particular, there are four fundamental magnetless brushless
machines available, namely the induction machine, the synchronous reluctance
(SynR) machine, the Vernier reluctance (VR) machine and the switched reluctance
(SR) machine.

1.3 Research Objectives

The main research objective of this project is to develop and analyze the new types
of magnetless doubly salient brushless machines for industrial applications. In
particular, the project aims to achieve the goals as follows

e To design and analyze the new magnetless doubly salient brushless machines
with improved torque performances and higher cost-effectiveness.

e To quantitatively compare the key performances between the proposed machi-
nes and the commonly employed candidates.

e To explore and suggest the new design philosophies for the magnetless
machines in order to extend the operating range and control flexibility.

e To develop and implement the experimental setups of the proposed magnetless
machines for concept verifications.

e To apply the proposed magnetless machines into various potential applications,
such as EV application or wind power generation.

1.4 Outline

This thesis consists of eleven chapters, where several sections and subsections are
included. To improve the readability, the chapters are purposely allocated into three
distinctive parts, namely (i) Part I: Modeling, numerical analysis and experimental
verification of torque improving topologies; (ii) Part II: Design, analysis and
application of advanced magnetless machines on wind power generation; and
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(iii) Part III: A comprehensive study of advanced magnetless machines on electric
and hybrid vehicles. An outline of all chapters is given as follows

In this Chapter, the background and the current status of the commonly
employed electric machines are described and discussed, and hence the research
objectives are defined.

In Chap. 2, the introduction, modern developments and upcoming technologies
of the magnetless brushless machines are reviewed.

Part I: Modeling, numerical analysis and experimental verification of torque
improving topologies

In Chap. 3, the torque improvement design structure, namely the multi-tooth
structure has been analyzed and utilized to develop the new magnetless machines.
In the meantime, the new torque ripple minimization topology, namely the
mechanical-offset (MO) topology is proposed.

In Chap. 4, the concept of double-rotor (DR) structure is newly implemented
into the magnetless machine topologies, leading to form the flexible machines with
two sets of independently driven shafts, purposely for the special direct-drive
applications.

In Chap. 5, based on the foundation in Chap. 3, the concept of electrical-offset
(EO) is implemented into the MO machine, and hence forming the singly fed
mechanical-offset (SF-MO) machine. The propose SF-MO machine not only can
minimize its torque ripple to a very desirable level, but also reduce the costs of
power electronics and control complexity.

Part II: Design, analysis and application of advanced magnetless machines on
wind power generations

In Chap. 6, the stator pole modulation technique is newly proposed to form the
cost-effective flux-reversal DC-field (FRDC) machine. Based on the proposed
modulated stator design, the DC-field winding can then be wound in a way to
perform similarly as the FRPM machine does. With the bipolar flux-linkage
characteristic, the proposed FRDC machine can offer satisfactory torque perfor-
mances with attractive cost-effectiveness.

In Chap. 7, the two machine design philosophies, namely the DSDC and the
FSDC machines are incorporated together, to form the new dual-mode machine,
purposely for the wind power harvesting applications. On the employment of dif-
ferent winding configurations, the proposed machine can switch between two dif-
ferent modes to behave similarly as the corresponding machines do. Therefore, the
proposed machine can offer higher flexibility and stability to cater different possible
wind situations.

Part III: A comprehensive study of advanced magnetless machines on electric
and hybrid vehicles

In Chap. 8, the axial-field (AF) structure is newly proposed to implement with
the doubly salient DC-field (DSDC) machine, to form the high-performance
AF-DSDC machine. With its superior torque density performance and
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flux-weakening characteristics, the proposed machine is highly suitable for the
ranged-extended electric vehicle (RE-EV) applications.

In Chap. 9, the magnetic steering (MS) machines is proposed to realize the
magnetic differential (MagD) system for EV applications. The concept of magnetic
interlocking is newly testified to achieve differential action with higher reliability
for curvilinear motion.

In Chap. 10, based on the foundation in Chap. 7, a new dual-mode
electronic-geared (EG) machine is developed, purposely for the high-performance
EV applications. To be specific, the design criteria of the back electromotive force
(EMF) waveform and the winding arrangement are thoroughly analyzed. Hence, the
proposed EG machine can offer the smoother torque at the low-gear situation, and
the better torque density at the high-gear situation.

Finally, in Chap. 11, the summary and conclusions of this thesis are given. The
contributions of this project are highlighted, while the suggestions for possible
improvement are also provided.
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Chapter 2
Overview of Magnetless Doubly Salient
Brushless Machines

2.1 Introduction

Due to a large variety of industrial applications, including the electric vehicles
(EVs), wind power generations, ship propulsion systems and robotic applications,
the development of the electric machines has been a hot research topic in the last
century [1]. The brushed machines and the brushless machines are the two major
types of the electric machines [2]. As compared with the brushed one, the brushless
machine can enjoy the absolute advantage of maintenance-free operation, so that
this type of machines has become the major trend since the last few decades [3]. By
the classification of the employed materials, the brushless machine can be further
divided into two subgroups, namely the permanent-magnet (PM) machines and the
magnetless machines.

Upon the installation of the high-energy-density PM materials, the PM candi-
dates can provide superior performances and hence this type of machines has
become very attractive for various applications. However, due to the virtual market
monopoly and fluctuation of supply, there is drastically increase of PM material
costs [4]. To increase the product competitiveness as well as the market penetration,
the magnetless machine with higher cost-effectiveness has become more popular
recently.

The purpose of this chapter is to provide an overview of the magnetless doubly
salient machines. Therefore, the current technologies of the magnetless machines,
including machine structures, characteristics, operation principles, control algo-
rithms and upcoming trends will be reviewed and discussed.
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2.2 Background of Magnetless Brushless Machines

The magnetless brushless machines has been probably first developed in late 1800s
[5], when the first brushless alternator machine was proposed by Nikola Tesla.
Without the installation of any PM materials, the magnetless machine candidate
enjoys the definite merits of cost-benefit as well as robustness structure, so that it
has dominated the industrial market for a long period of time. Yet, the situation has
changed in 1950s, when the high-performance PM brushless machines were
proposed [6].

Upon the new design structures and construction techniques, the PM machines
that provide the relatively high power densities have therefore taken the leading
position over the magnetless machines in the past few decades. In particular, the
doubly salient PM (DSPM) machine [7], the flux-reversal PM (FRPM) machine [8]
and the flux-switching PM (FSPM) machine [9] are the major PM candidates
employed in various applications. Nevertheless, the supply of the PM materials is
fluctuating, and hence the construction costs of the PM machines have risen
drastically. Therefore, the development of the magnetless machines has once again
become very active recently.

2.3 Well-Developed Topologies, Features
and Performances

In general, there are four major types of fundamental magnetless brushless
machines available, namely the induction machine [5], the synchronous reluctance
(SynR) machine [10], the Vernier reluctance (VR) machine [11] and the switched
reluctance (SR) machine [12]. Even though all of these candidates are categorized
as magnetless brushless machines, each of them exhibits the unique features and
distinct characteristics.

2.3.1 Induction Machine

The induction machine, which was first proposed by Nikola Tesla in 1888, has been
regarded as one of the most developed electric machines [13]. Literally speaking,
the induction machine is operated based on the principle of electromagnetic
induction, which can be achieved by the rotating magnetic field. The major type of
the induction brushless machine consists of the squirrel cage structure [14], as
shown in Fig. 2.1. The basic performances of the induction machine can be
accurately estimated by the equation modeling [15].
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Fig. 2.1 Induction machine Armature
with squirrel cage structure winding
[14]

Stator Squirrel cage
rotor

Even though the three-phase topology is the most common design, the induction
machines with higher number of phases have also drawn some attentions for var-
ious applications [16]. Apart from the design of machine structure, the control
algorithm is another attractive technology that has drawn considerable attentions
[17]. In particular, a huge variety of sensorless control schemes have been
employed in the industrial applications [18].

2.3.2 Synchronous Reluctance Machine

As one of the earliest types of electric machines, the SynR machine has been
developed as a cylindrical rotor with multiple slits in early 1900s [10]. The SynR
machine is operated based on the principle of minimum reluctance, which can be
achieved by the rotating magnetic field. The major torque component of the SynR
machine comes from the reluctance torque, which is directly proportional to the
saliency ratio. To improve the saliency ratio as well as the output torque perfor-
mance, a segmental rotor structure [19] and an axially laminated rotor structure [20]
have been developed. The optimization of the rotor design has drawn many
attentions [21], while the most common topology is shown in Fig. 2.2.

Apart from the average torque value, the torque ripple issue is another important
criterion to determine the machine performance. To minimize the torque pulsation,
the asymmetrical rotor barrier arrangement [22] and the torque harmonic com-
pensation approach [23] have been proposed.
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Fig. 2.2 Synchronous Armature
reluctance machine [21] winding

Stator Rotor

2.3.3 Vernier Reluctance Machine

Same as the SynR machine, the VR machine is also operated based on the principle
of minimum reluctance. Yet, the VR machine distinguishes itself by the salient
rotor pole structure [24], as shown in Fig. 2.3. In the meantime, the VR machine is

Fig. 2.3 Low-speed Vernier Armature
reluctance machine [24] winding

Stator Rotor
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operated based on the rotating field scheme [25], where the operation is similar as
the SynR machine.

Based on the rotating field operation with the salient pole structure, the relatively
smoother torque can be produced even in the low-speed situation. To utilizing these
characteristics, the VR machine is purposely designed with the machine structure of
relatively higher number of poles, so that the high-torque low-speed operation can
be achieved [26]. The VR machine has been extended to form the double-stator VR
machine [27] and the double-rotor VR machine [28]. Yet, same as other the
reluctance machines, the VR machine also suffers from the problem of relatively
lower power factor. To improve the power factor, the VR machine with the
doubly-slotted stator structure has been proposed [29].

2.3.4 Switched Reluctance Machine

Same as the VR machine, the SR machine consists of the salient pole structure and is
also operated based on the principle of minimum reluctance. Yet, unlike the SynR and
VR machines that are operated by the rotating field, the SR machine is instead
operated by the phase current pulse scheme. The simplest SR machine consists of the
one-phase 2/2-pole (two-stator-pole/two-rotor-pole) topology [30], while it is not
practical for industrial applications. The SR machine can be further developed as the
three-phase 6/4-pole structure [31], as shown in Fig. 2.4, the three-phase 12/8-pole
structure [32], the three-phase 24/16-pole structure [33] and the four-phase 8/6-pole
structure [30]. Recently, the new topology with the higher ratio of rotor to stator pole

Fig. 2.4 Three-phase 6/ Armature
4-pole switched reluctance winding
machine [31]

Stator Rotor
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has also been explored [34]. With the new stator to rotor pole arrangement, more
winding slot area as well as larger torque density can be achieved.

To improve the performance of the SR machine, the reduction of torque ripple
and acoustic noise have become a hot research topic. The torque pulsations as well
as the acoustic noise are generally produced at the point of phase commutation.
Hence, these problems can be relieved by both the optimization of machine
dimension [35] and the control of the commutation angle [36].

The phase current pulse conventionally has to synchronize with the rotor position of
the SR machine, in order to produce the torque properly. However, the position sensors
not only increase the construction cost and system complexity, but also decrease the
reliability of the SR machine [37]. Upon the analysis of the variation of the flux linkages
among the phases, the sensorless control algorithm can be achieved [38].

2.3.5 Comparisons of Traditional Magnetless Machines

The comparisons between the four basic magnetless brushless machines are given in
Table 2.1. The comparisons are based on the key features, including the operating
principle, rotor structure, control scheme, efficiency, torque range and speed range.
2.4 Upcoming Trends

Apart from the aforementioned accomplishments, new developments of the mag-
netless topologies have received well attentions recently.

2.4.1 Derived Structures from Permanent-Magnet Machines

With reference to the design philosophies from the profound PM machines, the
advanced magnetless machines can then be produced. Therefore, the derived

Table 2.1 Comparisons of traditional magnetless brushless machines

Induction SynR VR SR
Operating principle | Induction Reluctance Reluctance Reluctance
Rotor structure Squirrel cage | Axially laminated | Salient pole Salient pole
Control scheme Rotating field | Rotating field Rotating field | Switching pulse
Efficiency High Medium Medium Low
Torque range Low Medium High Low
Speed range High Medium Low High
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magnetless machine can share the similar characteristics as well as advantages from
its ancestors.

2.4.1.1 Doubly Salient DC-Field Machine

Shared the same design philosophy as the DSPM machine [7], as shown in Fig. 2.5,
the doubly salient DC-Field (DSDC) machine can also incorporate the benefits from
both the SR and the PM brushless machines. Moreover, the DSDC machine can
utilize its independent DC-field excitation for flux-regulation, and hence its overall
efficiency can be improved under different situations, namely at different loads
and different operating speed ranges [39]. Inheriting the characteristics from its
predecessor, the ideal back electromotive force (EMF) waveform can be classified
as the trapezoidal [40] or sinusoidal patterns [41], depending on the machine
structure.

Apart from the conventional three-phase 6/4-pole topology [42], as shown in
Fig. 2.6, other slot/pole combinations, e.g., three-phase 12/8-pole [39], three-phase
24/32-pole [43] and five-phase 10/8-pole topologies [44] have also been developed.
All developed machines exhibit different characteristics, in terms of power densi-
ties, torque densities, operating ranges, for various applications. Despite the pro-
found symmetric stator/rotor pole combination, the asymmetric stator/rotor pole
machines are also proposed [45]. Based on the new suggested arrangement, the
DSDC machines with odd-number rotor-pole structure are developed. As a result,
higher design flexibility can be provided.

Except the conventional single-stator single-rotor structure, the double-stator
single-rotor topologies have also shown some attractive features. The most common

Fig. 2.5 Three-phase Armature
6/4-pole doubly salient winding
permanent-magnet machine

[7]

PM

Stator Rotor
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Fig. 2.6 Three-phase Armature
6/4-pole doubly salient winding
DC-field machine [42]

DC-field
winding

Stator Rotor

double-stator single-rotor DSDC machine employs the radial topology with the
symmetrical structure for both the outer- and inner-segments [46]. With the
double-stator topology, the inner spacing of the machine can be utilized, so that the
power density can be improved. To provide special characteristics, the double-stator
DSDC machine with asymmetrical structures between the outer- and the inner-
segments, is also proposed [47]. Meanwhile, the double-stator structure towards its
radial axis has also been suggested [48].

2.4.1.2 Flux-Switching DC-Field Machine

Same as the FSPM machines, as shown in Fig. 2.7, that have drawn most of the
attentions among its competitive group [49], its derived magnetless candidate,
namely the flux-switching DC-field (FSDC) machine has also become very popular
recently. Inheriting the characteristics from its ancestor, the FSDC machine exhibits
the bipolar flux-linkage patterns, so that higher power density can be produced [50].
To achieve the bipolar flux-linkage patterns, there are generally two fundamental
DC-field winding arrangements available, namely the toroidal-field winding
arrangement [51] and the wound-field winding arrangement [52], as shown in
Figs. 2.8 and 2.9, respectively. Even though the toroidal-field winding machine can
potentially produce higher torque density, it suffers from more severe saturation
problem within its stator iron yoke. On the other hand, the magnetic field of the
would-field winding machine is radially excited and not concentrated, so that the
saturation problem can be relieved.

Unlike the SR machine, which produces torque by only half of the torque
producing zone, the FSDC machine can instead utilize the whole region for torque
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Fig. 2.7 Flux-switching Armature PM
permanent-magnet machine winding
[49]

Stator Rotor
Fig. 2.8 Flux-switching Armature DC-field
DC-field machine with win ding winding

toroidal-field winding
arrangement [51]

Stator Rotor

production. As compared with the profound magnetless SR machine, the FSDC
machine not only enjoys the definite advantages of higher power and torque den-
sities, but also the smaller radial force [53]. Therefore, the FSDC machine generally
results less vibration and acoustic noise than the SR machine.
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Fig. 2.9 Flux-switching Armature DC-field
DC-field machine with winding winding
wound-field winding
arrangement [52]
o -
Stator Rotor
Fig. 2.10 Double-rotor DC-field Armature

flux-switching DC-field winding winding
machine [54]

Stator Rotor

With the attempt to further utilize the inner spacing of the FSDC machine, the
double-rotor flux-switching DC-field (DR-FSDC) machine, has been proposed [54],
as shown in Fig. 2.10. Based on the toroidal winding arrangement, the armature and
DC-field windings can provide the symmetrical flux towards both rotors. With the
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Table 2.2 Comparisons of advanced machines

PM DSDC FSDC

Phase flux Unipolar/Bipolar Unipolar Bipolar
Efficiency High Medium High
Power density Very high Medium High

Flux controllability Low Medium High
Operating range Narrow Wide Very wide
Manufacturing complexity High Low Medium
Cost-effectiveness Low Medium High

simple and robust structure, the developed DR-FSDC machine is very suitable for
the rooftop application.

2.4.1.3 Comparisons of Advanced Machines

The comparisons between the two advanced magnetless brushless machines and the
PM counterpart are given in Table 2.2. The comparisons are based on the key
features, including the phase flux, efficiency, power density, flux controllability,
operating range, manufacturing complexity and cost-effectiveness.

2.4.1.4 Technologies for Power and Torque Improvements

Without the installation of the high-energy-density PM materials, the magnetless
machine suffers from the definite disadvantage of poor power and torque perfor-
mances than the PM counterparts. In order to improve the market competitiveness
of the magnetless machines, the technologies to improve the power and torque
performances have been suggested.

2.4.1.5 Multi-Tooth Structure

To improve the torque density, the multi-tooth structure, which employs the mul-
tiple tooth per stator pole, has been developed [55], as shown in Fig. 2.11. Upon the
multi-tooth topology, the magnetic flux within the stator yoke can be regulated in a
way to transfer the energy to the rotor simultaneously, so that the torque density can
be improved. In particular, the multi-tooth machine is favorable for the high-torque
low-speed operation. In order word, the more the number of tooth per stator pole,
the higher the torque density can be potentially achieved. However, the maximum
number of the multiple tooth is limited by the physical constrain and the saturation
within the tooth.
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Armature

winding Multi-tooth

%

Stator Rotor

Fig. 2.11 Multiple tooth per stator pole structure [55]

(a) Stator (b)

Shaft Shaft

Rotor Rotor

Fig. 2.12 Machine structures [56]. a Radial-field type. b Axial-field type

2.4.1.6 Axial-Field Structure

Despite the traditional radial-field (RF) structure, the magnetless machines can be
developed based on the axial-field (AF) topology [56], as shown in Fig. 2.12. Upon
the employment of the radial area for the torque production, the AF machines can
produce higher power and torque densities as compared with its RF counterpart
does [57]. Since the AF machines are derived from the RF topologies, theoretically
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every RF machine should consist of its corresponding AF derivation. As one of the
most mature machine, the AF induction machine has been developed [58].
According to the simulation and experimental results, the AF induction machine
can provide better performances, including higher efficiency and higher starting
torque, than the RF counterparts do.

Same as the induction machine, another traditional magnetless machine, the SR
machine has been further extended as the axial-field switched reluctance (AF-SR)
machine. The sandwiched-stator double-sided-rotor structure with the toroidal
winding arrangement has been proposed [59]. In particular, the AF-SR machine
with higher rotor number is more preferable for the high-torque low-speed appli-
cations, such as the EVs or electric ship propulsions.

To reduce the iron losses within the yoke, the double-face printed circuit tech-
nology for the multilayer winding arrangement, has been implemented into the AF
machine [60]. The torque of the double-face printed machine is produced by the
interaction between the homopolar field and the rotating axial field created by the
DC-field and three-phase armature winding, respectively. The double-face printed
machine employs the solid steel discs as the rotor part, and therefore high
robustness can be achieved for the flywheel applications.

Even though the AF topology enjoys some superior advantages, as compared
with the well-developed RF counterpart, this type of machine suffers from the
immature technology and manufacturing complexity.

2.4.1.7 High-Temperature Superconducting Materials

The power density achieved by the copper-field winding is relatively lower than
that from the PM materials. To improve the situation, the high-temperature
superconducting (HTS) materials have been implemented to the existing machine
structures. There are two typical HTS implementations available, namely the
HTS-field winding implementation [61] and the HTS bulk implementation [62].
With the advantages of high current density and thus high power density, the
HTS-field winding implementation is suitable for the machine, which consists of
limited winding slot area. In particular, this implementation has been employed to
form the flux-switching high-temperature superconducting (FSHTS) machine [63].
Instead of improving the power density directly, the HTS bulk can be used to
serve as the flux regulator to relieve the flux leakage problem. With the reduction of
the flux leakage, the machine with the HTS bulk can therefore achieve higher power
density. There is no conflict between the two HTS implementations, so that the
hybrid HTS machine that incorporates the two implementations has been developed
[64], as shown in Fig. 2.13. Despite the outstanding performances, the special
cryogenic system is needed to keep the HTS materials to work properly.
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Armature
winding

Stator

Fig. 2.13 High-temperature superconducting machine [64]

Table 2.3 Comparisons of performance improving technologies

HTS

winding

Rotor

Multi-tooth

AF topology

HTS materials

Improved area

Torque density

Power and torque
densities

Power and torque
densities

Applicable Salient pole machine All Field excitation

machine type machine

Constrain Not suitable for Immature Cryogenic issue
high-speed operation technology

Developing rate Medium High Medium

2.4.1.8 Comparisons of Performance Improving Technologies

The comparisons between the four upcoming technologies for performance
improvements are given in Table 2.3. The comparisons are based on the key fea-
tures, including the improved area, applicable machine type, constrain and devel-

oping rate.

2.4.2 Linear Topology

Due to the widespread of applications, the rotary machines have drawn most of the
attentions in the past century. Yet, upon the enhancing attentions on the mass transit
technology, there are increasing needs on the development of linear machines. The
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“Cut” along
this line

Fig. 2.14 Analogue between rotary and linear machines [65]

basic structure of the linear machine can be regarded as the extension from the
rotary counterparts [65], as shown in Fig. 2.14.

Same as the AF machine, the linear machines can be derived from its corre-
sponding rotary ancestors. As one of the most mature candidates, the linear SR
machine has been developed based on the rotary SR machine [66]. The design
considerations of the translator, as the analogue of the rotor in the rotary machine,
are well studied. In addition to the linear SR machine, there are researches on the
linear induction machine [67] and linear FSDC machine [68]. To improve the
power density, the double-sided topology has been proposed [69]. Since the PM
installations for the long-stator is very expensive, the magnetless linear machines
have demonstrated very good potential for industrial applications.

2.4.3 Advanced Control Algorithm

As one of the most conventional control scheme, the direct-torque-control
(DTC) has been widely employed for the brushless AC (BLAC) operating
machines, while the traditional approach suffers from low estimation accuracy and
system complexity. To improve the situation, the integration among the fifth-order
filter, the high-pass filter and the logical calculation has been proposed [70]. Upon
the adoption of the developed algorithm, better estimation capability and improved
system quality can be achieved. In the meantime, the relationship between the
independent field excitation of the DSDC machine and the system quality has been
analyzed. Consequently, the space-vector pulse-width-modulation (SVPWM) has
been implemented with the existing DTC scheme [71]. By utilizing the linear
co-relation between the electromagnetic torque and the sine value of torque angle,
the improved control scheme is formed, as shown in Fig. 2.15. Based on the
improved DTC scheme, smaller torque pulsation and lower current total harmonic
distortion (THD) are resulted.
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Fig. 2.15 Improved DTC scheme with the SVPWM [71]

2.5 Summary

The backgrounds, modern developments and upcoming technologies of magnetless
brushless machines have been reviewed, with the clear descriptions on the operating
principles, machine structures and control algorithms. The characteristics of the
magnetless machines are discussed, with the highlights of the corresponding unique
features. Upon the definite advantages of cost-effectiveness and flux regulation
capability, the advanced magnetless machines have shown a great potential in some
industry applications, such as EVs, wind power generations, ship propulsion sys-
tems and mass transit applications.
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Part 1

Modeling, Numerical Analysis and
Experimental Verification of Torque
Improving Topologies



Chapter 3
Multi-tooth Machines—Design
and Analysis

3.1 Introduction

Because of the enhancing concerns on the energy utilization as well as the envi-
ronmental protection, more attentions have been placed on the development of
electric machines. In particular, the electric machines have to provide several dis-
tinctive characteristics, namely high efficiency, high power density, high control-
lability, wide speed range and maintenance-free operation [1]. The permanent-
magnet (PM) machines, which can achieve most of the goals, have been actively
developed [2]. Yet, due to the limited and fluctuating supply of the PM materials,
the construction cost of the PM machines has been raised tremendously. Therefore,
the magnetless machines, without any PM materials, have become more attractive
recently [3].

The switched reluctance (SR) machine, as compared with the PM counterparts,
enjoys the absolute merits of low cost, high robustness and excellent high-speed
operation. However, similar as other magnetless machines, the SR machine also
suffers from relatively poor torque density [4] and hence this type of machine is not
suitable for high-torque low-speed operation. To relieve the situation, the
multi-tooth SR (MSR) machine, which is particularly suitable for the high-torque
low-speed operation, was proposed [5]. In the meantime, the concept of
double-stator (DS) topology, which can drastically improve the torque density of
different types of machines, was also investigated [6].

The purpose of this chapter is to firstly implement the concept of DS structure
into the SR topology and the MSR topology to form the DS-SR machine and the
DS-MSR machine, respectively. The design criteria and operating principles of
three magnetless brushless machines, namely the SR, DS-SR and DS-MSR, will be
described. To reduce the torque pulsation of the reluctance machine, a new design
structure, so-called the mechanical-offset (MO), is also proposed. Based on the
proposed MO design, the outer and inner rotor teeth of the DS machine are pur-
posely mismatch by a conjugated angle, so that both of the stators can transfer
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powers and produce the complementary torques with each other. This mismatch
structure can result with the offset performance to minimize the torque ripple. With
the adaption of the finite element method (FEM), the entire proposed machine
performances will be verified and quantitatively compared.

3.2 Magnetless Machines with Reluctance Topologies

The structures of the three proposed magnetless brushless machines, namely the
12/8-pole (twelve-stator-pole/eight-rotor-pole) SR machine, the 12/8-pole DS-SR
machine and the 36/32-pole DS-MSR machine are shown in Fig. 3.1. Both DS
topologies consists of 12 stator poles for both the outer and inner stators, while the
MSR topology has 3 teeth per stator pole, and hence resulting with 36 equivalent
stator poles.

The DS-SR machine is derived based on the implementation of DS structure and
the SR machine, such that its pole arrangement can be described same as the SR
machine equations as

N; = 2mk
{N,:NSiZk (3-1)

where N, is the number of stator poles, N, the number of rotor poles, m the number
of phases and k a positive integer.

Similarly, the DS-MSR machine is derived from the implementation of DS
structure and the MSR machine, such that its design criteria can be expanded from
that of the MSR machine as given by

Ny = valvst (32)
N, = N, £ 2.1

where N,, is the number of equivalent stator poles, Ny, the number of stator poles,
N,; the number of stator teeth per pole and j a positive integer.

By selecting k = 2 and m = 3, it ends up with Ny = 12 and N, = 8, and results
the proposed structure for the SR and DS-SR machines. To achieve a fair com-
parison among all three magnetless machines, the number of conduction phases and
winding configurations are purposely set to be the same. Hence, by selecting j = 2,
Ny, =12 and N, = 3, it yields Ny, = 36 and N, = 32, and results the proposed
structure for the DS-MSR machine. The DS-SR and DS-MSR machines, as com-
pared with the SR machine, consist of higher manufacture complexity because of
the adaption of double stators. Yet, if there are free from PM material, the corre-
sponding construction is practicable. The key characteristics of all magnetless
brushless machines are summarized as follows
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(a) Armature
winding

Shaft

(b) Armature
winding

Fig. 3.1 Machine topologies. a 12/8-pole SR machine. b 12/8-pole DS-SR machine. ¢ 36/32-pole
DS-MSR machine
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e Most of the inner rotor spaces of the SR machine are not utilized, and hence the
torque density is degraded. Therefore, its torque performance is far lower than
that of the PM machines.

e The inner spaces of the DS machines can be utilized for power transfer, and
hence the overall torque density is improved.

e The MSR machine, which offers the flux-modulation effect, can offer higher
torque density than its SR counterpart.

e The proposed reluctance machines all enjoy the absolute cost-benefit due to the
magnetless structure.

3.3 Operating Principle

For the SR machine, two opposite coils pairs, namely the Al, A3, A2 and A4 coils
are conducted in series, while the corresponding phases B and C perform the same
conduction arrangement such that the symmetrical magnetic field is achieved with
the magnetic polarities as N-S-N-S-N-S-N-S-N-S-N-S. For the DS machines, the
inner coils, named as the lower case, consist of the same magnetic arrangements as
the outer one, named as the capital case, such that both stators can transfer power to
the rotor simultaneously.

All three machines adopt the same principle of operation and the theoretical
waveforms are shown in Fig. 3.2, where i is the armature current that is applied
during the period of increasing self-inductance L and T, is the resulting electro-
magnetic torque. The torque equation can be described by

1,dL
T, =i — 33
2" do (3:3)
Same to the SR machine, both DS-SR and DS-MSR machines employ the same
speed control scheme, so that their operating speed can be governed by the value of
N, and the operating frequency as

60fpy
n =
N,

(3.4)

where n is the rotor speed and fpy the commutating frequency. As illustrated by
Eq. (3.4), the value of N, of the DS-MSR machine is obviously larger than that of

Fig. 3.2 Theoretical

X Te - -
operating waveforms /_\ N

(& 0, 0; 2
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the SR and DS-SR machines. Hence, the DS-MSR machine can be operated at
lower speed while producing relatively higher torque based on the same operating
frequency. Because the core loss increases with the commutating frequency, the
efficiency of the MSR machine is lower than its SR counterpart does during
high-speed operation [5].

3.4 Comparisons of Switched Reluctance Machines

All the magnetless machines are compared based on the fair condition, namely the
stack length, outer stator diameter, shaft diameter and airgap length are set equally.
In addition, all the proposed machines are purposely designed to avoid magnetic
saturation. Hence, the corresponding core losses are minimized so that the entire
proposed machines can be compared fairly. By employing the FEM, all important
machine performances of three proposed magnetless machines can be analyzed.
Therefore, a quantitative comparison among them can be achieved. The key
machine design data are shown in Table 3.1.

The airgap flux density distributions of the machines are calculated as shown in
Fig. 3.3. The SR and DS-SR machines, as expected, share the same flux patterns
because both of them employ the same machine topologies and principle of
operations. In the meantime, the airgap flux density distributions of the DS-MSR
machine are different from the others, where the corresponding flux of each stator
pole is modulated as three portions with the number of teeth per each stator pole
accordingly. It should also be noted the outer airgap flux density and the inner
airgap flux density of both DS machines share the same pattern of waveforms. The
results confirm that there is no distortion between the outer and inner airgap fluxes.
In addition, the inner airgap flux density of the DS-MSR machine is slightly smaller
than that of the outer airgap. This phenomenon can be explained by the fact that

Table 3.1 Key design data of the switched reluctance machines

Item SR DS-SR DS-MSR
Rotor outside diameter (mm) 216.0 216.0 216.0
Rotor inside diameter (mm) 40.0 131.2 131.2
Outer stator outside diameter (mm) 280.0 280.0 280.0
Outer stator inside diameter (mm) 217.2 217.2 217.2
Inner stator outside diameter (mm) N/A 130.0 130.0
Inner stator inside diameter (mm) N/A 40.0 40.0
Outer and Inner airgap length (mm) 0.6 0.6 0.6
Stack length (mm) 80.0 80.0 80.0
No. of phases 3 3 3

No. of armature turns in outer stator 80 80 80
No. of armature turns in inner stator N/A 80 80
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Fig. 3.3 Airgap flux distributions. a SR machine. b Outer airgap of DS-SR machine. ¢ Inner
airgap of DS-SR machine. d Outer airgap of DS-MSR machine. e Inner airgap of DS-MSR
machine

the inner stator has higher possibility to have saturation, where relatively more
severe situation is happened for the multi-tooth topology.

The static torque capabilities between the aligned and unaligned positions, as
shown in Fig. 3.4, can be obtained by conducting the machines with different
armature currents from 2 to 10 A with a step of 2 A. All proposed machines
provide the torque performances align with the expectation given by Eq. (3.3). The
results confirm that the machines do not experience severe magnetic saturation. In
addition, the obtained torque comparisons verify the DS-MSR machine can achieve
the highest torque under the same condition.

The steady output torque waveforms of the proposed machines at rated speeds
are calculated as shown in Fig. 3.5. As illustrated, the average torques of the SR,
DS-SR and DS-MSR machines are 19.1, 27.9 and 54.1 N m, respectively. The
torque enhancement of the DS-SR and DS-MSR machines, as compared with the
SR machine, can be up to 46.1 and 183.2%, respectively. The PM machines, with
similar machine dimensions, can produce the rated torques ranging from 30 to
70 N m [2]. Hence, the proposed DS structure, even without installing any PM
materials, can produce the torque density as comparable with the PM counterparts.
Furthermore, the average torque values of the DS-SR machine when the inner stator
is conducted alone, outer stator is conducted alone and both stators are conducted
together are 9.6, 18.7 and 27.9 N m, respectively. The results confirm that the total
torque produced by both stators is approximately equal to the summation of the
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torque produced by the individual stators. Therefore, it suggests that both stators
can transfer power to the rotor simultaneously. Similar situation also applies for the
DS-MSR machine. In addition, the torque ripples of all machines are within the
acceptable range. Yet, because of the multi-tooth structure, the pulsating frequency
of the DS-MSR machine is larger than the other two machines.

The comparisons among the three magnetless machines, namely the SR
machine, the DS-SR machine and the DS-MSR machine are summarized in
Table 3.2. The results conclude that the DS-SR machine is favorable for low-torque
high-speed operation, while the DS-MSR machine is favorable for high-torque

low-speed operation.
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Table 3.2 Comparisons Ttem SR DS-SR | DS-MSR

among the switched

reluctance machines Power (W) 1000 | 1280 1360
Rated speed (rpm) 500 440 240
Outer airgap flux density (T) | 1.29 1.41 1.38
Inner airgap flux density (T) | N/A 1.37 1.26
Rated torque (N m) 19.1 27.9 54.1
Torque enhancement N/A  |46.1% 183.2%

3.5 Proposed Structure for Torque Ripple Reduction

Undoubtedly, the MSR and DS structures can improve the torque densities of the
magnetless machines. However, the torque ripple issue, as another important cri-
terion of the torque performance, has not been analyzed with details. To achieve
this goal, three additional MSR machines have been further developed.
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(a)

Stator Armature
winding

Rotor Shaft
(b)
Outer Inner

L Armature
winding

Rotor
(c)
QOuter Inner
stator stator

Armature
Restoi winding

Fig. 3.6 Machine topologies. a MSR machine. b DS-MSR machine. ¢ MO-DS-MSR machine

The structure of the conventional MSR machine, the DS-MSR machine and the
proposed MO-DS-MSR machine are shown in Fig. 3.6.

Both the MSR and DS-MSR machines share the similar structure where both of
them contain the outer stator of 12 salient poles, each fitted with 2 teeth and results
with the equivalent stator teeth of 24. The corresponding stators are complied with
the rotor of 20 poles. In the meantime, the SR machine consists of the single-stator
single-rotor structure while the DS-MSR machine consists of the sided-stator
sandwiched-rotor structure. It should be highlighted that the outer and the inner
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Table 3.3 Key design data of the multi-tooth machines

Item MSR DS-MSR MO-DS-MSR
Outer stator outside diameter (mm) 280.0 280.0 280.0
Outer stator inside diameter (mm) 217.2 217.2 217.2
Rotor outside diameter (mm) 216.0 216.0 216.0
Rotor inside diameter (mm) 151.2 151.2 151.2
Inner stator outside diameter N/A 150.0 mm 150.0 mm
Inner stator inside diameter N/A 40.0 mm 40.0 mm
Airgap length (mm) 0.6 0.6 0.6

Stack length (mm) 80.0 80.0 80.0

No. of stator poles 12 12 12

No. of stator teeth 2 2 2

No. of equivalent stator poles 24 24 24

No. of rotor poles 20 20 20

No. of armature phases 3 3 3
Mechanical-offset (°) 0 0 60

No. of turns per outer coil 50 50 50

No. of turns per inner coil N/A 60 60

rotor teeth of the DS-MSR are aligned with each other, same as the conventional
DS machines do. Therefore, to ease the control algorithm, its outer and inner
armature windings are purposely connected in series.

Despite the proposed MO-DS-MSR machine share the similar topology as the
DS-MSR machine does, its outer and inner rotor teeth are purposely mismatch with
a conjugated angle to each other, as indicated in the circle. Hence, to transfer energy
to the rotor properly, the outer and the inner windings should be controlled and
conducted independently.

On the employment of the Eq. (3.2), all the MSR machines can be developed.
By selecting m = 3, j = 2 and Ny, = 2, this ends up with N,, = 24, N, = 20, as the
proposed machine topologies. All machine dimensions are purposely optimized to
avoid the magnetic saturations as well as the core losses. The key machine design
data is shown in Table 3.3. With the MO structure, the outer and inner torque
components of the MO-DS-MSR machine are purposely mismatched with a con-
jugated angle to minimize the torque pulsation.

3.6 Proposed Algorithm for Torque Ripple Reduction

3.6.1 Conventional Conduction Algorithm

As suggested in earlier section, to drive the reluctance machines, a unipolar rect-
angular current /.., is fed to the armature winding during the increasing period of
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its self-inductance L, so that 0. = 0, — 0}, as shown in Fig. 3.7a. Under this con-
duction scheme, the corresponding reluctance torque can be described as by
Eq. (3.3). As suggested, the average rated torque is controlled by the armature
current value as well as the machine design. Despite the pulsating value is inversely
proportional to the average rated torque, the increase of the armature current may
also enlarge the magnitude of the torque ripple. Hence, the effect of the increased
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Fig. 3.7 Conduction algorithms. a MSR machine. b DS-MSR machine. ¢ MO-DS-MSR machine
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rated torque is unfavorably offset. Therefore, there is no improvement regarding to
the torque pulsating problem, based on the increased armature currents.

The two stators of the conventional DS machine are operated simultaneously
with no phase shift, as shown in Fig. 3.7b, so that each armature phase can be
controlled as

k=0 0<0<6, 6,<f<2m rk=12 (3.5)

{ I = Lrect 61 < 0 < 62
where i; is the outer armature current and i, the inner armature current. With this
conduction scheme, the two stators can transfer the power to the rotor simultane-
ously to boost up its torque density. Yet, the local maxima and local minima of the
two torque components are unfavorably integrated with each other. Therefore, the
DS machine with the conventional design can only increase its torque density,
while the torque ripple problem has not been solved yet.

3.6.2 Proposed Mechanical-Offset Algorithm

Referring to the Eq. (3.3), the average torque magnitude is controlled by the relative
position between the stator and the rotor teeth. Therefore, the local maxima and the
local minima are also controlled by the relative stator-rotor position. Based on the
proposed MO design, the outer and inner rotor teeth of the MO-DS-MSR machine
are purposely offset with a conjugated electrical angle of 0,, = n/m, as shown in
Fig. 3.7c. Therefore, the two stators should be operated independently, where either
one armature set employs the conventional conduction scheme as Eq. (3.5), while
the other set employs the scheme as follows
{ i1or2 = Lreer 01 + em < 0 < 02 + em (3 6)
i1or2=0 6m§0§01+6n17 02+0m§0§2n+0m '

Based on the special offset configuration, the local maxima and the local minima
are favorably mismatched with each other. Therefore, the torque pulsation produced
by the outer and inner torque components can be compensated to generate the
smoother resultant torque. To offer the better performances, the magnitudes and
patterns of the two torque components should be adjusted as similar as possible. In
the meantime, this task can be achieved by the optimization of the machine
topology, the armature current magnitude and the winding arrangement.

Because the two torque components of the MO-DS-MSR machine are integrated
with each other, the average value should not be deteriorated, as compared with the
conventional DS machines do. Hence, the proposed MO-DS-MSR machine is
expected to provide the same torque level as those from the conventional coun-
terparts do. It should be noted the local maxima and local minima are spread in
accordance to the conjugated positions, and hence the resultant torque with the MO



3.6 Proposed Algorithm for Torque Ripple Reduction 41

design should result with higher pulsating frequency. In the meantime, the armature
currents of the MO-DS-MSR machine should be the same as the conventional one.
Hence, the copper loss produced by the MO machine should be the same as
compared with its conventional counterpart.

3.7 Comparisons of Torque Ripple Performances

With the employment of the FEM analysis, the machine performances of the
proposed machines can be deduced. The average torque and the corresponding
pulsating values of the MSR, the DS-MSR and the MO-DS-MSR machines are
shown in Fig. 3.8. As illustrated, the average torques of all three machines increase
in accordance to the increased armature currents, and hence complying with the
expectation of the Eq. (3.3). As suggested in the previous section, the improved
torque density of the DS-MSR machine, as compared with the MSR machine, can
provide very little improvement towards the torque pulsating problems. On the
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Table 3-}:‘ COF}PaﬁSEnS Item MSR |DS-MSR | MO-DS-MSR
t t1-toot
among T muiti-oo Power (W) 620 | 1220 1210
machines
Rated speed (rpm) 450 450 450
Outer stator torque (N m) | N/A 13.2 13.2
Inner stator torque (N m) | N/A 12.7 12.7
Resultant torque (N m) 13.2 259 25.7
Torque ripple 51.6% |52.4% 27.9%

other hand, the MO-DS-MSR machine, which employs the proposed MO topology,
can greatly minimize its torque pulsation value as compared with its counterparts.

The steady torque waveforms of the MSR, the DS-MSR and the MO-DS-MSR
machines are shown in Fig. 3.9. When the armature excitation is set to be 10 A, the
average steady torques of the MSR, the DS-MSR and the MO-DS-MSR machines
are 13.2, 25.9, and 25.7 N m, respectively. The results verify the two torque
components of the MO-DS-MSR can implement with each other seamlessly, so that
it can produce the same torque level as compared with the conventional design.

With the adaption of the conventional design, the local maxima and the local
minima of the outer and inner torque pulsations are unfavorably added up, as shown
in Fig. 3.9b. This offsets the effect from the increased average torque so that it
produces the torque pulsation of 52.4%. This particular value is similar to those
produced from the MSR machine where the pulsation is around 51.6%, as shown in
Fig. 3.9a. Therefore, the DS-MSR machine enjoys no advantage regarding the
torque pulsation problem. In the meantime, based on the proposed MO design, the
local maxima and local minima are purposely offset and favorably integrated with
each other, as shown in Fig. 3.9c. Thus, the MO-DS-MSR machine can gain the
entire advantages from the increased torque density to produce an improved pul-
sating torque value of 27.9%. It should also be noted that even under the same
operating speed, the MO-DS-MSR machine, as compared with the other two
machines, produces an increased torque pulsating frequency. The comparison
results are summarized and tabulated in Table 3.4.

3.8 Summary

In this chapter, the performances of three magnetless brushless machines, namely
the SR, DS-SR and DS-MSR machines, are discussed and thoroughly compared.
The comparisons conclude that the DS-SR machine is favorable for low-torque
high-speed operation, while the DS-MSR machine is favorable for high-torque
low-speed operation. To be specific, the DS-SR machine and DS-MSR machine can
offer better torque values than the SR machine by 46.1 and 183.2%, respectively.
Because of the elimination of expensive PM materials, the magnetless DS machines
take the absolute advantage of better cost-effectiveness than the PM machines do.
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In the meantime, the torque pulsating performances of the reluctance machines have
been discussed in details. The MO structure, which can purposely offset and
favorably integrate the torque pulsation, is proposed. With the proposed MO
topology, the DS machine can gain all the merits from the improved torque
characteristics.
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Chapter 4
Double-Rotor Machines—Design
and Analysis

4.1 Introduction

Because of the enhancing needs on the environmental protection and energy uti-
lization, the development of electric vehicles (EVs) and renewable energy (RE) are
speeding up in the past few decades. To improve the market penetration of these
applications, as suggested in Chap. 3, the corresponding electric machines have to
offer great performances, including high efficiency, high power density, high
controllability, wide speed range and maintenance-free operation [1]. Due to the
relatively simple and effective construction, the single-rotor permanent-magnet
(PM) machine has been dominating the domestic markets [2]. However, the
increased PM material prices have severely hindered the further development of PM
machines. Yet, the magnetless brushless machines for EV and RE applications have
attracted more attention recently [3].

There are increasing numbers of applications for two rotating loads, so that the
double-rotor (DR) machine has started to attract more attentions recently. For
instances, the DR machines consisting of two separated rotors can be directly
connected to the wheels of the EVs to offer the electronic differential characteristics
[4]. Furthermore, the separated rotors can be used to perform the power splitting for
the internal combustion engine such that the hybrid EVs can enjoy the merits of
better energy utilization [5]. The flux-modulated permanent-magnet (FMPM)
machine, which employs the magnetic-gearing effect, has also adapted the DR
topology to achieve high-torque low-speed characteristics [6]. In addition, the DR
generator with the contra-rotating characteristic has been proposed for wind power
generation recently [7].

The magnetless brushless machines, as compared with the PM counterparts,
generally suffer from relatively lower torque density. To relieve the problem, as
suggested, the multi-tooth switched reluctance (MSR) machine, which is favorable
for high-torque low-speed operation, is one of the most promising solutions [§].
On the utilization of the DC-field excitation, the DC-field multi-tooth switched
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reluctance (DC-MSR) machine can provide the dual-mode operation, to improve the
fault-tolerability [9]. In the meantime, by choosing a definite combination of stator
and rotor pole numbers with the suitable DC-field excitation configurations, the
flux-switching DC-field (FSDC) can be realized [10]. Same as the flux-switching
permanent-magnet (FSPM) machine, the FSDC machine can provide the bipolar
flux-linkage characteristics, and hence higher power density is achieved [11, 12].
In this chapter, by implementing the DC-MSR and FSDC machines with the DR
topology, the DR-DC-MSR and DR-FSDC machines are newly proposed. These
proposed machines are purposely designed for special direct-drive applications
with two separated motoring wheels for EVs or with two sets of separately driven
wind blades for wind power harvesting. Based on the employment of the inde-
pendent DC-field excitation, the proposed machines can operate with two operating
modes, namely the doubly salient DC (DSDC) mode and the MSR mode. In the
meantime, the air-gap flux density of the proposed machines can be effectively
controlled to achieve better energy efficiency. By the finite element method (FEM),
the machine performances will be analyzed, and hence the feasibility for
direct-drive applications with two separated rotating bodies can be verified.

4.2 Magnetless Machines with Double-Rotor Topology

With the employment of the DR topology, the inner spaces of the two proposed
machines, namely the DR-DC-MSR machine and DR-FSDC machine, are pur-
posely utilized to serve as the inner rotor, and hence the torque density can be
improved. With the PM-free structure, the proposed magnetless brushless machines
enjoy the absolute advantages of higher cost-effectiveness.

4.2.1 Double-Rotor DC-Field Multi-Tooth Switched
Reluctance Machine

The proposed DR-DC-MSR machine, which contains the double-rotor
sandwiched-stator structure, is shown in Fig. 4.1a. Based on the multi-tooth sta-
tor pole topology, the proposed machine can accomplish the flux-modulation effect
to improve its torque performance. The outer machine segment typically employs a
larger number of rotor poles because it consists of a larger circumferential
cross-sectional area. On the other hand, the inner machine segment instead employs
a smaller number of rotor poles. To comply this rationale, the outer stator contains 6
salient poles, each having 4 teeth, and hence serving as an equivalence of 24 stator
teeth. This results with the outer rotor of 22 salient poles. In the meantime, the inner
stator contains 6 salient poles, each having 2 teeth, and hence serving as an
equivalence of 12 stator teeth. This results with the inner rotor of 10 salient poles.
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Fig. 4.1 Double-rotor machines. a DR-DC-MSR topology. b DR-FSDC topology

The proposed DR-DC-MSR machine installs with two independent sets of
windings, namely the armature winding and the DC-field winding. Both windings
employ the concentrated winding configuration where both of them are equipped
with their magnetic axes in parallel to each other. Based on this winding config-
uration, the DC flux-linkages towards the two rotors travel along the same direction,
as shown in Fig. 4.2. The operating speeds of the outer rotor and the inner rotor can
be controlled separately when the outer winding and inner armature winding are
independently regulated. The two separated rotors can be operated simultaneously
in the same direction if the armature windings are connected in series. Furthermore,
the polarity of the DC flux-linkages remain the same even the rotors are rotated to
different positions, such as the Position 1 and Position 2, as shown in Fig. 4.2.

The pole-pair arrangement of the proposed DR-DS-MSR machine can be
described by the equations as follows

Ny, = 2mj
Ny = Ny Ny (4.1)
N, =N, £ 2.]

where Ny, is the number of stator poles, N, the number of stator teeth, N, the
number of equivalent stator poles, N, the number of rotor poles, m the number of
armature phases and j is any integer. By selecting Ny, = 6, N, = 4 and j = 1, this
results with Ny, = 24 and N, = 22 as the topology of the outer segment. In the
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Fig. 4.2 DC flux-linkage
paths of DR-DC-MSR
machine. a Position 1.

b Position 2
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meantime, by selecting Ny, = 6, N, = 2 and j = 1, this results up with N, = 12 and
N, =10 as the topology of the inner segment. The combinations end up with the
proposed topology of the DR-DC-MSR machine.

4.2.2 Double-Rotor Flux-Switching DC-Field Machine

The structure of the DR-FSDC machine, which consists of a similar design process
as the DR-DS-MSR machine does, is shown in Fig. 4.1b. The outer stator contains
6 salient poles, each having 4 teeth, and hence serving as an equivalence of 24
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stator teeth. This results with the outer rotor of 20 salient poles. In the meantime, the
inner stator consists of 6 salient poles, each having 2 teeth, and hence serving as an
equivalence of 12 stator teeth. This results with the inner rotor of 8 salient poles.

The DR-FSDC machine employs the similar structure as the DR-DC-MSR
machine, where both of them equip with two winding types. However, unlike the
DR-DC-MSR machine that employs the concentrated winding configuration for
both windings, the DR-FSDC machine employs the concentrated winding config-
uration and the toroidal winding configuration for the armature winding and the
DC-field winding, respectively. Based on these winding arrangements, the two
winding sets are equipped with their magnetic axes perpendicular to each other.
Because the two winding sets are placed within separated slots, more armature coils
can be allocated for the DR-FSDC machine as compared with its counterpart do.

Fig. 4.3 DC flux-linkage (a)
paths of DR-FSDC machine. - o Outer l‘OtOI‘
a Position 1. b Position 2 L‘ > ’_,
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Furthermore, the two winding sets are physically decoupled so that the DR-FSDC
machine can enjoy higher fault tolerability to the inter-turn short-circuited fault than
the DR-DC-MSR machine, where both winding sets are hold up together. Based on
the toroidal winding configuration, the DC flux-linkages of two rotors travel in
opposite directions as shown in Fig. 4.3. In the meantime, when the armature
windings are separated regulated, the two rotors can then be operated in the same
direction. Furthermore, the polarity of the DC flux-linkage reverses, during the
travelling of the rotor poles, as illustrated in Position 1 and Position 2, as shown in
Fig. 4.3. Therefore, the flux-switching characteristic is realized such that better
torque density can be achieved.

The pole-pair arrangement of this DR-FSDC machine can be described based on
the equations as follows

Ny, = 2mj
Ny = NspNst (42)
N, = Ny — Ny £ 2

By selecting N, = 6, N, = 4 and j = 1, this results with N;, = 24 and N, = 20
as the topology for the outer segment. In the meantime, by selecting Ny, = 6,
Ny, = 2 and j = 1, this results with Ny, = 12 and N, = 8 as the topology for the inner
segment. The combinations end up with the proposed topology for the DR-FSDC
machine.

Table 4.1 Key data of the proposed double-rotor machines

Item DR-DC-MSR DR-FSDC
Outer rotor outside diameter (mm) 280.0 280.0
Outer rotor inside diameter (mm) 211.2 211.2
Stator outside diameter (mm) 210.0 210.0
Stator inside diameter (mm) 91.2 91.2
Inner rotor outside diameter (mm) 90.0 90.0
Inner rotor inside diameter (mm) 40.0 40.0
Airgap length of both segments (mm) 0.6 0.6
Stack length (mm) 80.0 80.0
No. of stator poles of both segments 6 6
No. of stator teeth of outer segment 4 4
No. of stator teeth of inner segment 2 2
No. of equivalent stator poles of outer segment 24 24
No. of equivalent stator poles of inner segment 12 12
No. of rotor poles of outer segment 22 20
No. of rotor poles of inner segment 10

No. of armature phases 3 3

No. of turns per outer armature coil 50 65
No. of turns per inner armature coil 40 55
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To offer a fair comparing environment for the two proposed DR machines, the
critical parameters, namely the stator diameter, rotor diameter, airgap length, stack
length, number of equivalent stator poles and number of armature phases are set
equal. The key design data are summarized and tabulated in Table 4.1.

4.3 Principle of Operation

Based on the adaption of the independent DC-field excitation, the proposed DR
machines can be operated with two separated operating principles, namely the
DSDC mode and the MSR mode. In particular, the DSDC mode and the MSR mode
mainly serve for normal operation and fault-tolerant operation, respectively.
Regarding the EV applications, the fault-tolerant operation is very important. For
example, when the electric machine is abruptly malfunction under fault, the faulty
EV may result severe traffic jam or even deathly accident. With the fault-tolerant
operation, namely the MSR mode, the proposed DR machines can allow the EV at
least to continue the minimum operation even under the DC-field winding fault.

4.3.1 Doubly Salient DC-Field Mode

In the case if the DC-field winding is function normally, two proposed DR
machines can be operated by using the bipolar conduction algorithm, which is
similar to the conventional operation employing on the doubly salient permanent-
magnet (DSPM) machines [13, 14]. When the DC flux-linkage ¥ pspc is increasing
and the no-load electromotive force (EMF) is positive, a positive armature current
I pc is injected to generate a positive torque Tpspc. On the other hand, a negative
armature current —/Ig; pc is injected when the ¥ pgpc is decreasing and the no-load
EMF is negative, and hence a positive torque is also generated. This operation
mode is so-called as the DSDC mode and the theoretical waveforms are shown in
Fig. 4.4a. Each phase undergoes 120° conduction with 6,—0; = 0,—0; = 120°.
The generated electromagnetic torque Tpspc can be described as

2n
1 . d 1, dL
Tpspc = %/ (lBLDC Vsnc + El%; D) do (4.3)
0

do LDC g0

where Lp is the self-inductance. Based on the DSDC mode, the torque is mainly
generated by the DC-field torque component, while the reluctance torque compo-
nent is the pulsating one with zero average value. Therefore, the pulsating reluc-
tance torque component can be eliminated so that the torque expression can be
further elaborated as
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where Kpspc is the slope of ¥ pspc with respect to 6.

Same as the conventional DSPM machines, both proposed DR machines employ
the same operating speed control scheme where the operating speed is controlled by
the value of N, and the operating frequency as

_ 60fp
w =
N,

(4.5)

where o is the rotor speed and fpy the commutating frequency. The value of N, of
the outer segment of the proposed machines obviously is larger than those of the
corresponding inner segment. Hence, even under the same operating frequency,
the outer rotors consist of lower operating speeds with higher torques, as compared
with the inner rotors.
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4.3.2 Multi-tooth Switched Reluctance Mode

In the case if the DC-field current is under an open-circuit fault or short-circuit fault,
the DC-field excitation can be terminated so that the proposed DR machines can
then be operated by the unipolar conduction algorithm. To be specific, a unipolar
rectangular current Iy is injected to the armature winding when the
self-inductance Ly is increasing such that the reluctance torque Tz is positive
within 6,—60; = 120°, as shown in Fig. 4.4b. This mode is so-called as the MSR
mode. Even though the MSR mode can provide the basic functions of the DR
machines, only half of the torque producing zone is used. Therefore, the torque
performances are degraded such that the torque pulsation problem is more severe
than that generated at the DSDC mode. Hence, the MSR mode should be employed
as fault-tolerant operation for the occasions when the DC-field winding is under
fault condition [15]. The generated reluctance torque at the MSR mode can be
described as

2n 0,
1 1, dL 1 1 1
TMSR = ﬂ/ <§ll2\45R %) dQ = %/ (EIZSRKMSR) d@ = gll%/ISRKMSR (46)
0

1

where Kjsr is the slope of Lygp with respect to 6. To keep the same torque
magnitude between two modes, the Egs. (4.4) and (4.6) that governs the torques
from the DSDC mode and MSR mode should be equated as

prpcK
Ise = 2 BLDIE DSDC (4.7)
MSR

According to Eq. (4.7), the proposed DR machines can provide the same
average torque between two modes with the deduced armature current at the MSR
mode. Nevertheless, the armature current at the MSR mode is typically larger than
that at the DSDC mode. With the consideration of the pulsation issue and armature
value, the corresponding torque performances and efficiencies at MSR mode are
expected to be worse than that at the DSDC mode.

4.4 FElectromagnetic Field Analysis

Electromagnetic field analysis has been employed for the development of the
electric machines, where it can be typically classified as two major types, namely
the analytical field calculation [16] and the numerical field calculation [17]. In this
chapter, the analysis of the proposed DR machine performances is performed by the
FEM. To develop the machine modeling, three equations are formed. Firstly, the
electromagnetic field equation is described as [18, 19].
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Q:4 () + 4 (v4) =~ +4) 48
A|S: 0

where 2 is the field solution region, A the z-direction components of vector
potential, J, the z-direction components of current density, J; the equivalent current
density of the excitation field, S the Dirichlet boundary and v the reluctivity.
Secondly, the armature circuit equation of the machine under motoring is
described as

di 1 0A

=Ri+L,— + - —dQ 4.9

" i dt+s// ot (49)
Qﬂ

where u is the applied voltage, R the winding resistance, L, the end winding
inductance, [ the axial length, s the conductor area of each turn of phase winding
and €, the total cross-sectional area of conductors of each phase winding. On the
other hand, the circuit equation under generation is described as

l 0A di
| Lag—ri-1,% 4.1
. s//@td ! “dr (4.10)
Q.

Thirdly, the motion equation of the machine is described as

ow
m—=T, — T — ) 4.11
’ ot LT ( )

where J,, is the moment of inertia, 7; the load torque and 4 the damping coefficient.
These three set of equations can be employed to estimate the steady-state and
transient machine performances of the proposed DRC machines. IMAG-Designer is
employed as the magnetic solver to perform the finite element analysis for the
proposed DR machines. The generated meshes and the corresponding no-load
magnetic field distributions are shown in Figs. 4.5 and 4.6, respectively. A few
hours are normally needed for a single simulation process based on a standard PC.

The no-load EMF waveforms of the proposed DR machines at the rated speed
with the DC-field excitation as variation are shown in Fig. 4.7. To compare the two
machines fairly, both of them are operated under the same operating frequency as
200 Hz. Both machines achieve similar characteristics where their no-load EMF
increases linearly based on the DC-field excitation before 700 A-turn, just when the
magnetic saturations start to happen. These results verify that the proposed
machines can effectively regulate the flux densities by controlling the DC-field
excitation to optimize the efficiency. In the meantime, because of the flux-switching
characteristics and larger winding feasibility, the DR-FSDC machine can achieve
larger no-load EMF without magnetic saturation, as compared with the
DR-DC-MSR machine does.
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Fig. 4.5 Calculated meshes
of FEM model.

a DR-DC-MSR machine.

b DR-FSDC machine

The airgap flux density waveforms of two proposed DR machines under the
no-load condition and the DC-field excitation of 700 A-turn, are shown in Fig. 4.8.
The peak values of these waveforms are practically equal. In addition, the original
fluxes of the outer segment of the stator pole, for both machines, are modulated into
four sections in accordance with the number of teeth per stator pole, while of the
inner segment of the stator pole are instead modulated into two sections. The results
confirm the proposed machines can provide the flux-modulation effect to improve
the torque densities.

The DC flux-linkage waveforms at the DSDC mode with the 700 A-turn
DC-field current and the self-inductance waveforms at the MSR mode without the
DC-field current of the proposed DR machines are shown in Figs. 4.9 and 4.10,
respectively. The DC flux-linkages of the DR-DC-MSR machine offers unipolar
pattern in both windings as shown in in Fig. 4.9a, while the DC flux-linkages of the
DR-FSDC machine offers bipolar pattern as shown in Fig. 4.9b. The results verify
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Fig. 4.6 No-load magnetic
field distributions.

a DR-DC-MSR machine.
b DR-FSDC machine

e N

the DR-FSDC machine can provide the flux-switching characteristics. In the
meantime, because the DR-FSDC machine can allocate the larger number of
armature windings as compared with the DR-DR-MSR machine, its
self-inductances are relatively larger accordingly. To retain the same torque value
between the DSDC mode and the MSR mode, the armature current at the MSR
mode can be calculated by Eq. (4.7). The values of Kpspc and Kysr can be
deduced from Figs. 4.9 and 4.10, respectively, while all results are summarized in
Table 4.2.
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Fig. 4.9 DC flux-linkage

waveforms at DSDC mode.

a DR-DC-MSR machine.
b DR-FSDC machine

Fig. 4.10 Self-inductance
waveforms at MSR mode.
a DR-DC-MSR machine.
b DR-FSDC machine
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Table 4.2 Key parameters between two operating modes of DR machines

Item DR-DC-MSR DR-FSDC

Outer Inner Outer Inner
Rated armature current at DSDC mode (A) |5 5 5 5
Slope of DC flux-linkage, Kpspc 0.143/120 |0.073/120 |0.179/120 |0.076/120
Slope of self-inductance, Kj;sz 0.021/120 |0.008/120 |0.018/120 |0.009/120
Rated armature current at MSR mode (A) 11.7 13.5 14.1 13.0

4.5 Machine Performance Analysis

With the employment of the FEM, the performances of the proposed DR machines
can be calculated and compared. First, the no-load EMF waveforms of the
DR-DC-MSR machine and DR-FSDC machine are given and as shown in
Fig. 4.11. To be specific, the DR-DC-MSR machine can result approximately
121.3 V at the outer winding and 53.4 V at the inner winding. In the meantime, the
DR-FSDC machine can result 142.5 V at the outer winding and 71.8 V at the inner
winding. The no-load EMF waveforms of two machines consist of the balanced
three-phase characteristics. The outer and inner windings of the DR-DC-MSR
machine both share the same polarity, while the windings of the DR-FSDC
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Fig. 4.11 No-load EMF waveforms. a DR-DC-MSR machine. b DR-FSDC machine
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machine instead show the opposite polarities. Since the no-load EMF waveforms of
the DR-FSDC machine consists of asymmetrical patterns, larger torque pulsation
can be expected. It should be noted that the torque pulsation can be minimized by
the injected-harmonic-current technique [20], yet this is out of the scope of this

chapter.

Second, the steady torque performances of the DR-DC-MSR machine and the
DR-FSDC machine are shown in Figs. 4.12 and 4.13, respectively. The average
steady torques of the outer rotor, the inner rotor and the resultant torques of the

Fig. 4.12 Torque waveforms
of DR-DC-MSR machine.
a DSDC mode. b MSR mode

Fig. 4.13 Torque waveforms
of DR-FSDC machine.
a DSDC mode. b MSR mode
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DR-DC-MSR machine at the DSDC mode are 14.9, 2.95 and 17.9 N m, respec-
tively, while at the MSR mode, the values are 14.5, 2.72 and 17.2 N m, respec-
tively. On the other hand, the average steady torques of the outer rotor, the inner
rotor and the resultant torques of the DR-FSDC machine at the DSDC mode are
15.8,3.17 and 19.0 N m, respectively, while at the MSR mode, the values are 15.6,
2.81 and 18.4 N m, respectively. The results confirm that the proposed machines
can generate the practically same torque values between two modes. As suggested,
the armature currents of two windings of the DR-FSDC machine have to be reg-
ulated separately, so that both of its rotors can be operated in the same direction.
Furthermore, the resultant torque densities of the DR-DC-MSR machine and the
DR-FSDC machine can reach 3635 and 3859 N m/m3, respectively, and these
values are comparable to that generated by (3500-5500 N m/m>) the common PM
machines [1, 2]. In addition, the corresponding torques per current density can
reach 3.34 and 3.42 MN m’/A, respectively, and these values are comparable to
that generated by (3.8-5.0 MN m*/A) the common PM machines as well. It should
also be noted the torque pulsating values of the DR-DC-MSR machine and the
DR-FSDC machine at the DSDC mode can be found to be 36.3 and 57.3%,
respectively, while at the MSR mode the values are 72.4 and 89.3%, respectively.
As explained, the torque pulsating values at the MSR mode are higher than that
produced at the DSDC mode. Hence, the MSR mode should be employed as the
fault-tolerant mode when there are faults on the DC-field currents.

Finally, the cogging torque waveforms of two machines at the DSDC mode with
700 A-turn DC-field excitation are calculated and as shown in Fig. 4.14. The peak
values of the outer rotor and the inner rotor of the DR-DC-MSR machine are
approximately 0.67 and 0.19 N m, respectively, while the values of the DR-FSDC
machine are 0.65 and 0.27 N m, respectively. The generated cogging torques, as
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Fig. 4.14 Cogging torque waveforms. a DR-DC-MSR machine. b DR-FSDC machine
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compared with the corresponding rated torques, consist of only 4.5 and 6.4% for the
DR-DC-MSR machine and 4.1 and 8.4% for the DR-FSDC machine, and both of
these results are within the acceptable range [13].

4.6 Summary

In this chapter, two magnetless DR machines, namely the DR-DC-MSR machine
and DR-FSDC machine, are newly proposed and developed, purposely for special
direct-drive applications such as driving two separated wheels for EV application or
capturing the wind energy with two separated wind blades. The proposed machines
can provide two principle of operations, namely the DSDC mode for normal
operation and the MSR mode for fault-tolerant operation. Therefore, with the higher
fault tolerability, better system reliability can be achieved. With the support of the
FEM, the key performances of the two machines are thoroughly analyzed, while the
comparisons are summarized in Table 4.3. Among two of them, the DR-FSDC
machine provides generally better performances than the DR-DC-MSR counterpart
does, in particular regarding the torque density and power density. In the meantime,
as suggested, two proposed machines achieve much higher efficiencies at the DSDC
mode than that at the MSR mode. It can be confirmed that the proposed DR
machines should offer great potentials for EV application and RE generation.

Table 4.3 Double-rotor machine performance comparisons

Item DR-DC-MSR DR-FSDC

DSDC MSR DSDC MSR
Power (w) 1220 1160 1480 1420
Operating frequency (Hz) 200 200 200 200
Rated speed of outer rotor (rpm) 545 545 600 600
Rated speed of inner rotor (rpm) 1200 1200 1500 1500
No-load EMF of outer rotor (V) 121.3 N/A 142.5 N/A
No-load EMF of inner rotor (V) 534 N/A 71.8 N/A
Rated torque of outer rotor (N m) 14.9 14.5 15.8 15.6
Rated torque of inner rotor (N m) 2.95 2.72 3.17 2.81
Resultant rated torque (N m) 17.9 17.2 19.0 18.4
Torque density (N m/m>) 3635 3493 3859 3737
Torque per current density MN m*/A 3.34 1.28 342 1.22
Rated efficiency 86.4% 68.2% 85.3% 65.8%
Torque ripple of outer rotor 35.1% 70.2% 58.2% 87.2%
Torque ripple of inner rotor 45.6% 74.6% 52.6% 91.6%
Resultant torque ripple 36.3% 72.4% 57.3% 89.3%
Cogging torque of outer rotor 4.5% N/A 4.1% N/A
Cogging torque of inner rotor 6.4% N/A 8.4% N/A
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Chapter 5

Development of Singly Fed
Mechanical-Offset Machine for Torque
Ripple Minimization

5.1 Introduction

Energy crisis and environmental pollution have gained more attentions in recent
years, so that the developments of renewable energy systems, such as electric
vehicle (EV) or wind power generation, have become very popular [1-3]. As the
key part of these system, the electric machines have to provide several features,
namely high efficiency, high power density, high controllability, wide-speed range,
maintenance-free operation and fault-tolerant capability [4—6]. Doubly salient
permanent-magnet (DSPM) machines, which can fulfill most of the mentioned
criteria, have drawn many attentions in the past few decades [7, 8]. However, even
the PM machines can offer a great potential for many industrial applications, they
suffer from the disadvantages of high PM material costs and ineffective PM flux
regulations [9, 10]. On the other hand, the cost-effective and flux-controllable
magnetless doubly salient DC-field (DSDC) machines can relieve the inherited
demerits of PM machines such that these machine types have become more popular
recently [11, 12].

Without installation of any high-energy-density PM material, the magnetless
machines definitely suffer from the demerit of relatively lower torque densities [13—
15]. Therefore, the researches on torque density improvement have become one of
the hottest issues for these machine types. Meanwhile, as another major component
to determine the machine performance, the development of torque ripple mini-
mization has also attracted many attentions [16, 17]. The skewed-rotor structure,
which can minimize the torque pulsation problem, has been confirmed to be very
effective [18]. However, the conventional skewed-rotor machine installs with only
one set of armature windings. Consequently, its excitation partially misaligns with
the skewed-rotor positions. To improve the situation, the concept of
mechanical-offset (MO) arrangement, which can purposely align the excitations
with the skewed-rotor positions, has been developed [19]. However, the asym-
metrical torque components produced by concentric machine are undesirable for
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torque ripple compensation. In addition, the conventional MO machine needs to be
operated with the doubly-fed (DF) structure, i.e., with two independent sets of
inverters. By taking the cost effectiveness and control simplicity into considera-
tions, unless for fault tolerant topology [20], the DF structure is not favorable in
general applications.

This chapter aims to implement the electrical-offset (EO) concept into the MO
machine. Consequently, a new singly fed mechanical-offset (SF-MO) machine for
torque ripple minimization is formed. As derived from the cascade structure [21],
the proposed machine can generate two identical torque components from its two
cascaded segments. Hence, a very smooth resultant torque can be potentially
generated. Furthermore, the implementation of EO concept can purposely resume
the mismatched conducting phases to their original positions. As a result, the
proposed MO machine can be operated with the SF configuration. The key machine
performances will be analyzed thoroughly based on the finite element method
(FEM), while the experimental prototype is developed for verification.

5.2 Proposed Singly Fed Mechanical-Offset Machine
5.2.1 Mechanical-Offset Machine

Figure 5.1 shows the conventional concentric MO machine where its outer- and
inner-rotors are purposely mismatched with a conjugated angle 6,,. With this
special settlement, the local maxima and local minima of two torque components
from two torque producing segments can be compensated with each other.
Consequently, relatively smoother resultant torque can be accomplished [19]. Yet,

Fig. 5.1 Conventional MO Armature
machine with concentric winding
structure

DC-field
7 winding

R
Outer-stator ot

Inner-stator
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two machine segments based on the concentric topology result with different
structures, namely different circumferences and dimensions. As a result, the gen-
erated torque components from two segments are different in nature. This particular
feature is unfavorable for torque ripple minimization, while improvement can be
made if two identical torques can be instead generated.

To improve the situation that exists in the concentric MO machine, the cascade
MO machine is proposed in Fig. 5.2. Unlike the concentric machine that decouples
two machine segments along its radial direction, the cascade one instead decouples
them along its axial direction. Based on the cascade structure, two machine seg-
ments theoretically share the same parameters. Hence, the generated torque com-
ponents should be identical. As a result, two identical torque components can
favorably compensate with each other to generate the smoother resultant torque.
Nevertheless, similar as the conventional concentric MO machine, the two machine

Fig. 5.2 Proposed MO (a)
machine with cascade Armature
structure. a Machine. b Rotor

DC-field
winding

winding

(b)



68 5 Development of Singly Fed Mechanical-Offset ...

segments of the proposed cascade MO machine also need to be controlled sepa-
rately. Therefore, two independent inverter sets have to be employed and this
machine type should be regarded as the DF-MO machine.

The proposed MO machine installs with two types of windings, namely armature
winding and DC-field winding. Both of these two windings are wound with the
concentrated winding arrangement on alternating stator poles. To reduce the strand
induced eddy current and circulating current losses, the litz wire can be employed
for armature windings [22]. Nevertheless, the application of the litz wire will
increase material costs and decrease winding slot fill factor. Various detailed dis-
cussions regarding this matter have been literally available, yet they are out of the
scope of this chapter. Hence, the analysis of MO machine with the litz wire will
potentially be our future research topic.

5.2.2 Basic Conduction Algorithm

When the DC-field excitation is presence, the conventional DSDC machine can be
operated with the bipolar conduction algorithm [6]. The DSDC machine can be
purposely designed to provide the sinusoidal-like no-load electromotive force
(EMF) waveforms to favor the brushless AC (BLAC) operation. Consequently,
torque components with lower torque ripple can be accomplished based on this
arrangement. To illustrate the basic conduction algorithm, the DSDC machine is
purposely extended to become the cascade form, so-called as the cascade DSDC
(C-DSDC) machine. The C-DSDC machine can also be regarded as the non-
skewed-rotor machine. To be specific, its two machine segments are aligned with
each other and this arrangement is similar to those employed in the double-stator
(DS) machine [17].

To produce the positive electromagnetic torque, the sinusoidal armature current
Iprac 1s employed in accordance to the status of flux-linkage V. Because the tooth
pairs of two machine segments of the C-DSDC machine align with each other, its
two armature winding sets can be conducted simultaneously with no phase shift. In
particular, as shown in Fig. 5.3a, the three-phase topology is selected and its two
armature currents can be described as

{ i = I sin(0+ ) 651)
Iy = Iax sin(0 + 0y)

where i; and i, are two armature winding sets, 0y is initial angle with value of 2 kn/
m, m is number of armature phases and k is any integer. With this conduction
scheme, the powers from two stators can be transferred to rotor simultaneously.
Two armature windings can be connected in series to reduce the operating com-
plexity. Consequently, this machine type can be regarded as the SF machine.
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Fig. 5.3 Theoretical (a) ¥
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However, the local maxima and local minima of two torque components are inte-
grated with each other in an undesirable way such that the torque ripple value is
very large.

5.2.3 Existing Mechanical-Offset Conduction Algorithm

Based on the MO design, two tooth pairs of the DF-MO-DSDC machine are
purposely offset with a conjugated angle [19]. Consequently, the conduction angles
of two torque producing segments are mismatched with 6,, = n/m, as shown in
Fig. 5.3b. Therefore, to drive the machine properly, two armature winding sets of
the three-phase DF-MO-DSDC machine need to be controlled independently as

{il = Inax sin(0 + 6) (5.2)
Ip = Inax Sin(e + ek + em) '

With this mismatched settlement, the local maxima and local minima of two
torque components can be favorably superimposed with each other. As a result, the
torque ripple minimization can be accomplished. It should be noted its average
torque value should be retained to the same level as compared with that generated
by the C-DSDC machine.

Unlike the basic C-DSDC machine that can connect two armature windings in
series, the DF-MO-DSDC machine needs to conduct its two armature windings
individually. Consequently, the conducting currents can response to the corre-
sponding ¥ from two machine segments accordingly. The DF-MO-DSDC machine
can therefore be regarded as the skewed-rotor machine with the DF excitation. As a
result, this MO structure has no choice but to increase the number of conducting
phases, so as control complexity and cost of power electronics.

5.2.4 Proposed Electrical-Offset Algorithm

The conventional MO arrangement suffers from the undesirable control complexity,
yet the situation can be improved by engagement of the proposed EO algorithm.
Because of the repetitive feature of trigonometry, the so-called EO angle 6, can be
purposely integrated into the MO structure. Consequently, the shifted phases can be
resumed to its original positions. Based on this proposed settlement, the armature
winding currents can be described as
{i1 = Inax sin(0 + 0;) (5.3)
Ir = Lnax sin(0+ 0, + 0, + 0,) ’

To resume the shifted phases to the original positions, the corresponding angles
need to fulfill the criterion as follows
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Table 5.1 E.lect.lical—offset m 0, ) 0, + 0, ) 0x (°) mg
design combinations 3 0 210 120 >
5 36 216 72 3
7 25.7 205.7 514 4
9 20 200 40 5
O = Oy + 0, (5.4)

By moving 0, as major term in Eq. (5.4), the relationship can be further deduced as

2% — 1)m

0, = (5.5)

m

For m = 2k, i.e., the machine with even number of armature phases, the rela-
tionship ends up with infinitely many solutions and it is not possible for realization.
On the other hand, for m = 2k — 1, i.e., the machine with odd number of armature
phases, the relationship results with a particular solution as 6, = 7. With the
implementation of the proposed EO algorithm, the shifted phases can be resumed to
its original positions and the number of phase shifted m, is governed by

_0m+0e_m+1
o0, 2

(5.6)

m

where 0, is angle difference between armature phases. Based on Egs. (5.5) and (5.6),
the design combinations of the proposed EO algorithm can be found in Table 5.1.

Based on the EO concept, the shifted phases can be resumed to match with the
original conduction angles, as shown in Fig. 5.3c. Therefore, the torque compo-
nents from two segments can be superimposed with each other to generate a
smoother torque. In the meantime, the number of conducting phases and the
requirement of power electronics can be minimized. It should be noted that the
proposed SF-MO-DSDC machine can be regarded as the skewed-rotor machine
with the SF excitation.

5.2.5 Proposed Machine Structure

The machine structure of the proposed SF-MO-DSDC magnetless machine, which
consists of 12 stator poles and 8 rotor poles, is shown in Fig. 5.2. Because the
proposed SF-MO-DSDC machine is extended from the DSDC machines, its design
equations can be deduced from the conventional DSDC machines as [6]
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Ny = 2mj
{N, N, 42 (5.7)

where N, is number of stator poles, N, is number of rotor poles and j is any integer.
To simplify the control complexity and to minimize the cost of power electronic
devices, the least number of armature phases, i.e., three-phase structure, is selected.
In addition, to improve the torque density and to minimize the torque ripple value,
repetitive tooth structure should be chosen. By taking these criteria into consider-
ations, the designs of j =2, m =3, Ny = 12 and N, = § are selected for the pro-
posed SF-MO-DSDC machine.

In order to accomplish the proposed EO concept, the SF-MO-DSDC machine
needs to engage with two mismatched angles, namely the mechanical 6,, and the
electrical 0,. To be specific, the 0,, can be actualized by mismatching two rotor
segments with the mechanical displacement of 7.5°, i.e., electrical angle of n/3, as
shown in Fig. 5.2b. Meanwhile, the 0, can be actualized by connecting two stator
segments with opposite excitation polarities. Consequently, two segments can
response with an electrical displacement with 7. This opposite polarities settlement
can be easily realized by connecting the DC-field winding sets with a reverse
direction.

5.2.6 Proposed System Arrangement

The system arrangements of the DF-MO-DSDC machine and the proposed
SF-MO-DSDC machine are shown in Fig. 5.4. The systems consist of three key
parts, namely (i) the armature inverters, (ii) the H-bridge converters and (iii) the
machines. The armature inverters can produce the appropriate BLAC currents to
drive the machines, while the H-bridge converters can regulate magnitudes and
directions of the DC-field excitations.

As aforementioned, the conventional MO machine needs to decouple its two
armature winding sets to accomplish torque ripple minimization. Therefore, to drive
the DF-MO-DSDC machine properly, two individual inverter sets are needed. In
the meantime, with the implementation of the EO concept, the shifted conducting
phases of the MO machine can be resumed to its original conduction positions.
Unlike the DF-MO-DSDC machine that connects the DC-field winding sets with
same polarity, the SF-MO-DSDC machine purposely connects the DC-field
winding sets with opposite polarities. As a result, as described in Eq. (5.6), two
armature winding sets should be connected as the following arrangements: A-phase
connects with C'-phase in series, B-phase with A’-phase and C-phase with B'-phase.
With these winding settlements, the proposed SF-MO-DSDC machine can be
operated with only one inverter set.
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Fig. 5.4 System arrangement. a DF-MO-DSDC. b SF-MO-DSDC

5.3 Machine Performance Analysis

5.3.1 Electromagnetic Field Analysis

Regarding the electric machine analysis, the FEM-based electromagnetic field
analysis has been well agreed as the most convenience and accurate tool [6]. In this
chapter, a commercial FEM software package, JMAG-Designer is adopted for
performance analysis. Hence, the major machine dimensions and the key param-
eters can be optimized upon iterative approach.

With the existence of DC-field excitation of 10 A/mmz, the flux-linkage
waveforms of the proposed machine at base speed of 3500 rpm are shown in
Fig. 5.5. Because the two cascaded segments of the proposed machine consist of
identical structure, to improve the readability, only one set of flux-linkage wave-
forms is shown. It can be shown that the proposed machine can produce the
well-balanced flux-linkages among three-phase characteristics with no significant
distortion.
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Fig. 5.5 Flux-linkage waveforms of the proposed machine

5.3.2 Pole-Arc Ratio Analysis

The no-load EMF has been regarded as one of the major criteria to determine the
machine performances and it should be analyzed thoroughly. To be specific, the
so-called the pole-arc ratio p, which is defined as the ratio of rotor pole-arc p, to
stator pole-arc py, i.e., p = p,/p, is carefully studied for dimension optimization. To
optimize between magnetic saturation and winding slot area, at the beginning stage,
P, is set with an initial value. First, f3, is selected to be the same value as p,, i.e.,
p = 1, as shown in Fig. 5.6a. Next, p, is adjusted in a way that the optimal pole-arc
ratio p_,, = Pr_opdPs can be accomplished, as shown in Fig. 5.6b. Based on the
operating conditions of DC-field excitation of 10 A/mm? and speed of 3500 rpm,
the variations of no-load EMF waveforms in according to various p are shown in
Fig. 5.7. As previously suggested, the proposed machine should be designed to
produce no-load EMF waveform with more sinusoidal-like characteristic.
Consequently, relatively smoother torque components can be generated based on
the BLAC conduction scheme. Based on this argument, the pole-arc ratio should be
selected between p = 1.4 and 1.5.

(a) (b)
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Fig. 5.6 Pole-arc ratio optimization. a Initial case. b Optimal case
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Fig. 5.7 No-load EMF waveforms under various pole-arc ratios. a p = 0.9-1.2. b p = 1.3-1.6

Apart from the no-load EMF characteristics, the cogging torque is another major
component that should be studied carefully. Based on the mentioned operating
conditions, the cogging torque waveforms under different values of p are shown in
Fig. 5.8. When p = 1.4 and 1.5, the peak values of cogging torque become about 8.4
and 7.6 N m, respectively. In general, when lower cogging torque is accomplished,
smaller torque ripple and better machine performances can then be generated.
Hence, to provide the most desirable no-load EMF waveform with the lowest
cogging torque value, the optimal pole-arc ratio is chosen as p_,,, = 1.5.

To offer a more comprehensive analysis on the selected pole-arc ratio, a sensi-
tivity analysis of no-load EMF and cogging torque based on various DC-field
excitations 1. is conducted in Fig. 5.9. As illustrated, the DC-field excitation can
affect the magnitudes of these quantities while it has almost no effect on their
patterns. Hence, it can be confirmed the optimal pole-arc ratio retains the same even
with various DC-field excitations.
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Fig. 5.8 Cogging torques under various pole-arc ratios. a p = 0.9-1.2. b p = 1.3-1.6

5.3.3 No-Load EMF Analysis

In order to offer a comprehensive evaluation, the C-DSDC machine and the
DF-MO-DSDC machine are purposely included for comparisons. To provide a fair
environment for comparison, all the major machines dimensions, namely outside
diameter, inside diameter, stack length, airgap length and winding slot fill factor are
set equal. The corresponding key design data of all machines are listed in Table 5.2.

With the support of FEM, the no-load EMF waveforms of the C-DSDC
machine, the DF-MO-DSDC machine and the SF-MO-DSDC machine at base
speed of 3500 rpm are shown in Fig. 5.10. Because the two tooth-pairs of the
cascaded segments align with each other, two sets of no-load EMF waveforms of
the C-DSDC machine superimpose perfectly with each other, as shown in
Fig. 5.10a. In the meantime, the DF-MO-DSDC machine purposely displaces its
two cascaded segments with a conjugated angle 0,,. Consequently, its two sets of

no-load EMF waveforms instead mismatch with an offset angle of 7/3, as shown in
Fig. 5.10b.



5.3 Machine Performance Analysis

(a) 300

71

200 —
100

No-load EMF (V)

L =10 A/mm? ————
li.=8 Almm? — — =
Lie=4 A/mm? e

Ie=2 Almm?2 — - — -

—_

T T T T T

360

Cogging torque (Nm) =

120 180 240 300
Angle (degree)
L= 10 A/mm? ———
Ip.=8 A/mm? — — -
L =4 A/mm?  seeseees

’ I =2 A/mm?

T T T T T
120 180

Angle (degree)

T

T T
240 300

T

360

Fig. 5.9 Sensitivity analysis based on various DC-field excitations. a No-load EMFs. b Cogging

torques

Table 5.2 Key design data of the proposed machines

Items C-DSDC DF-MO-DSDC SF-MO-DSDC
Power (kW) 56 56 56
Base speed (rpm) 3500 3500 3500
Stator outside diameter (mm) 312.0 312.0 312.0
Stator inside diameter (mm) 192.0 192.0 192.0
Rotor outside diameter (mm) 190.0 190.0 190.0
Rotor inside diameter (mm) 44.0 44,0 44.0
No. of stator poles 12 12 12

No. of rotor poles 8 8 8
Stator pole arc (°) 15.0 15.0 15.0
Rotor pole arc (°) 22.5 22.5 22.5
Airgap length (mm) 1.0 1.0 1.0
Stack length (mm) 120 * 2 120 * 2 120 * 2
No. of armature turns 14 14 14
Mechanical-offset 0,, (°) N/A 7.5 7.5
Electrical-offset 0, (°) N/A N/A 180
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Fig. 5.10 No-load EMF waveforms of two armature winding sets. a C-DSDC machine.
b DF-MO-DSDC machine. ¢ SF-MO-DSDC machine

The proposed SF-MO-DSDC machine is derived from the DF-MO-DSDC
machine while 6, is implemented to accomplish the EO arrangement. Then, its two
sets of no-load EMF waveforms can be resumed to the original positions, as shown
in Fig. 5.10c. Because of the superimposition effect of 6,, and 0,, the conducting
phases of the SF-MO-DSDC machine are shifted with relationship of m, = 2, i.e.,
A-phase aligns with C'-phase, B-phase with A'-phase and C-phase with B’-phase.
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5.3.4 Torque Performances

Based on the mentioned operating conditions, the torque performances of the
proposed machine and its counterparts under the BLAC operation are shown in
Fig. 5.11. It can be shown that the average steady torques of the C-DSDC machine,
the DF-MO-DSDC machine and the SF-MO-DSDC machine are around 155.1,
154.6 and 154.3 N m, respectively. Obviously, the results verify both of the
DF-MO-DSDC machine and the SF-MO-DSDC machine can superimpose its two
torque components perfectly to generate same torque level, as compared with the
basic C-DSDC machine. Moreover, the peak values of all cogging torques are about
15.2 N m and they are only 9.8, 9.8 and 9.9% of their average torques. Therefore,
all cogging torque values are perceived as very acceptable, as compared with the
well-developed PM counterparts [4, 6].

To provide a more comprehensive study of the torque performances, torque
ripple values are also carefully analyzed. In particular, the torque ripples of the
C-DSDC machine, the DF-MO-DSDC machine and the SF-MO-DSDC machine
are about 72.5, 7.2 and 7.2%, respectively. Undoubtedly, with no torque ripple
compensation, the C-DSDC machine suffers from the largest torque pulsation. In
the meantime, based on the proposed designs, the local maxima and local minima
of torque components from both DF-MO-DSDC machine and SF-MO-DSDC
machine are seamlessly integrated with each other. Consequently, the torque ripple
values from these two machines can be minimized. Even though there are some
machine types that result very low torque ripple values [15], the proposed concept
offers an addition direction for exploration.

With the traditional structure, two armature winding sets of the C-DSDC
machine can integrate with each other and it can be regarded as the three-phase SF
machine. On the other hand, based on the MO design, the DF-MO-DSDC machine
needs to displace its two armature winding sets with a conjugated angle 0,,.
Consequently, this machine type should be regarded as a six-phase machine, or
known as the three-phase DF machine. Meanwhile, the SF-MO-DSDC machine can
employ the EO concept to resume the conducting phases to its original positions. As
a result, the proposed SF-MO-DSDC machine can be regarded as the three-phase
SF machine and it can enjoy the definite merits of simple power electronics
structure. The torque performances of the proposed machines are compared and
categorized in Table 5.3.

5.4 Experimental Verifications

To testify the proposed concept and simulated results, the experimental setup of the
proposed machine is developed and as shown in Fig. 5.12. To achieve sensible and
practical experiments in the laboratory, the power level of the prototype is
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purposely scaled down. The established machine is designed with the outside
diameter of 156 mm, stack length of 60 mm and airgap length of 1 mm.

The winding sets of the established machine are purposely decoupled between
two cascaded segments, such that it can simultaneously act as two machine
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Table 5.3 Torque performances of the proposed machines

81

Items C-DSDC DF-MO-DSDC SF-MO-DSDC
No. of phases 3 6 3
Average torque (N m) 155.1 154.6 154.3
Cogging torque (N m) 15.2 15.2 15.2
% cogging torque 9.8% 9.8% 9.9%
Torque ripple 72.5% 7.2% 7.2%

(a) (b)

Fig. 5.12 Prototype. a Stator. b Rotor. ¢ Assembled machine

scenarios, namely the DF-MO-DSDC machine scenario and the SF-MO-DSDC
machine scenario. To be specific, the former scenario can be actualized if the
DC-field winding sets are connected with same polarity. On the other hand, the
latter one can instead be actualized if the DC-field winding sets are connected in
opposite polarities. Because the two winding sets are decoupled, the end windings
are enlarged so that two rotor segments are separated, as shown in Fig. 5.12b.
The measured no-load EMF waveforms of the proposed machine with the
DC-field excitation of 3 A/mm” and operating speed of 900 rpm are shown in
Fig. 5.13. The results show that the measured waveforms can well comply with the
calculated waveforms as shown in Fig. 5.10a. To illustrate the effect of the EO
implementation, the no-load EMF waveforms of the corresponding armature phases
at the DF-MO-DSDC machine scenario and the SF-MO-DSDC machine scenario
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with the DC-field excitation of 1 A/mm? and operating speed of 900 rpm are shown
in Fig. 5.14. It can be shown that the armature phases of the DF-MO-DSDC
machine, namely the A-phase, B-phase, A’-phase and B'-phase are displaced with an
electrical angle of /3. Hence, the DF-MO-DSDC machine should be regarded as the
six-phase machine. In the meantime, the armature phases of the SF-MO-DSDC
machine, namely the C'-phase and A’-phase are resumed to align with the corre-
sponding A-phase and B-phase, respectively. Therefore, the SF-MO-DSDC machine
should be regarded as the three-phase SF machine. These measured results well
agree with the calculated waveforms as shown in Fig. 5.10b, c.

Without a dynamic torque transducer, the electromagnetic torque of the proto-
type cannot be measured directly. Meanwhile, other measured values of the
established prototype can well comply with the calculated waveforms based on the
finite element analysis. To testify the reliability of FEM analysis, the calculated
no-load EMF values with the DC-field excitation of 10 A/mm? at various speeds
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Fig. 5.14 Measured no-load
EMF waveforms (10 V/div).
a DF-MO-DSDC scenario.
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are compared with the experimental results, as shown in Fig. 5.15. As illustrated,
the maximum errors between the FEM analysis and experimental results are less
than 3%. Therefore, it can be concluded that the calculated torque performances are
credible and reliable. Moreover, the difference between two machine scenarios are
less than 2%. Consequently, it can be deduced that two machine scenarios are
nearly identical.

As one of the major features for renewable energy applications, such as EV
applications, the flux-weakening performances of the proposed machine should be
analyzed with details. The corresponding variations of the measured back EMF
characteristics with respect to the operating speed at no load, without and with flux
regulations, are shown in Fig. 5.16. The results verify that the proposed machine at
two machine scenarios can both utilize its flux-controllable features to maintain



84 5 Development of Singly Fed Mechanical-Offset ...

200 T T T T T T T T T T
1 | Experiment — DF —— a4
S 160 71 Simulation - DF —x—
por IZO—- Experiment — SF -
= Simulation - SF —= -
5 A
~< 80—
3]
g i
Q40
0 T I T I T I T I T I T
0 300 600 900 1200 1500 1800
Speed (rpm)

Fig. 5.15 No-load EMF characteristics versus speed at no load

200 — Without flux regulation - DF —— : . 0 .
4 | With flux regulation — DF —— e
; 160 | Without flux regulation — SF --#--- g
— 4 | With flux regulation — SF —= -
& 120
=
4 i
- 820 —
= o
40
- e — e —F— R —E— — R — R —
{) T '| T I T ‘ T I T I T
0 300 600 900 1200 1500 1800
Speed (rpm)

Fig. 5.16 Measured back EMF characteristics versus speed at no load

their back EMFs at a suitable level. Consequently, excellent flux-weakening
capability for wide-speed range operation can be accomplished.

Moreover, the back EMF characteristics of the proposed machine with various
load conditions are also carefully studied. The corresponding variations of the
measured back EMF characteristics with the DC-field excitation of 10 A/mm? and
the operating speed of 900 rpm with respect to the load currents, without and with
flux regulations, are shown in Fig. 5.17. Undoubtedly, the measured back EMFs
can be retained at the desirable level. Therefore, the results further testify the
proposed machine can provide excellent flux-weakening capability at wide ranges
of operating speeds and load currents. This feature is highly favorable for modern
EV applications.

Finally, as shown in Fig. 5.18, the efficiencies of the proposed machine with the
DC-field excitation of 10 A/mm?® at two scenarios based on various operating
speeds and load currents are also measured. It can be shown that the power varies
along the operating speeds and load currents. Meanwhile, the proposed machine
can reach 150 W at rated conditions, i.e., at operating speed of 900 rpm and load
current of 1.0 A. When the electronic loads of 150 W are employed, the efficiencies
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Fig. 5.17 Measured back EMF characteristics versus load current

900 rpm — DF —— 900 rpm — SF —= -

100 1 600 rpm — DF —x— 600 rpm — SF T T Y
30 1| 300 rpm — DF --#-- 300 rpm — SF |
Z 60—
= A
s
'S 40
= 1 A el p
=20
0 T T T T T T T T T
0 0.2 0.4 0.6 0.8 1.0
Load current (A)

Fig. 5.18 Measured efficiencies under various speeds and load currents

of the DF-MO-DSDC machine scenario and the SF-MO-DSDC machine scenario
can reach up to 81 and 80%, respectively. Even the measured efficiencies are not as
satisfactory as that produced by PM machines, the overall performances of the
proposed machine are quite attractive.

5.5 Summary

A new SF-MO-DSDC machine for renewable applications has been proposed and
established in this chapter. By implementing the EO concept, the proposed machine
can well superimpose its torque components to suppress the resultant torque pul-
sation. Different from the traditional DF-MO-DSDC machine that needs two
independent inverter sets, the proposed SF-MO-DSDC machine can actualize the
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EO angle to resume the shifted conducting phases to its original positions.
Therefore, the proposed machine can minimize the costs of power electronics and
the control complexity.
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Part 11

Design, Analysis and Application of
Advanced Magnetless Machines on Wind
Power Generations



Chapter 6
Proposed Flux-Reversal DC-Field
Machine for Wind Power Generation

6.1 Introduction

Energy crisis and environmental pollution have become the worrying problems
since the last few decades, while the renewable wind power generation has con-
firmed to be one of the most probable solutions to relieve the situations [1, 2].
Generally speaking, the wind power generations can be classified into two major
categories, namely the constant-speed constant-frequency (CSCF) wind power
generation and the variable-speed constant-frequency (VSCF) wind power gener-
ation [3, 4]. Without implementing any power converters, the CSCF type benefits
from the absolute predominance of simple system structure and high robustness [5].
Nevertheless, in the CSCF mechanism, the system has to disconnect the response
with the wind speed such that the turbine speed has to be confined in a limited
range. Not surprisingly, the CSCF system has to bear the high mechanical stress
problems and ends up with relatively low efficiency.

To improve the situation from the CSCF system, the VSCF type has been
developed accordingly. With the support of the power electronics, the VSCF system
can vary its turbine speed in accordance to the wind speed, in order to capture the
maximum wind energy for power generation [6, 7]. Undoubtedly, the VSCF type
can provide higher overall efficiency as compared with the CSCF one. As the soul
of the VSCF system, same as the electric vehicle (EV) applications, the electric
machines have to fulfill several criteria, including high efficiency level, high power
density, high controllability, wide-speed operating range and brushless operation
[8]. The doubly salient permanent-magnet (DSPM) machines, which can achieve
most of the mentioned goals, have been actively developed. Particularly, the
flux-reversal PM (FRPM) machine, which offers the bipolar flux-linkage and thus
higher power density, has attracted more attentions recently [9]. However, similar
to the well-developed DSPM machines, the FRPM machine also has to tackle two
vital problems, namely the high PM material cost and the uncontrollable PM flux
densities [10]. To get round these structural problems, the doubly salient DC-field
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(DSDC) machine was suggested. By replacing the PM materials with the inde-
pendent DC-field winding, the DSDC machine can enjoy the benefits of higher
cost-effectiveness and better flux controllability. Yet, the development of the FRDC
machine is still absent.

This chapter aims to implement the new modulated stator pole structure for the
specific winding arrangement, to emulate the PM configuration that exists in the
FRPM machines. Hence, a new magnetless four-phase FRDC machine is proposed,
purposely for the wind power generation system. The machine performances are
analyzed by the finite element method (FEM), while the experimental results are
also provided to verify the proposed idea.

6.2 System Architecture

Figure 6.1 shows the wide-speed range wind power generation system configura-
tion. To be specific, it consists of seven key elements: (i) a wind turbine equipped
with gearbox to capture the wind power, (ii) the proposed FRDC machine to
converse the electromechanical energy, (iii) a full-bridge rectifier to provide the
AC-DC conversion, (iv) a battery to store the generated energy, (v) an inverter to
provide the AC-DC conversion to the power grid, (vi) a DC-field controller to
feedback the DC-field current signal and (vii) a buck converter to regulate the DC
voltage for flux regulation.

Based on the Betz theory, the mechanical power captured by the wind turbine
can be described as [6]

Grid
Rectifier
FRDC AC T [P/ |
generator T I
Gearbox l I DC AC
Inverter _|-
Dc-dc s
converter
{
| DC-field |
| controller |~ T

Fig. 6.1 Wind power generation system
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1
Prech = ECppv?uA (6.1)
where C, is the coefficient of wind power conversion factor with a typical value of
0.4 or below, p is the air density, v,, is the wind velocity and A is the swept area of
the wind-turbine rotor. The value of C,, is a function based on the ratio of the blade
tip speed to the wind speed f§ and defined as

7a)R

Vo

B (6.2)

where R is the radius of the blades and w is the rotational speed of the wind-turbine
shaft. For a specific value fax, the power conversion factor C, can reach to a single
maxima in order to capture the maximum mechanical power from the wind speed.
Undoubtedly, the turbine speed should vary along with the wind speed to maximize
its total power generation. With turbine runs at the f,,x, the maximum generated
power can then be described as

Prech = (Cpmaanzp)Vi (63)

1
2

According to Egs. (6.2) and (6.3), the maximum generated power can be further
described as

1 { ComaxR? 0
Pmech = [2=— 603 (64)
2 ( B )

It should be noted that the turbine speed of the wind generator is typical around
1000 rpm at the normal wind situation.

6.3 Proposed Flux-Reversal DC-Field Machine

6.3.1 Proposed Machine Structure

The topologies of the traditional FRPM machine and the proposed four-phase
FRDC machine are shown in Fig. 6.2. Because the proposed FRDC machine is
developed based on the typical FRPM machines, its design equations such as the
pole arrangements can be extended from that of the traditional FRPM machines and
as shown below
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Fig. 6.2 Machine structures. (a)

a FRPM type. b Proposed Stator
FRDC type Rotor / ?\

Armature
winding

Armature DC-field

winding winding
Ny, = 2mk
Nye = Nyps (6.5)
N, = Ny, + 2k

where Ny, is the number of actual stator poles, p, the flux pole-pair on the stator
tooth, Ny, the apparent stator poles, N, the rotor poles, m the armature phases and
k any integer. The fundamental design combinations of the proposed FRDC
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Table 6.1 Fundamental m k N,, s N,, N,
design combinations of the 3 ] 6 ] 6 S
FRDC machine
3 2 12 1 12 16
3 1 6 2 12 14
4 1 8 1 8 10
4 2 16 1 16 20

machine are categorized in Table 6.1. Based on the considerations of the stability
and cost-effectiveness, the four-phase topology is preferred. Meanwhile, to ease the
manufacturing complexity, the minimum number of flux pole-pairs should be
chosen. By taking these concerns into consideration, the following combination is
selected: m =4, k=1, Ny, =8, p;=1, N, =8 and N, = 10, as the proposed
structure for the FRDC machine.

The traditional FRPM machine equips the PMs of alternating polarities on each
of its stator pole, and hence reversing the signs of its flux-linkage in accordance to
its rotor positions [11]. The proposed FRDC machine purposely allocates its
DC-field windings in the modulated stator slots in a way to imitate the FRPM
configuration, and thus offering the same reversing flux-linkage pattern as the
FRPM machines do. To achieve it, each of the stator pole is modulated as a 3-tooth
per stator pole machine as indicated in Fig. 6.2. When the FRDC machine rotates
its rotor from position 1 to 2, the polarities of its flux-linkages interchange
accordingly, as shown in Fig. 6.3. With the bipolar flux-linkage characteristic, the
proposed FRDC generator enjoys the higher power density as compared with its
unipolar flux-linkage counterpart [12].

6.3.2 Selection of the Multiphase Topologies

The no-load electromotive force (EMF) waveforms may exhibit infinite patterns in
reality, while all these waveforms can be roughly classified into two major cate-
gories, namely the sinusoidal-like waveform and the trapezoidal-like waveform.
Meanwhile, the no-load EMF patterns can be regulated by the machine structure as
well as the pole-pair arrangement.

When the no-load EMF e, and phase current i; are in phase with sinusoidal
patterns, the average output power Py can be expressed as

1/ 1
Py =— [ es(wn)ig(wt)d(wt) = = E (6.6)
no/ 2

where E; and I, are the amplitudes of the no-load EMF and phase current with
sinusoidal-like waveforms, respectively. Similarly, when the no-load EMF e, and
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Fig. 6.3 Flux pattern of FRDC machine. a Position 1. b Position 2

phase current i, are in phase with trapezoidal patterns, the average output power P,
can be expressed as

n

P, = %O/ e;(wt)i(wt)d(wt) = % <2kt + %) E (6.7)

where k; is the inclining slopes of the trapezoidal waveform, E, and I, are the
amplitudes of the no-load EMF and phase current with trapezoidal-like waveforms,
respectively. By combining the Eqs. (6.6) and (6.7), the power ratio of the sinusoidal
to trapezoidal types can be further deduced as

Py . 3m EI;
P <4kfm n 12) (E,I,) (68)

The rms no-load EMF ratio of the sinusoidal to trapezoidal patterns can be
described as
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Table 6.2 Power ratio of trapezoidal-type to sinusoidal-type

m 1 2 3 4 5 6
P/P; 0.64 0.90 1.10 1.27 1.42 1.56

E, 7w /(km+?2
s _ = 6.9
E 2 ( m ) (6.9)

Similarly, the rms phase current ratio of the sinusoidal to trapezoidal patterns can

be described as
I [dk,m + 12
— = 6.10
1; 3m ( )

By combining Egs. (6.8), (6.9) and (6.10), the power ratio can be further
deduced as

P 4 k, 3
e mE (6.11)
P, (km+2)m 3m

In the ideal case, the inclining slopes of the trapezoidal waveform should be
infinite, leading to achieving the square patterns, i.e., k, = 0. By taking this criterion
into consideration, the power ratios at different phases are calculated and catego-
rized in Table 6.2. According to the results, it can be shown that starting from
m = 3, the trapezoidal-like, or square-like waveform generators can provide higher
output powers than the sinusoidal-like waveform counterparts do. This situation
becomes even more obvious when it comes to higher phases. Therefore, the FRDC
generator, which inherits the trapezoidal-like no-load EMF waveform, is more
preferable to adopt the multi-phase topologies.

6.4 Generator Performance Analysis

6.4.1 Electromagnetic Field Analysis

The electromagnetic field analysis has been one of the most accurate and conve-
nient tools to study electric machine performances for many years. In general, it can
be classified into two major categories, namely the analytical field calculation and
the numerical field calculation. To perform the machine modeling, the electro-
magnetic field equations are governed by
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o[ 0A\ 0 [ OA
Q:— (v— — (v =-
Ox (V 8x> o (V 8y> Uz +p) (6.12)

Alg=0

where 2 is the field solution region, A and J, the z-direction components of vector
potential and current density, respectively, J; the equivalent current density of the
excitation field, S the Dirichlet boundary and v the reluctivity. Meanwhile, the
equivalent circuit equation during generation is described as

(R+Rp)is+ (L+Ly)—— /—dQ 0 (6.13)

where R is the winding resistance, R; the load resistance, L the end winding
inductance, L; the load inductance, [ the axial length and s the conductor area of
each turn of phase winding. The FEM is applied to analyze the machine perfor-
mances of the proposed FRDC generator and the JMAG-Designer is employed as
the magnetic solver to perform the FEM. The magnetic field distribution of the
proposed generator at no-load condition is shown in Fig. 6.4. The result shows that

N 0\ I|I
i
N\ =
4 2
\ J
=
\__/ -
5 B
\R:
Iz /
.\. 3

Fig. 6.4 Magnetic field distribution of the proposed FRDC machine
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the flux distributions of the proposed FRDC generator are well balanced and also
align with the theoretical expectations as shown in Fig. 6.3.

6.4.2 Pole-Arc Improved Design

In order to avoid the magnetic saturation, the values of the modulated stator tooth
width f and the rotor pole-arc f, should be well-tuned and confirmed with a
particular value. Since the middle modulated stator tooth converges two balanced
fluxes from both sides, its tooth width should be twice larger than that of the
sided-tooth. At the primitive stage, the rotor pole-arc f3, is set equal to the value of
B, 1e., B = By, as shown in Fig. 6.5a. Meanwhile, the f, can be fine-tuned by
improving the pole-arc ratio as described with the following expression: f3, ;,, =
nf,, as shown in Fig. 6.5b. The variations of the no-load EMF according to the
pole-arc ratio n are shown in Fig. 6.6. As previously discussed, the trapezoidal-like
no-load EMF waveform with well-balanced pattern is more desirable for the wind
power generation, and hence the pole-arc ratio should be selected in the range of
n=1.4-1.6.

To confirm the pro-arc ratio with the optimal performance, the cogging torque is
also studied and its waveforms under different pole-arc ratios are shown in Fig. 6.7.
In the case when f, = f3,, i.e., n = 1.0, the peak value of the cogging torque is
approximately 29.2 N m. When the pole-arc ratio is set to be n = 1.5, the cogging
torque will then be minimized to 11.3 N m, which is only 6.28% of its rated torque.
This particular cogging torque value is within the acceptable range, as compared
with the commonly employed PM candidates [12]. In general, the lower the cog-
ging torque value, the better the machine performances. Hence, it can be confirmed

(a) (b)

:
i

! i < f_“”!'}
!
i

A
 J

A
/

Fig. 6.5 Topologies of the modulated stator and rotor poles. a Primitive f,. b Improved S, .,
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Fig. 6.6 No-load EMF waveforms under different pole-arc ratios. an = 0.9-1.2 b n = 1.3-1.6

that the proposed generator has been improved with the pole-arc ratio at
Brﬁimp = lsﬁs

6.4.3 Proposed FRDC Performance Analysis

The DC flux-linkage waveforms of the proposed FRDC machine at no-load con-
dition are shown in Fig. 6.8. The result shows the proposed machine obtains the
bipolar DC flux-linkage patterns, which behaves similarly as the traditional FRPM
machine does. In addition, the simulation results show the proposed generator
obtains the four-phase flux-linkage pattern without noticeable distortion. Hence,
these results verify the proposed machine structure and the winding arrangement are
correct.

The no-load EMF waveforms of the proposed FRDC machine under the oper-
ating speed of 900 rpm are shown in Fig. 6.9. It can be shown that the no-load
EMF waveforms are well-balanced with the trapezoidal-like pattern. Furthermore,
the no-load EMF waveforms at various speeds under two conditions, namely
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without and with flux regulations are shown in Fig. 6.10a and b, respectively. To
illustrate the no-load EMF waveforms under different operating speeds as well as
different frequencies, the waveforms in Fig. 6.10 are purposely plotted against time,
instead of angle. Undoubtedly, without any DC-field flux regulations, the generated
voltages vary along with different operating speeds. These varying output voltages
are not desirable for the wind power generation because these fluctuating voltages
may exceed the system threshold value, and hence damaging the whole system. On
the other hand, with the support of the DC-field control, the output voltages can be
maintained in a certain value over the wide-speed ranges.

6.4.4 Comparison with FRPM Machines

To manifest the merits of the proposed magnetless four-phase FRDC machine, the
well-developed FRPM machines, namely the three-phase FRPM and four-phase
FRPM machines are included for comparisons. To offer the fair comparison, all the
generators obtain the same machine dimensions, namely the outside diameters,
stack lengths, airgap lengths and winding fill factors. The corresponding key design
data of all machines are listed in Table 6.3.

With the application of the FEM, the performances of all machines are calculated
and summarized in Table 6.4. In particular, the power densities of the three-phase
FRPM, the four-phase FRPM, and the proposed FRDC generators are found to be
1.98,2.10 and 0.71 MW/m?, respectively. As discussed in Sect. 6.4.3, in the higher
number of armature phase situations, the trapezoidal-like no-load EMF generators
can result higher output powers than that of the sinusoidal-like counterparts. Hence,

Table 6.3 Key design data Items FRPM FRDC

of the proposed FR machines Rotor outside diameter (mm) 448.0 448.0
Rotor inside diameter (mm) 353.0 353.0
Stator outside diameter (mm) 350.0 350.0
Stator inside diameter (mm) 76.0 76.0
No. of rotor poles 8 10 10
No. of actual stator poles 6 8 8
No. of pole-pairs on stator pole 1 1 1
No. of modulated stator tooth N/A 3
Rotor pole arc (°) 22.0 18.0 18.0
Stator (modulated) pole arc (°) 48.0 36.0 12.0
Airgap length (mm) 1.5 1.5
Stack length (mm) 280.0 280.0
No. of armature phases 3 4 4
No. of turns per armature coil 1008 912 456
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Table 6.4 Comparisons Items FRPM FRDC

between the FRDC and

FRPM generators No. of armature phases 3 4 4
Power (kW) 58 64 22
Power density (MW/m3) 1.98 2.10 0.71
Flux controllability Low Low High
Material cost (USD) 1245 1398 308
Cost-effectiveness (W/USD) 46.6 45.8 71.4

the FR generators, which inherit the trapezoidal-like no-load EMF waveforms with
the four-phase topology, can offer higher power density than that of the three-phase
one. The FEM results verify the theoretical expectation in which the four-phase
FRPM generator can provide higher output power that of the three-phase one, and
hence illustrating the merit of the multi-phase FR generators.

By employing the high-power-density PM materials for field excitations, the
FRPM machines can offer relatively higher power densities, as compared with the
proposed magnetless FRDC counterpart. However, the PM generators suffer from
the uncontrollable flux problem, and hence the PM candidates may overcharge the
battery or even damage the wind power system at some strong wind situations. In
addition, the supply of the PM materials is limited and floating, leading to the raised
material costs.

The proposed magnetless generator undoubtedly suffers from the shortcomings
of lower power density, yet a more comprehensive comparison among generators
should consider flux controllability and cost-effectiveness. By utilizing the DC-field
winding for excitation, the proposed FRDC machine can eliminate the high-cost
PM materials, and thus accomplishing the desired performance regarding its high
flux controllability and effective cost, as compared with its counterparts. Hence, it
can be expected that the proposed magnetless candidate may demonstrate
promising potential in the wind power generation industry.

6.5 Experimental Verifications

To verify the proposed idea, an experimental setup for the proposed FRDC gen-
erator is established and as shown in Fig. 6.11. In order to perform sensible and
practical experiments in the laboratory, the power level of the prototype is scaled
down on purpose. Hence, the measured results are reduced proportionally, as
compared with the simulated one.

The measured no-load EMF waveforms of the proposed FRDC generator under
the operating speed of 900 rpm are shown in Fig. 6.12. As illustrated, the measured
waveforms are slightly different from the simulated results as shown in Fig. 6.9,
and the differences are typically caused by the manufacturing imperfection.
Meanwhile, the rms values of the waveforms still well agree with the theoretical
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Fig. 6.11 Experimental setup. a FRDC stator segment. b FRDC rotor segment. ¢ Test bed

ones, and hence the discrepancies are believed to be acceptable. In addition, the
measured no-load EMF waveforms under the higher speed of 1800 rpm, without
and with the flux regulating controls, are shown in Fig. 6.13a and b, respectively.
By purposely regulating the DC-field excitation, the proposed wind power gener-
ation system can maintain its generated voltage at the same level over the
wide-speed ranges, as aligning with the theoretical results in Fig. 6.10.
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Fig. 6.15 Measured voltage characteristics versus speed at no load

Through the AC-DC rectification, the generated voltage is rectified to give out
the DC charging voltage and load current, as shown in Fig. 6.14. The rectified dc
output can be connected to the battery as the energy storage, and the stored energy
can then be transferred to the power grid after the DC-AC conversion performed by
the inverter. Furthermore, the corresponding variations of the measured DC voltage
with respect to the operating speed at no-load, without and with flux regulations, are
shown in Fig. 6.15. The results confirm that the wind power generation system
equipped with the proposed FRDC machine can utilize its flux-controlled capability
to keep the DC charging voltages at the certain level, and hence extending the
battery life cycle and protecting the whole system. In addition, the DC charging
performances of the proposed system under the load conditions are also analyzed.
The corresponding variations of the measured DC charging voltage characteristics
under the operating speed of 900 rpm with respect to the load current, without and
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Fig. 6.17 Measured efficiencies versus load current at different speeds

with flux regulations, are shown in Fig. 6.16. Not surprisingly, the DC charging
voltages can be once again maintained at the pre-assigned level. Hence, the results
further exemplify the proposed FRDC generator can behave as a constant-output-
voltage generator at the wide ranges of wind speeds and load currents, and these
characteristics are particularly favorable for the modern wind power generation
applications.

Finally, the system efficiencies are measured under different operating speeds
with different load currents, as shown in Fig. 6.17. It can be found that the effi-
ciencies can be kept at high standards over a wide range of speed with different load
currents. To be specific, the efficiency under the speed of 1500 rpm with load
current of 1.0 A is around 83.5%. The proposed FRDC machine can achieve
comparable efficiencies as compared with the profound PM counterparts do, whose
efficiencies are around 80% [6].
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6.6 Summary

This chapter introduces a new four-phase FRDC generator for the wind power
generation applications. The key of the proposed machine is to purposely modulate
the stator pole in a way to imitate the FR patterns, and hence allowing the machine
to behave similarly as the FRPM machine does. By utilizing the controllable
DC-field winding, the proposed FRDC generator can control its airgap flux
densities, and thus achieving the constant-output-voltage charging characteristics
under different conditions. With the magnetless structure, the proposed FRDC
machine enjoys the predominance of cost-advantage as compared with its PM
counterparts. Both the FEM analysis and experimental verifications have confirmed
the feasibility of the proposed wind power generation system.
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Chapter 7
Proposed Dual-Mode Machine for Wind
Power Harvesting

7.1 Introduction

Because of the increasing concerns on the energy utilization and the environmental
protection, the wind power has gained lots of attentions recently [1, 2]. The wind
power harvesting applications generally can be classified as two big families,
namely the constant-speed constant-frequency (CSCF) wind power generation and
the variable-speed constant-frequency (VSCF) wind power generation [3, 4].
Without installation of power converters, the CSCF type takes the absolute merit of
compact system architecture as well as simplicity. Yet, its operating speed has to be
maintained in a limited range so that there is no correlation with the wind speed.
Therefore, it suffers from the problems of lower efficiency and higher mechanical
losses.

Due to the advancement of the power electronics, the VSCF system can be
employed efficiently. Unlike the CSCF system, the VSCF system instead can
absorb the maximum wind power based on the variable wind speed [5, 6].
Undoubtedly, the VSCF one can provide better efficiency than the CSCF does. The
electric machines, as the key part of the VSCF system, have to provide some
distinguished features, such as high efficiency level, satisfactory power density,
good controllability, wide operating range, maintenance-free and fault-tolerant
operations [7, 8]. The doubly salient permanent-magnet (DSPM) machines that are
able to fulfill most of the goals have drawn many attentions in the past few decades.
Nevertheless, with the installation of the PM materials, the DSPM machines
unavoidably face the shortcomings of high construction cost as well as the
uncontrollable PM flux [9, 10]. To handle these fundamental demerits, the mag-
netless machines, namely the switched reluctance (SR) [11] and the doubly salient
DC-field (DSDC) machines have become a hot research topic recently. Upon the
employment of the independent DC-field excitation, the DSDC machine is able
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to control its flux density easily so that this type of machine is highly favorable for
the low-torque high-speed operation. On the other hand, the multi-tooth
flux-switching DC-field (FSDC) machine, which provides the bipolar
flux-linkage, is instead suitable for high-torque low-speed operation. Even the
operating speed in the wind power harvesting is confined in a particular range, such
that some of the developed machines may satisfy all its requirements accordingly,
the researches on the new design concepts with better flexibility and stability is still
admirable.

This chapter targets to combine the design philosophies of the FSDC and DSDC
machines, in order to create a new dual-mode FS-DSDC machine, purposely for the
wind power harvesting industries. Upon the regulation of different winding archi-
tectures, the proposed machine behaves similarly as its corresponding precedents
do. Therefore, the proposed machine is able to operate based on two separated
modes, namely the FSDC mode for low-speed operation and the DSDC mode for
high-speed operation. The finite element method (FEM) is adopted for machine
performance analysis, while the experimental prototype is also developed to verify
the proposed concepts.

7.2 System Configuration and Speed Consideration

Figure 7.1 shows the proposed architecture of the wide operating range wind power
harvesting system that contains the key components as follows: (i) a
gearbox-installed wind turbine for wind power adsorption, (ii) the proposed
FS-DSDC machine for electromechanical energy conversion, (iii) the power elec-
tronic relay module for winding connection regulation, (iv) two three-phase
full-bridge for AC-DC conversion, (v) two batteries for captured energy storage,
(vi) a buck converters based on the DC-field controller signal for rectified dc
voltage regulation and (vii) an inverter for DC-AC conversion.

Rectifier Inverter
Grid
Gearb FS-DSDC < Relay AC T DC
S tor F— module T —
general — ‘e fe
Dc-dc T AC
converter L |DC
| DC-field Rectifier
controller

Fig. 7.1 Proposed wind power harvesting architecture
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Based on the discussion of Betz’s theory, the peak output power can be captured
within a limited wind speed range [3]. Normally, the operating speed of the wind
generator should never exceed 1000 rpm at the normal scenario, while it will be
beyond 1000 rpm at the strong wind scenario.

7.3 Proposed Dual-Mode FS-DSDC Machine

7.3.1 Proposed Machine Topology

The structure of the proposed dual-mode FS-DSDC machine, which is adopted as
the proposed wind power harvesting application is shown in Fig. 7.2a. The pro-
posed FS-DSDC machine purposely integrate the design equations of FSDC and
DSDC machines so that it can be operated with two different modes, namely the
FSDC mode and the DSDC mode. The design equations for the FSDC and the
DSDC machines are governed by Eqs. (7.1) and (7.2), respectively as shown below

Ny, = 2mi
Nve - vath (Nsr - 2; 4.. ) (71)
Ny = Nye — Ny £ 2i

N, =2

Ny = NN, (7.2)

N =N, T2k

where m, Ng,, N, Ny, and N, are the number of armature phases, the stator pole,
the stator teeth, the equivalent stator pole and the rotor pole for FSDC machine,
respectively; m', N'y,, N'y, N's,, and N', are the armature phases, the stator pole, the
stator teeth, the equivalent stator pole and the rotor pole for DSDC machine,
respectively; i, k and j are any integers. To couple the specific design philosopies
between the two machine types, the number of equivalent stator poles of the two
machines, i.e., N, and N';, are set equal such that the following deduction can be

formed accordingly
(mi)Ny; = (m'j)N., (7.3)
Meanwhile, the derived equation provides infinitely many solutions and to

minimize the degree of freedom, i and j are purposely set to be equal so that the
equation can be further derived as

—=— (m#n) (7.4)
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Table 7.1 Basic design combinations of the FS-DSDC machine

m m' i j k N, N, Ny, =Ny, N, =N,
3 6 1 1 2 2 1 12 8
3 6 1 1 2 4 2 24 20
4 8 1 1 3 2 1 16 10

Based on the same concept, the number of the rotor poles of two machines, i.e.,
N, and N', are also set to be equal. With the implementation of Eq. (7.4), the
relationship can be derived as

k= (m—1)i (7.5)

Based on Egs. (7.1-7.5), the basic design combinations of the FS-DSDC
machine can be deduced and classified in Table 7.1. To ease the control algorithm,
the three-phase and six-phase structures, i.e., m = 3 and m’ = 6 are selected. In the
meantime, to offer the relatively lower speed range, say from 0 to 1000 rpm at
normal wind scenario, the multi-tooth structure, i.e., N, = 4 and N'y, = 2 is more
suitable as compared with its single-tooth counterpart, i.e., N;; = 2 and N'y; = 1. By
taking these discussions into considerations, the combinations of Ny, = 24 and
N, = 20, as the proposed topology for the FS-DSDC machine are formed.

As referring to the conventional generators, the proposed one contains the
controllable DC-field winding such that it can offer better flexibility for various
situations. Even the voltage regulation can be achieved with the help of the inde-
pendent converter modules, the proposed generator can instead employ its built-in
flux regulation capability to cope with all different missions as the all-in-one sys-
tem. Furthermore, the proposed generator can be operated based on two different
modes. Therefore, it can be expected that the proposed generator can provide better
fault-tolerability as compared with its conventional counterparts.

7.3.2 Dual-Mode Operating Principle

The two armature windings both employ the concentrated winding arrangements,
so that both of them can be easily developed. Every armature winding loop is
independently connected such that all of them can be separately conducted. Hence,
various connecting architectures can be accomplished based on the support of the
power electronic relay module.

The proposed winding connection configuration for the proposed machine is
shown in Fig. 7.2b. For the FSDC mode, the switches S1, S2, S3, S4, S5, and S6
are off, while S7, S8, and S9 are on, so that the armature windings are connected to
offer the following settlement: A1, A2, B1 and B2 are connected in series; C1, C2,
D1 and D2 in series; E1, E2, F1 and F2 in series. Hence, the proposed machine can
behave similarly as the three-phase FSDC machine does. On the other hand, for the
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DSDC mode, the switches S1, S2, S3, S4, S5, and S6 are on, while S7, S8, and S9
are off, so that the armature windings are connected in a way similarly as a
six-phase DSDC machine does.

The winding arrangement of the proposed machine at the FSDC mode behaves
similarly as the two armature winding sets connecting in series, so that the gen-
erated voltage is higher than that from the DSDC mode does. Because the generated
voltage changes along with the wind speed directly, the FSDC mode should be
adopted for the low-speed situation, so that the generated voltage will never
overshoot the threshold limit. On the other hand, the DSDC mode should be instead
adopted for the high-speed situation.

With the support of the relay module, the three-phase armature winding at FSDC
mode can be connected with one single three-phase full-bridge rectifier for AC-DC
conversion to charge up the battery. Consequently, the energy can then be trans-
ferred to the grid via the inverter. In the meantime, the six-phase armature winding
at DSDC mode can be switched to connect with two three-phase full-bridge rec-
tifiers, where one of them is used for energy transmission to the grid while another
one for battery charging to support the DC-field excitation. Even under the extre-
mely strong wind situation, this proposed setup can guarantee the developed DC
voltage will never overshoot the normal voltage limit. Furthermore, the additional
DC-field energy storage can minimize the impact to the grid, so that the interference
to the power grid can then be reduced.

7.4 Finite Element Method Analysis

In many years, the electromagnetic field analysis has always been one of the most
accurate and convenient tools to perform the electric machine analysis. Basically, it
can be categorized into two major subsidiaries, namely the analytical field calcu-
lation [12] and the numerical field calculation [13]. To model the machine per-
formances, the electromagnetic field equation is described as

Q: 20+ 2 (v3) = -0+ (7.6)
A|5= 0

where Q is the field solution region, A and J, the z-direction components of vector
potential and current density, respectively, J; the equivalent current density of the
excitation field, S the Dirichlet boundary and v the reluctivity. In addition, the
equivalent circuit equation during generation is governed by:

(R+Ry)is + ( L+LL // Q=0 (7.7)
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where R is the winding resistance, R; the load resistance, L the end winding
inductance, L; the load inductance, [ the axial length and s the conductor area of
each turn of phase winding. The FEM is applied to analyze the machine perfor-
mances of the proposed FS-DSDC machine and the JMAG-Designer is employed
as the magnetic solver to perform the FEM. The magnetic field distribution of the
proposed machine at no-load condition is shown in Fig. 7.3.

The airgap flux density waveform of the proposed machine at no-load condition
is shown in Fig. 7.4. The results show the original flux of each stator pole is
modulated into four portions in accordance with the number of teeth per stator pole.
According to the corresponding winding configurations, the proposed machine at
FSDC mode acts similarly as the four-toothed FSDC machine does, while at DSDC
mode as the two-toothed DSDC machine does.

The DC flux-linkage waveforms at the FSDC mode and at the DSDC mode are
shown in Fig. 7.5a, b, respectively. The simulation waveforms show that the pro-
posed machine obtains the bipolar DC flux-linkage pattern at FSDC mode, while
the unipolar DC flux-linkage pattern at DSDC mode. These results confirm that the
pole-pair arrangements and the armature winding configurations of the proposed
machine are correct. Hence, it can further verify the proposed design equations are
correct.

Fig. 7.3 Magnetic field distribution of the proposed FS-DSDC machine
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Fig. 7.6 No-load EMF waveforms. a At FSDC mode with speed of 300 rpm. b At DSDC mode
with speed of 600 rpm

By performing FEM, the performances of the proposed wind power generation
system can be analyzed thoroughly. The no-load electromotive force (EMF)
waveforms of the FS-DSDC machine at FSDC mode under the operating speed of
300 rpm and at DSDC mode of 600 rpm are shown in Fig. 7.6a, b, respectively. It
can be shown that the no-load EMF waveforms at FSDC mode are well balanced
among three-phase pattern without significant distortion, while at DSDC mode are
six-phase waveforms with symmetrical pattern instead. The magnitudes of the
no-load EMF among each phase at FSDC mode is approximately the same
as compared with those at DSDC mode. Hence, these results confirm that the
FSDC mode should be adopted at the low-speed environment, while the DSDC
mode at the high-speed environment.

In addition, the no-load EMF waveforms under the FDSC mode and DSDC
mode at various speeds under two conditions, namely without and with flux reg-
ulations are shown in Figs. 7.7 and 7.8, respectively. Undoubtedly, without any
DC-field flux regulations, both the generated voltages at two modes vary along with
the varying speeds. Therefore, the output voltages may overcharge the battery and
harm the whole wind power system. Meanwhile, the DC-field level can be tuned
purposely in order to keep the output voltages as constant as possible over the
wide-speed ranges.
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7.5 Experimental Verifications

For verification, the experimental setup of the proposed wind power generator
under the open-loop mode is established and as shown in Fig. 7.9. The corre-
sponding key design data of the proposed FS-DSDC machine is listed in Table 7.2.

The measured no-load EMF waveforms of the proposed FS-DSDC machine at
FSDC mode and DSDC mode under the corresponding conditions are shown in
Fig. 7.10. As shown, the measured waveforms are slightly different from the sim-
ulated ones as shown in Fig. 7.6a, b, and the differences are generally caused by the
manufacturing imperfection. Meanwhile, the experimental results are still within the
normal range and the discrepancies are expected to be acceptable. In addition, the
measured no-load EMF waveforms at FSDC mode under the higher speed of
900 rpm and at DSDC mode of 1800 rpm, without and with the DC-field flux
regulations are shown in Fig. 7.11. Since all the no-load EMF waveforms of the
six-phase windings at DSDC mode are well balanced and symmetrical, to have a
better illustration, only the phase A, C, and E are shown purposely. With the flux
regulation, the magnitudes of the no-load EMF waveforms at higher speed ranges
can be kept at the same level as compared with those at the lower speed ranges.
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Fig. 7.8 No-load EMF waveforms at DSDC mode with various operating speeds. a Without flux
regulation. b With flux regulation
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Fig. 7.9 Experimental setup of the wind power generation system
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Table 7.2 Key data of th.e Items FS-DSDC

proposed FS-DSDC machine Stator outside diameter (mm) 270.0
Stator inside diameter (mm) 161.2
Rotor outside diameter (mm) 160.0
Rotor inside diameter (mm) 40.0
No. of equivalent stator poles 24
No. of rotor poles 20
Stator pole arc (°) 7.5
Rotor pole arc (°) 7.5
Stator pole height (mm) 36
Rotor pole height (mm) 32
Airgap length (mm) 0.6
Stack length (mm) 80.0
No. of turns per armature coil 100

These measured waveforms verify the expected performances by the simulation
waveforms in Figs. 7.7 and 7.8, and hence confirming the proposed wind power
generation system is able to maintain the generated voltages to become as constant as
possible over a wide range of operating speeds, even under the strong wind situation.

Through the three-phase rectifications, the simulated and the measured DC
charging voltages at the FSDC and at DSDC modes are shown in Fig. 7.12. The
single output at FSDC mode can be connected to the grid for energy transmission,
while the two outputs at DSDC mode can be connected to the grid and also to the
DC-field energy storage device. In addition, the corresponding simulated and
measured DC charging voltage characteristics at FSDC mode and at DSDC mode,
without and with the flux regulations, with respect to the operating speed at no-load
are shown in Fig. 7.13, where the measured results well agree with the simulated
ones. The results verify that the proposed wind power generation system can utilize
the flux regulating ability to maintain the DC charging voltages at the certain level,
and hence protecting the whole system. Meanwhile, the charging performances of
the proposed system under the load conditions are also studied. The corresponding
simulated and measured DC charging voltage characteristics at FSDC mode under
the operating speed of 900 rpm and at DSDC mode of 1800 rpm, without and with
the flux regulations, with respect to the load current are shown in Fig. 7.14. Once
again, by regulating the DC-field winding, the DC charging voltages can be kept at
the specific level. Therefore, the results further verify the proposed wind power
generation system can perform as a constant-voltage generator at the wide range of
wind speeds and load currents.

Finally, the efficiencies of the proposed machine at two modes as the function of
speeds have been measured and shown in Fig. 7.15. Particularly, the efficiencies of
the proposed machine at FRDC mode and at DSDC mode can achieve approxi-
mately 74 and 72%, respectively. It can be found that the proposed machine at both
modes can achieve comparable efficiencies as compared with the commonly
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Fig. 7.10 Measured no-load
EMF waveforms. a FSDC
mode. b Phase A, C, and E at
DSDC mode. ¢ Phase B, D,
and F at DSDC mode
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Fig. 7.11 Measured no-load EMF waveforms. a Without flux regulation of FSDC mode at
900 rpm. b With flux regulation of FSDC mode at 900 rpm. ¢ Without flux regulation of DSDC
mode (Phase A, C, and E) at 1800 rpm. d With flux regulation of DSDC mode (Phase A, C, and E)
at 1800 rpm

employed machines do. To be specific, the efficiency of the magnetless SR gen-
erator, the doubly-fed induction generator (DFIG), and the DSPM generator are
around 70% [11], 80% [4], and 82% [14], respectively. Despite of the flexibility in
variable speed conditions, the SR machine somehow has relatively lower efficiency
as compared with its counterparts. Due to the installation of the high-cost PM
materials, the DSPM type suffers from the lowest cost-effectiveness as compared
with the magnetless counterparts. With the implementation of the mode-changing
concept, the proposed machine enjoys the highest flexibility in variable speed
situations among the commonly employed candidates. For better illustration, the
comparisons on these generators are summarized in Table 7.3.



7.6  Summary

125

(a)

DC output voltage (V)

(b)

30

DC output voltage (V)

Output |

Output 2 — — —

(c)

AUTO 5.000us Mk [

e s

¥ 8.88u

21

I
24
Time (ms)

(d)

[RUTONEREETVEN RS

30

£ B -1c8ml)

R e

CH1= 188y [LH.— =l

Fig. 7.12 DC charging voltages. a Simulated result of FSDC mode. b Simulated result of DSDC
mode. ¢ Measured result of FSDC mode. d Measured result of DSDC mode

7.6 Summary

This chapter introduces a new dual-mode FS-DSDC machine for wind power
harvesting applications. The key of the proposed machine is to purposely incor-
porate two machine design philosophies together, and hence allowing the machine
to offer higher flexibility and stability to cater different possible situations. Based on
the independent DC-field excitations, the proposed machine can produce the
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Table 7.3 Comparisons among different common generators

Items SR DFIG DSPM FS-DSDC
Efficiency Low High High Moderate
Cost-effectiveness High High Low High

Flexibility Moderate High Moderate Very high

controllable airgap flux densities, and thus accomplishing the constant-voltage
charging characteristics over a wide-speed range under different load currents.
Without implementation of any PM material, the proposed magnetless machine
takes the absolute advantage of cost-benefit as compared with its PM counterparts.
Both the FEM simulations and experimental results confirm the validity of the
proposed wind power harvesting system.
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Chapter 8
Proposed Axial-Field Machine
for Range-Extended Electric Vehicles

8.1 Introduction

As suggested in the previous chapters, the electric vehicle (EV) applications have
attracted many attentions to cope with the energy issues [1]. In general, the tradi-
tional EVs employ only the battery as the pure energy source so this type of EVs
can only support for short duration trips and impractical practical for standard
drivers [2]. To extend the driving range for standard applications, the
range-extended EV (RE-EV) that implements an internal combustion engine
(ICE) as secondary energy source has become very attractive [3, 4].

Even though the permanent-magnet (PM) brushless machines have been widely
employed in the RE-EV system, the advanced magnetless doubly salient (DS)
machines with DC-field excitation have been gaining more attention recently [5]. In
the meantime, with the adaption of the radial length as the active part to generate
torque, the axial-field (AF) machine can significantly improve its torque density, as
compared with its profound radial-field (RF) counterparts [6, 7]. However, the
incorporation of the AF structure and the magnetless DC-field machine has not been
suggested yet.

The purpose of this chapter is to newly implement the DC-field excitation into
the AF structure, and thus forming a novel axial-field doubly salient DC-field
(AF-DSDC) machine, purposely for RE-EV propulsion system. The design criteria
and principle of operation for the proposed AF-DSDC machine will be covered.
The machine performances will be analyzed with the help of the 3D finite element
method (3D-FEM), and then quantitatively compared with the requirements of
standard RE-EV systems. To achieve a better presentation, the commonly
employed RF machines, namely the RF-switched reluctance (RF-SR) machine, the
RF-DSDC machine and the RF-doubly salient permanent-magnet (RF-DSPM)
machine are also included for extensive comparisons.
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8.2 System Architecture and Principle of Operation

The typical RE-EV architecture, which applies the in-wheel direct-drive topology,
is shown in Fig. 8.1. Based on the requirements of a standard RE-EV system, the
targeted specifications of the proposed system for each motors are tabulated in
Table 8.1 [8]. The electric machine is employed as the major energy source for the
RE-EV system as normal operation, while the ICE is instead utilized as the
implemented component as range extension operation. In general, four major
operating principles can be provided by the proposed RE-EV system.

8.2.1 Torque Boosting

In the occasion if the RE-EV has to speed up or climb uphill, the machine needs to
undergo the torque boosting mode, namely the machine has to generate the max-
imum torque within a short duration. Based on this operation mode, the DC-field
current density is purposely increased to strengthen the flux densities, so that the
peak output torque is generated.

Fig. 8.1 Range-extended

electric vehicle architecture -
Front E
wheel

Table 8.1 Targeted motor

Item Value
specifications for the RE-EV Peak DC voltage (V) 360
system
Rated power (kW) 4.7
Rated torque (N m) 150
Constant-torque operation (rpm) 0-300
Constant-power operation (rpm) 300-900
Peak torque 130% for 10 s
Wheel dimension 195/65 R15
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8.2.2 Flux-Weakening Operation

When the RE-EV has already started up based on the torque boosting mode, the
generated electromotive force (EMF) of the corresponding armature windings start
to increase in accordance to the higher operating speed. To retain a definite power
level over the constant power region, the flux density has to be weakened
accordingly. Based on the regulation of the controllable DC-field current, the
proposed RE-EV system can efficiently accomplish the flux-weakening character-
istics. The RE-EVs can theoretically achieve infinite operating ranges with control
of the DC-field currents.

8.2.3 Fault-Tolerant Operation

If the DC-field excitation experiences the open-circuit fault or short-circuits fault
conditions, the DC-field winding has to be cut off such that the proposed machine
can still provide the basic function based on the remaining healthy armature
winding sets [9]. When the DC-field current is not working properly, the remaining
armature current can be reconfigured accordingly and operated based on the
unipolar conduction algorithm, and hence the normal torque value can be retained.
In the meantime, with the adaption of the traditional fault-tolerant principles, the
proposed machine can still achieve the fault-tolerant operation for the armature
winding fault. The fault tolerability is extremely critical for RE-EV system because
it can prevent traffic jams or severe accidents if the propelling machine suddenly
experiences fault conditions.

8.2.4 Battery Charging

Once the energy of battery is almost used up, the ICE can be employed to operate
the RE-EV and to recharge up the battery in order to extend the operating range.
Because the operating speed of ICE changes in accordance to vehicle speeds, the
output voltage is changing as well. In the meantime, if the RE-EV goes downhill or
during braking situation, the electric machine experiences a regenerative braking
scenario to recharge the battery [10]. This time-changing output voltage can
overcharge the battery and deteriorate its cycle life. To lengthen the battery life, the
proposed machine can regulate its DC-field current to control the flux density such
that the output voltage can be kept as constant in a wide operating range.
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8.3 Proposed Axial-Field Doubly Salient DC-Field
Machine

8.3.1 Proposed Machine Structure

The structure of the proposed 8/10-pole AF-DSDC machine that contains a
double-sided-stator sandwiched-rotor topology is shown in Fig. 8.2. The con-
struction of the proposed structure is similar to those employed on the other tra-
ditional AF counterparts [6]. With the proposed structure and the proper
dimensions, the rotors of the proposed AF machine can be mount on the tire
seamlessly, and hence the in-wheel motor direct-drive structure can be instinctively
accomplished as shown in Fig. 8.3.

The proposed machine is designed with the four-phase topology because of the
considerations between the stability and cost-effectiveness. The key machine design
data are categorized in Table 8.2. Unlike the RF counterparts, the proposed
AF-DSDC machine utilizes its radial part for torque production and hence its torque
density can be improved significantly.

Because the AF-DSDC machine is derived from the traditional RF-DSDC
machine, its design equations can be derived from that of the profound RF-DSDC
machine. Hence, the pole arrangements of the AF-DSDC machine can be described
as follows

N = 2mk
{Nr:NSj:Zk (8.1)

where Nj is the number of stator poles, N, the number of rotor poles, m the number
of armature phases and k any integer. By selecting m = 4 and k = 1, this ends up
with Ny =8 and N, = 10, and hence the proposed structure for the AF-DSDC
machine is resulted.

Stator |
Stator 2
Armature
Winding 1
Armature
Winding 2
DC-field
winding 1
DC-field
Rotor winding 2

Fig. 8.2 Proposed axial-field doubly salient DC-field machine
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Fig. 8.3 In-wheel direct-drive internal topology
Table 8.2 Key data of the proposed AF-DSDC machine
Item AF-DSDC
Radial outside diameter (mm) 381
Radial inside diameter (mm) 100
Axial stack length (mm) 195
Air-gap length of both segments (mm) 0.5
Number of stator poles of both segments 8
Number of rotor poles of both segments 10
Number of armature phases 4
Number of turns per armature coil 50
Rotor and stator material Steel sheet: S0JN700 (JFE Steel
Corporation, Tokyo, Japan)
Armature and DC-field winding material Copper

8.3.2 DC Flux-Linkage Pattern

The proposed AF-DSDC machine installs two winding types, namely the DC-field
winding and armature winding, on its sided-stators, while two winding sets both
employ the concentrated winding configuration. Based on this arrangement, each of
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Fig. 8.4 DC flux-linkage (a)

paths of the proposed _Stator 1 1 Rotor Stator 2
AF-DSDC machine.
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them is allocated in a way that the corresponding magnetic axes are parallel to each
other, with opposing directions. These arrangement results the divided fluxes as two
equal paths in the rotor yoke as shown in Fig. 8.4.

Since the AF-DSDC machine consists of a symmetrical structure, the power
transferred by the two sided-stators can be perfectly integrated with each other, and
hence the balanced resultant torque is accomplished. To ease the control com-
plexity, each of the two corresponding sided-stators winding sets can be purposely
connected in series.

8.3.3 Operating Principles

Based on the controllable DC-field winding, the proposed AF-DSDC machine can
be operated with two different conduction algorithm, namely the bipolar conduction
algorithm and unipolar conduction algorithm. In particular, the bipolar conduction
algorithm mainly serves as the normal operations, while the unipolar conduction
algorithm as the fault-tolerant operation. A full-bridge inverter is employed to



8.3 Proposed Axial-Field Doubly Salient DC-Field Machine 139

control the armature current, so that the independent phase control functionality is
achieved. In the meantime, a full-bridge DC-DC converter is instead employed for
the DC-field current, and hence the flux strengthening and weakening capabilities
are provided.

8.3.3.1 Bipolar Conduction Algorithm

In the scenario if the DC-field current works properly, the proposed AF-DSDC
machine can employ the bipolar conduction algorithm, which is similar to the
algorithm employed in the RF-DSPM machine, as normal operation [11]. During
the increasing period of the DC flux-linkage ¥pc where the no-load EMF is
positive, a positive current Ig; pc is injected to the armature winding to generate a
positive torque Tpc. On the other hand, a negative current —Ip; pc is instead injected
during the decreasing period of the ¥ where the no-load EMF is negative, and
hence the positive torque is generated as well. The theoretical waveforms based on
the bipolar conduction algorithm are shown in Fig. 8.5a.

Each armature phase experiences the 90° conduction where 0, — 0, = 04 — 03 =
90°. The generated electromagnetic torque T can be described as
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2n
Tpc = — — 4 = —— )do 8.2
DC 271_/ (lBLDC 46 2'BLDC g (8.2)
0

where Lp, is the self-inductance. Based on this conduction algorithm, the generated
torque component is mainly contributed by the DC-field excitation, while the torque
component generated by the reluctance principle is relatively minor with a zero
average value [11]. Therefore, the pulsating zero reluctance torque can be neglected
and the torque equation can be further expanded as

0, 0,
1 1
Tpc = /IBLDCKDcd9+ /(_IBLDC) (—Kpc)do :EIBLDCKDC (8.3)
0, 03

where Kpc is the slope of ¥pc with respect to 6.

8.3.3.2 Unipolar Conduction Algorithm

In the case when the DC-field excitation experiences any fault situation, the
DC-field winding should be terminated such that the proposed machine can employ
the unipolar conduction algorithm, which is also employed by the traditional RF-SR
machine. To be specific, a unipolar armature rectangular current Iz is injected
when the self-inductance Lgg is increasing such that the positive reluctance torque
Tsg is generated during 6, — 0; = 90°, as shown in Fig. 8.5b. Yet, based on this
conduction algorithm, only half of the useful zone is adapted for torque production.
Hence, the torque performance is degraded and the torque pulsation is relatively
more severe than that generated based on the bipolar conduction algorithm. Thus,
this conduction algorithm can be utilized as the fault-tolerant mode for the situation
if the DC-field excitation experiences the fault conditions. The reluctance torque
generated based on the unipolar conduction algorithm can be described as

2n

0,
1 1, dLsr 1 1 1
=g [ (38057 [ (st a0 =gk 50
0 61

where K is the slope of Lgr with respect to 0. To retain the same torque level
between two principles, the Egs. (8.3) and (8.4) should be equated to yield

IsLpcK,
Igg = 2, [ BLDERDC (8.5)
Ksr
According to Eq. (8.5), the armature current at the unipolar conduction algo-
rithm can be derived, and hence the proposed machine can generate the same torque
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level as compared with the torque at the bipolar conduction algorithm. Yet, the
unipolar conduction algorithm typically needs the armature current with higher
magnitude. Hence, the unipolar operation is not desirable for normal operations.
Furthermore, the unipolar conduction algorithm adapts only half of the useful zone
for torque production. Thus, the corresponding torque pulsation is larger than the
bipolar conduction counterpart.

8.4 Electromagnetic Field Analysis

Electromagnetic field analysis is one of the most famous development tools for
electric machines, and it can be generally classified into two major type, namely the
analytical field type [12] and the numerical field type [13]. In this chapter, 3D-FEM
is adapted for the performance analysis for the proposed AF-DSDC machine.
JIMAG-Designer is employed to perform the finite element analysis for the pro-
posed machine, while more than 10 hours are needed to finish one simulation
process based on a high-performance PC. The no-load magnetic flux distributions
of the proposed machine are shown in Fig. 8.6. The magnetic flux is divided into
two symmetrical patterns and flow through the rotor part to the two sided-stators.
Therefore, the two individual torques generated by the two segments are expected
to be equal in nature.

The airgap flux density of the two airgaps of the proposed AF-DSDC machine
with the no-load condition under 5 A/mm? DC-field current as the rated condition is
shown in Fig. 8.7. The results confirm the two airgaps can accomplish the equal
pattern. Therefore, based on the equal electric supply, the generated torques by the
two sided-stators are expected to be equal.

The DC flux-linkage waveforms based on the bipolar conduction algorithm
(with 5 A/mm? DC-field current) and the self-inductance waveforms based on the
unipolar conduction algorithm (with zero DC-field current) are shown in Figs. 8.8
and 8.9, respectively.

To retain the equal torque value between two conduction algorithms, the
armature current for the unipolar algorithm can be deduced by Eq. (8.5) where the
values of Kpc and K can be figured out based on Figs. 8.8 and 8.9, as tabulated in
Table 8.3. To be specific, the armature currents at the unipolar conduction algo-
rithm need to be increased by about 129%, as compared with the bipolar conduction
counterpart. With this particular current level, the proposed machine can still
function for a relatively long duration, say around a couple of hours without severe
damages.
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Fig. 8.6 No-load magnetic flux distributions. a Position 1. b Position 2

8.5 Performances Analysis

8.5.1 No-Load EMF Waveforms at Rated Conditions

With the employment of 3D-FEM, the machine performances of the proposed
AF-DSDC machine can be deduced. At the beginning, the no-load EMF waveforms
under the base speed of 300 rpm based on the 5 A/mm? rated DC-field current are
calculated and as shown in Fig. 8.10. The no-load EMF waveforms of two winding
sets both provide the four-phase characteristics with balanced patterns. The results
verify the pole-pair configuration and the winding settings are correct. Furthermore,
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it can be seen that the no-load EMF waveforms offer equal polarities as well as
magnitudes, with two of them can approach to the maximum magnitude of 153 V.
Therefore, the targeted DC supply voltage is still capable to sustain the normal
function even if the two armature winding sets are connected in series.
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Table 8.3 Key parameters Ttem Winding Winding
for two conduction algorithms 1 2
of AF machine -
Rated current at bipolar 10 10
conduction (A)
Slope of DC flux-linkage Kpc 1.04 1.04
Slope of self-inductance Kgg 0.079 0.079
Rated current at unipolar 229 22.9
conduction (A)

8.5.2 Performance of Mode 1—Torque Boosting

The torque performances of the proposed AF-DSDC machine at 5 A/mm? rated
DC-field current and at 10 A/mm? strengthened DC-field current, are shown in
Fig. 8.11. Because the controllable DC-field current can be regulated easily, the
airgap flux densities can be varied effectively to fulfil various scenarios. The
average steady torques of the proposed machine at rated and strengthened DC-field
currents are 154.2 and 203.2 N m, respectively. The results verify that the proposed
machine can comply with the torque standard for the typical driving conditions,
including the Mode I, the torque boosting mode. In addition, the torque pulsating
values at rated and strengthened DC-field currents can be calculated as 27.4 and

43.2%, respectively, where two of them are within the acceptable range for standard
RE-EVs [3].
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In addition, the cogging torque waveforms of the proposed machine at rated and
strengthened DC-field currents are calculated and as shown in Fig. 8.12. The
maximum magnitudes at rated and strengthened DC-field currents are found to be
18.6 and 42.4 N m, respectively. These values are only 12.1 and 20.9%, as com-
pared with the corresponding average torques, respectively. In particular, the results
confirm that the cogging torque values are also acceptable as compared with the
commonly employed RF-DSPM counterparts.



146 8 Proposed Axial-Field Machine for Range-Extended ...
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8.5.3 Performance of Mode 2—Flux-Weakening Operation

The torque-speed characteristics of the proposed machine are calculated and shown
in Fig. 8.13. The DC-field current can be separately controlled so that the proposed
machine can offer effective flux-weakening function to achieve the wide operating
range, as one of the key considerations for RE-EVs. As confirmed, the proposed
machine can retain the constant power characteristics over the spread of speed
range. To be specific, the machine speed can reach to about 907 rpm when the
DC-field current is tuned to be 1.5 A/mm”. This result has confirmed that the
proposed machine can offer the targeted operating range and comply with the
standard for the Mode 2, the flux-weakening operation.
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8.5.4 Performance of Mode 3—Fault-Tolerant Operation

In the case if the DC-field current is terminated, the proposed machine can still
provide the basic function based on the unipolar conduction algorithm and the
corresponding steady torque is shown in Fig. 8.14. The averaged torque and the
torque pulsation with the unipolar conduction algorithm are about 148.2 N m and
40.1%, respectively. The results verify that when the DC-field current is cut off, the
proposed machine can still provide practically equal torque value for basic function
with the unipolar conduction algorithm. In the meantime, since only half of the
useful period is employed, the torque pulsations as well as the armature current
values are larger as compared with the torque generated by the bipolar conduction
algorithm. In addition, the efficiency at the unipolar conduction algorithm is rela-
tively worse than that happened at the bipolar conduction counterpart. Therefore,
the unipolar conduction algorithm should be employed as fault-tolerant mode or
so-called as the Mode 3.

8.5.5 Performance of Mode 4—Battery Charging

Finally, Fig. 8.15 shows the no-load EMF waveforms based on different operating
speeds with two scenarios, namely without the flux control and with the flux
control, respectively. As expected, the values of the generated voltages change in
accordance to the varying speeds, when there is no DC-field regulation. This
varying output voltage is not desirable for battery charging. In the meantime, the
generated voltages can be maintained as constant value over a wide operating
range, when there is DC-field regulation. Hence, this particular characteristic can
then comply with the requirements for the Mode 4, the battery charging mode.

8.6 Comparisons with Radial-Field Machines

The performances of the proposed AF-DSDC machine are calculated and deduced
based on the 3D-FEM and tabulated in Table 8.4.
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Fig. 8.15 No-load EMF waveforms at various speeds. a Without flux control. b With flux control

Table 8.4 Proposed AF-DSDC machine performances

Item Bipolar conduction Unipolar conduction
Rated power (kW) 4.8 4.6
Power density (W/kg) 354 33.8
Operating frequency (Hz) 50 50
No-load EMF of Winding 1 (V) 153 N/A
No-load EMF of Winding 2 (V) 153 N/A
Rated DC-field excitation (A/rnmz) 5 N/A
Rated torque (N m) 154.2 148.2
Torque ripple at rated torque (%) 27.4 40.1
Cogging torque at rated torque (N m) 18.6 N/A
% cogging torque at rated torque (%) 12.1 N/A
Boosted DC-field excitation (A/mmz) 10 N/A
Boosted torque (N m) 203.2 N/A
Torque ripple at boosted torque (%) 43.2 N/A
Cogging torque at boosted torque (N m) 42.4 N/A
% cogging torque at boosted torque (%) 20.9 N/A

To further emphasize the advantages of the proposed AF-DSDC machine, the
common RF machines, namely the RF-SR machine, the RE-DSDC machine and the
RF-DSPM machine are included for comparisons, as shown in Fig. 8.16a, b, c,
respectively. To provide a fair environment, all suggested machines share the equal



8.6 Comparisons with Radial-Field Machines

(a)
i E
(b)

DC-field

winding

Stator

Rotor

Armature
winding

Armature
winding

€)-

Armature
winding

149

Fig. 8.16 Radial-field machines. a RF-SR machine. b RF-DSDC machine. ¢ RF-DSPM machine

Table 8.5 Comparisons between axial-field and RF machines

Item RF-SR RF-DSDC RF-DSPM AF-DSDC
Rated torque/mass (N m/kg) 0.51 0.61 1.21 1.13
Rated torque/volume (kN m/m>) 4.12 4.85 9.51 8.97
Material cost (USD) 208.4 209.8 411.9 239.5
Rated torque/cost (N m/USD) 0.34 0.41 0.39 0.65

key dimensions, namely the radial outside diameters, radial inside diameters, axial
stack lengths and airgap lengths. Furthermore, the slot area factors, the winding
factors as well as the current densities are also set to be equal.

With the help of the FEM, the key performances of the RF machines are sim-
ulated and tabulated in Table 8.5. Not surprisingly, the magnetless RF-SR machine
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utilizes only half of its useful zone for torque production such that the poorest
performances, including the worst gravimetric and volumetric torque densities, are
resulted. In the meantime, the RF-DSDC machine, which employs all the useful
zones, can provide the better performances as compared with the RF-SR machine.
Upon the employment of the radial part for torque production, the proposed
AF-DSDC machine can provide greater torque densities as compared with the
common magnetless RF counterparts, and is particularly comparable to the
RF-DSPM machine.

Despite the RF-DSPM machine can generate the greatest torque densities than the
magnetless counterparts, the supply of the PM materials is pulsating such that the
PM materials cost has increased significantly [14]. To improve the market pene-
tration of the RE-EV applications, the cost-effectiveness should also be included as
the design criteria. Referring to the latest market prices of the raw materials, the
materials costs of the machines can be calculated. Based on the PM-free structure,
the proposed AF-DSDC machine accomplishes the best performance with respect to
the cost-effectiveness among all the counterparts, and hence this proposed machine
is expected to be desirable for the RE-EV applications.

8.7 Summary

In this chapter, a new magnetless AF-DSDC machine is proposed, purposely for
RE-EV system. With the employment of the radial active part to produce torque, the
proposed AF-DSDC machine provides better performance than the traditional RF
counterparts do, in terms of the cost-effectiveness. Based on the regulation on the
controllable DC-field current, the proposed machine can achieve various operating
principles, namely the torque boosting, the flux-weakening, the fault-tolerant and
the battery charging modes. Therefore, the proposed machine is expected to provide
good perspective for the RE-EV applications.
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Chapter 9
Proposed Reliable Gearless Machine
for Magnetic Differential System

9.1 Introduction

Electric vehicles (EVs) have been regarded as the cleanest and greenest road
transportation for smart cities [1, 2]. Traditionally, based on a mechanical differ-
ential (MD) system, the two wheels of EVs are driven by a single traction machine
to provide both straight motion and curvilinear trajectory movement [3, 4].
However, this approach employs a heavy and bulky differential gear and it is
absolutely unfavorable for the modern EV system [5]. To get rid of this heavy,
bulky and inefficient MD system, two or even more machines are separately
installed as the driving wheels. As a result, each of the wheels can be independently
controlled to achieve different speeds during turning, and this is known as the
electronic or electric differential (ED) system [6, 7]. With the support of the ED
system, the differential gear can be removed such that the overall weight and
transmission loss of EVs can be drastically reduced. Nevertheless, even the ED
system can provide the differential action by operating individual machines inde-
pendently [8], fatal accidents might occur when there are any control or feedback
errors from the separated machines.

To maintain the advantages of high safety and robustness of the MD system and
attain the merits of high compactness and accuracy of the ED system simultane-
ously, the concept of magnetic steering machines was suggested [9]. However, the
corresponding operating principles and the analysis of desired differential action are
still absent in literature.

In recent years, the development of magnetless doubly salient machines have
been speeding up, while the flux-switching DC (FSDC) topology is the most
popular candidate [10, 11]. Since the limited supply of rare-earth
permanent-magnets (PMs) and the high robustness of rotor structure, this
machine type is becoming very attractive to serve as in-wheel gearless machines for
EV applications.
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The purpose of this chapter is to develop a new class of reliable gearless
machines that adopts magnetic steering (MS) to realize the concept of the magnetic
differential (MagD) system for direct-drive EVs. With the implementation between
the MS winding and the double-rotor (DR) FSDC machine, a new MS-DR-FSDC
machine is proposed. The MS-field winding is utilized to generate an additional
field excitation in such a way that it reacts to the command of steering wheel.
Consequently, it produces the MS flux to magnetically interlock the magnetic fields
between the two spinning rotors. During cornering, with the presence of MS flux,
the resultant flux at one rotor is strengthened while at another rotor is weakened. As
a result, the two rotors can be driven with different torques to achieve the differ-
ential action for turning. Because the MS flux offers the interlock mechanism with
the magnetic mean, the proposed MagD system can absolutely provide higher
reliability than the conventional ED system.

9.2 Proposed Magnetic Differential System
9.2.1 Vehicle Dynamic Modeling

Over the years, the dynamic modeling of engine vehicles has been well developed
[12], while the corresponding model can be extended to EV system seamlessly. In
particular, the total tractive force F,,,, of the EV is to provide an acceleration force
F,, while overcoming the total resistive force F,.;. The corresponding modeling can
be described as

Firact = Fa+ Freg (91)

Fres = L'yoll +Fuero +Fslope
Fron = pMg
1 2
Foero = EPCXSV
Fxlope = Mg sin o
where F,,;; is the rolling resistance, F,,,, is the aerodynamic drag force, Fy,,,. is the
slope resistance, u is the rolling friction coefficient, M is the total mass of the EV, p

is the air density, C, is the aerodynamic drag coefficient, S is the frontal area of the
EV, v is the linear speed of the EV and « is the slope of the road.
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9.2.2 Curvilinear Movement

When the EV has to turn an angle, the exterior wheels have to run with a larger radius
than the interior wheels do such that the ED system has to drive the wheels at two
different speeds. To be specific, the exterior wheels have to spin at higher speeds than
those of the interior ones. To analyze the curve manoeuver mathematically, the sim-
plified geometry model [7] is employed as shown in Fig. 9.1. Forinstance, when the EV
has to turn right, the linear speeds of two individual wheels v; and v can be described as

B d
VL = Wcurve (r + 2)

_ d
VR = Dcurve <V - 5)

where @, = V/r is the angular speed of the curve, v is the linear speed of the EV,
r is the radius of the curve and d is the width of the EV. The radius of curve r can be
further expressed as

9.3)

(9.4)

1

" ano

where [ is the length of the EV and ¢ is the turning angle.
When the EV is about to turn an angle, the steering signal is applied in a way the

exterior wheel has to increase its speed while the interior wheel has to decrease it

accordingly. The difference between their angular speeds 4w can be described as

Fig. 9.1 Geometry model of I ook
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_dtan5

w = i Wyehicle (95)

where o,.5iq0 1S the angular speed of the EV. Consequently, the two speed refer-
ences for the left and right wheels can be expressed as

Aw
Wy * = wL+ 7 6
Ao (9.6)
(,L)R* = (UR — 7

For the ED system as shown in Fig. 9.2a, the curvilinear trajectory movement
can be achieved with the independent control of two wheels. The two speed ref-
erences o, * and wg* are fed into two speed controllers separately, so that two
independent torques 7, and Ty are generated to drive the left and right wheels,
respectively. Even though the ED system can provide the differential action to turn
an angle, it suffers from the bulky structure when two machines are installed for
propulsion and the degraded reliability when independent control of two wheels are
applied.

For the proposed MagD system as shown in Fig. 9.2b, the curvilinear trajectory
movement can be achieved instead with only one speed controller and one machine.
In particular, the speed difference reference between the two wheels Aw* is fed into
the speed controller, so that the MS-field current signal I* is generated to control

(a)
(25
Steering wr* Left speed
signal Electronic controller
differential
Throttle | controller Right speed
Input Wg* controller
R
(b) —
Steering wr*  F
ignal | , ®- i
signa Electronic* Speed
differential soiaiEs
Throttle | controller
input 7 wg*
WR

Fig. 9.2 Differential systems. a ED. b Proposed MagD
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the MS-field excitation. Upon the regulation of the MS-field excitation, the pro-
posed MS machine can therefore differentiate its two output torques 7 and Tg, so
as the wheel speeds, with the magnetic means. As compared with the ED coun-
terpart, the proposed system can greatly improve the machine compactness and
system reliability.

9.3 Proposed Magnetic Steering Machines

9.3.1 Proposed Machine Structures

To thoroughly assess the proposed MS concept, two basic morphologies are studies
—namely the radial-field (RF) and the axial-field (AF) morphologies. The struc-
tures of the RF-MS-DR-FSDC machine and the AF-MS-DR-FSDC machine are
shown in Figs. 9.3 and 9.4, respectively. Both of them adopt the same pole
arrangement, which are extended from the profound three-phase 12/10-pole FSDC

Fig. 9.3 Proposed (a)
RF-MS-DR-FSDC machine. Outer rotor
a Configuration. b 3D view

[nner rotor

Stator

MS-field
winding

DC-field

winding Armature

winding

(b)
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Fig. 9.4 Proposed (a)
AF-MS-DR-FSDC machine.

a Configuration. b 3D view Left rotor Right rotor
Stator
MS-ficld
winding
DC-field
winding Armature
winding

(b)

machine. The major distinction between the two machines comes from the flux flow
directions. In particular, the flux path of the RF-MS-DR-FSDC machine flows
along the radial direction, while that of the AF-MS-DR-FSDC machine along the
axial direction. Upon the profound difference in structure, the RF-MS-DR-FSDC
machine is developed with the sandwiched-stator concentric-rotor structure, while
the AF-MS-DR-FSDC machine with the sandwiched-stator sided-rotor structure.

Similar to other FSDC machines, the two proposed machines consist of the
armature winding and DC field winding in the stator, while their rotors consist of
simple iron core with barely salient poles. Unlike other FSDC machines, the pro-
posed machines incorporate also the distinctive MS-field winding for magnetic
interlocking. The MS-field winding is purposely installed in such a way that it can
offer flux strengthening and flux weakening operations with respect to the two
armature windings in the stator. Consequently, the two rotors can be driven with
different torques, and hence the differential torque when the MS-field excitation is
applied. As a result, the differential action can be achieved based on one control
parameter.
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Since the proposed two machines are purposely developed for in-wheel machine
drive applications, both of them are designed based on a typical wheel size of EVs.
For instance, the wheel size of 195/65 R15, i.e., the axial length is 195 mm and the
rim diameter is 15 in. (381 mm), is employed. To have a fair comparison, the key
machine dimensions, namely the outside diameters, inside diameters, stack lengths,
airgap lengths and slot-fill factors of the two proposed machines are set equal. In the
meantime, the pole arcs, pole heights and current densities are optimized in a way to
minimize magnetic saturation and the core losses.

9.3.2 Operating Principles

The proposed RF-MS-DR-FSDC and the AF-MS-DR-FSDC machines employ the
concentrated winding arrangements on the sandwiched-stator in such a way that the
excited flux by the DC-field windings, indicated as the DC flux, flow along the two
rotors via the sandwiched-stator, as shown in Fig. 9.5. In the meantime, the flux
excited by the MS-field winding, indicated as the MS flux, can superimpose with
the DC flux, in order to create the flux-strengthening effect at one side while the
flux-weakening effect at another side. This is the distinctive mechanism to make use
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Fig. 9.5 Excitation fluxes in MS machines. a Without MS-field for straight motion. b With
MS-field for cornering
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of the MS flux to generate the differential torque for the differential action during
cornering. In principle, the DC-field windings can be wound with the concentrated
winding arrangement to directly regulate the magnetic fields of two rotors indi-
vidually. Nevertheless, without the excitation of MS-field winding, the two rotors
will operate independently and without interconnection. As a result, the magnetic
interlock mechanism will not exist, and it cannot offer the higher reliability. In
addition, in inheriting the flux-switching characteristic, the flux-linkages of these
machines reverse their polarities with the rotor positions accordingly. Therefore, the
iron core material can be fully utilized to produce higher power and torque
densities.

Since the inner and outer peripheral areas of the stator of the RF-MS-DR-FSDC
machine are different, their electromagnetic interaction with the inner and outer
rotors are different in nature. On the other hand, the left and right peripheral areas of
the stator of the AF-MS-DR-FSDC machine are identical, so that their electro-
magnetic interactions with the left and right rotors should be the same.
Consequently, the AF-MS-DR-FSDC machine undoubtedly provides more desir-
able balancing properties between the two rotors than the RF-MS-DR-FSDC
machine.

9.3.3 Torque Production

Depending the airgap flux waveforms, the proposed MS machines can be operated
at either the brushless AC (BLAC) mode or the brushless DC (BLDC) mode [4].
Because the BLAC operation can offer smoother torque than the BLDC operation,
the proposed machines have been optimized to offer more sinusoidal flux-linkage
¥. As shown in Fig. 9.6, when the DC-field winding current Ip ¢4 is applied, the
proposed machines can generate a positive electromagnetic torque 7T at the scenario
when the armature current /,,,,,,,1.. 1S injected with respected to . In the meantime,
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because of nature of doubly salient poles, the reluctance torque components are
resulted accordingly. Since these reluctance torque components are relatively small
with an averaged zero value, it can be assumed that the generated torques are
contributed only by the DC-field components.

When the EV needs to curve an angle, the MS-field winding has to be excited
accordingly. The excited MS flux can then superimpose with the DC flux, creating
flux strengthening at one side and flux weakening at another side. The polarity of
the MS-field excitation can determine which side to be strengthened or weakened.
Consequently, the torque production mechanism at each rotor is the same, while the
magnitude of torque difference between two rotors relies only on the magnitude of
the MS-field excitation. Because the airgap flux densities at two rotors are regulated
in a conjugated manner, a magnetically interlocking mechanism between the two
rotors can be accomplished. As a result, higher reliability can be achieved in the
proposed MagD system.

9.4 Machine Performance Analysis

9.4.1 Magnetic Field Distributions and Flux-Linkages

The key design data of the proposed MS machines are listed in Table 9.1. With the
support of a commercial finite element method (FEM) software package, the
JIMAG-Designer, the electromagnetic field analysis can be performed to evaluate
the major performances of the proposed machines.

The airgap flux densities of the AF-MS-DR-FSDC machine are shown in
Fig. 9.7. It should be noted that three situations are considered, namely without
MS-field excitation, with positive MS-field and with negative MS-field excitation.

Table 9.1 Key design data of proposed MS machines

Items MS-RE-FSDC MS-AF-FSDC
Radial outside diameter (mm) 381.0 381.0
Radial inside diameter (mm) 100.0 100.0
Airgap length (mm) 0.5 0.5
Axial stack length (mm) 195.0 195.0
No. of stator poles 12 12
No. of rotor poles 10 10
No. of phases 3 3
Slot-fill factor 60% 60%
No. of outer armature turns 52 N/A
No. of inner armature turns 38 N/A
No. of left armature turns N/A 46
No. of right armature turns N/A 46
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Fig. 9.7 Airgap flux densities of AF-MS-DR-FSDC machine. a Without MS-field. b With
positive MS-field. ¢ With negative MS-field

Since the two machines produce similar flux patterns, to improve the readability,
the airgap flux densities of the RF-MS-DR-FSDC machine are purposely neglected.
It can be shown that if MS-field excitation is absent, the AF-MS-DR-FSDC
machine can produce identical airgap flux densities between its two sides. On the
other hand, if the MS-field winding is positively excited, the flux density of the
right airgap is strengthened, while that of the left airgap is instead weakened. The
situation is reversed if the MS-field winding is negatively excited, i.e., the right side
is weakened and the left side is strengthened. Similar results are given at the
RF-MS-DR-FSDC machine, where the inner and outer airgap fluxes act as the left
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Fig. 9.8 Flux-linkage waveforms of AF-MS-DR-FSDC. a Left. b Right

and right airgap fluxes. Hence, the FEM results well agree with the theoretical
expectation as shown in Fig. 9.5. As a result, the validity of the proposed MS-field
regulation mechanism is confirmed.

Next, the flux-linkages of the proposed AF-MS-DR-FSDC machine with only
the DC-field excitation of 5 A/mm? are simulated as shown in Fig. 9.8. It can be
shown that the flux-linkages in each winding set are well balanced among three
phases with bipolar pattern. These results show the proposed machines can
assemble with that of the conventional FSDC machine does. Consequently, the
major design criteria such as the pole arrangement and the winding allocation are
confirmed as correct.

It should be mentioned the values of flux-linkage between the two armature
windings in the AF-MS-DR-FSDC machine are identical. It is because the
peripheral areas of the left and right sides of the stator are identical in structure. On
the other hand, it can be predicted the values of flux-linkage between the two
armature windings in the RF-MS-DR-FSDC machine should be different because
its corresponding peripheral areas are different.
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9.4.2 No-Load Electromotive Forces (EMF) Performance

The no-load electromotive forces (EMFs) of the two proposed machines with only
the DC-field excitation of 5 A/mm? at base speed of 300 rpm can be predicted
easily from the flux-linkage waveforms. As expected, the two proposed machines
can both produce no-load EMF with symmetrical patterns. In the meantime, the
no-load EMF waveforms should be very sinusoidal in nature, and it gives evidence
to show these machines are favorable for BLAC operation.

The RF-MS-DR-FSDC machine consists of different peripheral area between its
inner stator side and outer stator side, namely the peripheral area of the inner side is
smaller than that of the outer side. Consequently, inheriting from the different
flux-linkage values between the inner and outer sides, the RF-MS-DR-FSDC
machine produces the no-load EMF with different values between two sides. On the
other hand, since the peripheral areas of the left and right sides are the same, the
no-load EMF magnitudes of the AF-MS-DR-FSDC machine are identical.

9.4.3 Output and Cogging Torques

The output torque waveforms of the proposed machines with the DC-field excita-
tions of 5 A/mm? are simulated as shown in Fig. 9.9. It can be shown that the rated
average torques at the outer and inner rotors of the RF-MS-DR-FSDC machine are
110.2 and 59.8 N m, respectively. The corresponding torque ripples are 18.5 and
15.2%, respectively. In the meantime, the rated average torques at the left and right
rotors of the AF-MS-DR-FSDC machine are 132.5 and 132.2 N m, respectively.
The corresponding torque ripples are 21.5 and 21.4%, respectively. The results
verify the two generated torques of the AF-MS-DR-FSDC machine are exactly the
same, and this characteristic is very suitable for the proposed MagD system.

In addition, to provide a more comprehensive analysis on the torque perfor-
mances, the cogging torque waveforms are also provided in Fig. 9.10. It can be
observed the peak magnitude of cogging torque in the RF-MS-DR-FSDC machine
are 7.6 and 3.8 N m, respectively, while those of the AF-MS-DR-FSDC machine
are 10.9 and 10.7 N m, respectively. These magnitudes equal 6.9 and 6.4% of its
rated torque magnitudes for the RF-MS-DR-FSDC machine and 8.2 and 8.1% for
the AF-MS-DR-FSDC machine. The cogging torques of the two proposed
machines are relatively high because the designs have not undergone any process
for cogging torque reduction yet. Basically, these cogging torque values can be
minimized based on the rotor skewing structure [13] or pole-arc optimization [14].
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Fig. 9.9 Rated torque waveforms of proposed machines without MS-field. a RS-MS-DR-FSDC.
b AF-MS-DR-FSDC

9.4.4 Differential Torques

Based on the aforementioned analysis, for the proposed MagD system, it is obvi-
ous that the AF-MS-DR-FSDC machine is more desirable than the RF-MS-DR-
FSDC machine because of the torque balancing characteristic between two rotors.
Consequently, the emphasis is given to the AF-MS-DR-FSDC machine on the
performance evaluations for the proposed MagD system.

The output torque waveforms of the AF-MS-DR-FSDC machine when the
MS-field windings are excited are shown in Fig. 9.11. It can be observed that when
the MS-field winding is excited positively of 5 A/mm?, the average torques of the
left and right rotors result with 107.1 and 142.7 N m, respectively, and thus corning
a left angle. In contrast, when the MS-field winding is excited negatively of 5 A/
mm?, the average torques of the left and right rotors result with 142.5 and 106.8 N
m, respectively, and thus corning a right angle. Hence, the results verifty that the
proposed MS-AF-FSDC machine can generate the same torque difference, or
known as the differential torque, between the two rotors for various curvilinear
movement.

Because of magnetic saturation, when it compares to the torque values at the
situation without MS-field excitation as shown in Fig. 9.9b, the torque increments
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Fig. 9.10 Cogging torque waveforms of proposed machines without MS-field.
a RS-MS-DR-FSDC. b AF-MS-DR-FSDC

under the flux-strengthening effect are slightly less than the torque decrements
under the flux-weakening effect. However, this will not cause any problem to the
proposed MagD system because the turning capability depends only on the dif-
ferential torque between the two rotors.

Furthermore, the differential torque versus MS-field excitation characteristic of
the proposed AF-MS-DR-FSDC machine is shown in Fig. 9.12. It can be observed
that the relationship is fairly linear and this characteristic is highly favorable for
accurate steering control. To be specific, with the 5 A/mm? MS-field excitation, the
differential torque can reach 35.6 N m and it is very effective for normal turning
conditions.

9.5 System Performance Analysis

9.5.1 Curvilinear Motion Under Normal Operation

According to Egs. (9.1-9.6), the curvilinear motion of an EV can be calculated with
the support of MatLab/Simulink. The major parameters of the EV model are listed
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in Table 9.2. When the machines are under normal conditions, the vehicular per-
formance comparisons between the ED system and the proposed MagD system

with various turning angles are shown in Fig. 9.13.
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Table 9.2 Key parameters of

Parameters Value
EV model
Total mass, M (kg) 1200
Rolling friction coefficient, u 0.015
Air density, p (kg/m®) 1.184
Aerodynamic drag coefficient, Cx 0.25
Frontal area, S (m?) 1.9
Vehicle width, d (m) 1.5
Vebhicle length, ! (m) 2.5
Slope angle, o (°) 0

For the ED system, the curvilinear motion can be accomplished with the inde-
pendent control of the individual torques of two separated machines based on
different turning angles. In particular, at 6 = 60°, the EV is turning right with an
angle of 60°, while 6 = —60° means the EV is instead turning left with an angle of
60°. As shown, the speeds of the two wheels are differentiated accordingly while
the EV is maintained at the constant speed of 30 km/h.

As compared with the ED system, the proposed MagD system can achieve the
same result based on the control of the MS-field current I. To be specific, I, can be
utilized as the single parameter to differentiate the two torques of the two wheels.
As illustrated in Fig. 9.13d, when Iy < 0, the driving torque at the left rotor is
greater than that at the right rotor, such that the EV is turning a right angle. On the
other hand, when I; > 0, the EV is then turning a left angle. Finally, when I = 0, the
EV will keep as a straight line motion. Generally speaking, different turning angles
can be accomplished with different values of Iy

9.5.2 Cunrvilinear Motion Under Fault Condition

Even though the proposed MagD system can achieve the same differential action as
the ED system does, it is essential to justify its distinctive advantage regarding the
reliability. To offer a fair comparison, both of the ED system and the proposed
MagD system are subject to the same machine fault at the same situation, i.e., the
EV is turning a right angle of 60° at the time instant of 8 s. For the ED system, this
machine fault occurs at either one of the two machines (for example, the left
machine); while for the proposed MagD system, the MS machine is subjected to the
same fault conditions. It should be noted that various types, such as the short-circuit
fault, open-circuit fault or inter-turn fault, can happen in the fault conditions.

The vehicular performance comparisons between the ED system and the pro-
posed MagD system under the same machine fault are shown in Fig. 9.14. To be
specific, the machine can no longer provide adequate torque level to fulfill the load
torque during fault conditions, so that the corresponding speed decreases
consequently.
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For the ED system, the speed of left wheel decreases while the speed of right
wheel keeps unchanged, so that the speed of EV start decreasing at the time instant
of 8 s. Consequently, the differential speed between the left wheel and right wheel
decreases from positive to negative as shown in Fig. 9.14d. As a result, the EV
changes from turning a right angle to a left angle, and it may cause a fatal accident.

On the other hand, for the proposed MagD system, both the speed of left wheel
and right wheels decrease concurrently because both rotors are magnetically
interlocked by the turning angle. As illustrated, the differential speed of the two
wheels are maintained at the definite value. Consequently, the EV is still turning a
right angle correctly even if the EV speed has decreased when there is a machine
fault. As a result, it confirms that the proposed MagD system is much more reliable
than the conventional ED system.

9.6 Summary

In this chapter, a new class of reliable gearless machines, known as the MS
machine, has been proposed and employed to realize the MagD system for
direct-drive EV applications. The distinct mechanism is to utilize the magnetic
interlocking technique of the proposed MS machine to allow the MagD system to
achieve the differential action for turning. To be specific, two proposed MS
machines, namely the RF-MS-DR-FSDC machine and the AF-MS-DR-FSDC
machine, are quantitatively analyzed. Based on the regulations of MS-field exci-
tation, the two rotors can be differentiated to produce appropriate torques to drive
two separate wheels. Between the two MS machines, the AF-MS-DR-FSDC
machine enjoys the merits of better torque density and higher balancing, so that it is
more desirable for the MagD system. Through the system level simulation, it
verifies the proposed MagD system can achieve similar curvilinear motion per-
formance as the ED system under normal operation. Most importantly, the proposed
MagD system can retain the differential action under fault conditions, which might
cause a fatal accident when the ED system is instead employed.
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Chapter 10
Proposed Electronic-Geared Machine
for Electric Vehicle Applications

10.1 Introduction

Energy utilization and environmental protection have become the hot research
topics in recent years, while as one of the most promising solutions to improve the
current situations, the development of the electric vehicles (EVs) is speeding up [1,
2]. As the key component of the EV technologies, electric machines have to offer
high efficiency, high power density, high controllability, wide-speed range,
maintenance-free operation and fault-tolerant capability [3, 4]. The doubly salient
permanent-magnet (DSPM) machine with unipolar-flux characteristic in particular
can achieve most of the tasks, and hence it has drawn many attentions in the past
few decades [5]. Meanwhile, inheriting the bipolar-flux characteristic and thus
resulting higher power density, the flux-switching permanent-magnet (FSPM)
machine has become very popular [6, 7].

The PM machines undoubtedly offer a great potential for EV propulsion, yet the
PM candidates suffer from the problems of high PM material costs and uncon-
trollable PM flux densities [8]. To overcome the profound shortcomings of PM
machines, the advanced magnetless machines, which are cost-effective and
flux-controllable, have become popular recently [9]. Moreover, in order to cater
different extreme operating situations, the concept of dual-mode operations [10] for
magnetless machines has been described in Chap. 7. Hence, the dual-mode machine
can operate at the low-speed and high-speed operations to capture the maximum
power for weak and strong winds, respectively. However, the corresponding
machine exhibits unbalanced flux-linkages, leading to higher torque ripple, which is
intolerable for EV propulsion system.

This chapter aims to propose a new magnetless machine, known as the
electronic-geared (EG) machine, purposely for EV propulsion. Following the con-
cept of dual-mode principle, the proposed machine is developed based on the
multi-tooth bipolar-flux (MTBF) operation and the single-tooth unipolar-flux
(STUF) operation. To be specific, the former operation mode can be employed for

© Springer Nature Singapore Pte Ltd. 2018 173
C. H. T. Lee, Design, Analysis and Application of Magnetless

Doubly Salient Machines, Springer Theses,

https://doi.org/10.1007/978-981-10-7077-8_10



174 10 Proposed Electronic-Geared Machine for Electric Vehicle ...

the low-gear (high-torque low-speed) situation, while the latter one for the high-gear
(low-torque high-speed) situation. The balance-position winding arrangement, which
can achieve balanced flux-linkages, will be newly implemented into the proposed
machine, so that the desired torque performance can be achieved. Moreover, the
machine will be designed in such a way that the back electromotive force
(EMF) waveforms can facilitate both the MTBF and STUF operations. The machine
performances will be analyzed thoroughly by using the finite element method (FEM),
with emphasis on validating the proposed electronic gearing concept. In addition, the
experimental setup is developed for machine design verification.

10.2 Proposed Electronic-Geared Magnetless Machine
10.2.1 Machine Structure

Figure 10.1 shows the machine structure of the proposed EG magnetless machine
for EV propulsion. It artfully combines the design criteria of the MTBF machine
[11] and STUF machine [5]. Hence, it can inherit the corresponding machine
characteristics and operate with two operations, namely the MTBF and the STUF
operations. The design criteria of both the MTBF and the STUF machines are
governed by the general equations as follows

Fig. 10.1 Electronic-geared Armature
magnetless machine structure winding

DC-field
winding

Stator
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Ny = 2mk
Ny = NspNst (101)
N, = Ny, £ 2k

where N, is the number of stator poles, N, the number of stator teeth, N, the
number of equivalent stator poles, N, the number of rotor poles, m the number of
armature phases and k any integer.

Even though the MTBF and STUF machines share the same design criteria of
Eq. (10.1), they can be distinguished by the numbers of armature phases and stator
teeth. In particular, with the same numbers of equivalent stator poles and rotor
poles, the bipolar-flux and the unipolar-flux machines can be actualized by the
multi-tooth and the single-tooth arrangements, respectively. Namely, the
multi-tooth least-phase machine is suitable for low-speed operation, while the
single-tooth multi-phase machine is instead favorable for high-speed operation.

In order to simultaneously realize two types of machines, the number of
equivalent stator poles and the number of rotor poles, i.e., Ny, and N,, of the two
machines should be equalized. However, the derived relationship results with
infinite number of solutions. Hence, to reduce the degree of freedom and produce a
unique solution, the value of k between the two machines is purposely equalized
and the relationship is further derived as

m'Ny, = m'Ng (Nj, > Ny) (10.2)

where m' and N, are the numbers of armature phases and stator teeth for the
MTBF machine, respectively, while m” and N/, are the numbers of armature phases
and the stator teeth for the STUF machine, respectively. Based on the Egs. (10.1)
and (10.2), the fundamental design combinations of the proposed EG machine can
be obtained as listed in Table 10.1.

To ease the control complexity and to minimize the cost of power electronic
devices, the least numbers of armature phases are purposely chosen, i.e.,
three-phase for MTBF operation and six-phase for STUF operation. Moreover, to
simplify the manufacturing process, the least numbers of stator and rotor poles are
preferred. By taking these criteria into consideration, the combination of k = 1,
m =3,N,=2,m"=6,N, =1, N, =12 and N, = 10 is selected as the structure
of the proposed EG machine. Based on this combination, the proposed machine is
anticipated to have the larger torque value at the MTBF operation, whereas the
extended operating ranges at the STUF operation.

Table 10.1 Fundamental k ' N m" N N N N.
design combinations of the = = = z :
EG machine 1 3 2 6 1 12 14 10
1 3 4 6 2 24 26 22
1 4 2 8 1 16 18 14
2 3 2 6 1 24 28 20
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10.2.2 Winding Arrangement

The proposed EG magnetless machine adopts the concentrated winding arrange-
ment, which allows it to have higher connection flexibility, i.e., each of the
armature winding coil can be controlled independently, and hence different con-
nection arrangements can be configured to fulfill the criteria of different operating
modes.

In Chap. 7, the multi-tooth operation was achieved by connecting its multiple
phases in the adjacent positions. With this adjacent-position winding arrangement,
the flux-linkages among armature phases are unbalanced, and hence the back EMF
waveforms end up with the asymmetry patterns, which are unfavorable for the
torque production. In particular, these asymmetric back EMF waveforms will
produce larger torque ripple, and hence resulting in undesirable acoustic noise and
vibration problems.

To improve the situation, the proposed EG magnetless machine at the MTBF
operation is purposely connected with the so-called the balance-position winding
arrangement, i.e., Al, A2, D1 and D2 are connected in series; B1, B2, E1 and E2 in
series; C1, C2, F1, and F2 in series. Based on the proposed winding arrangement,
the flux-linkages among the armature phases are balanced, and hence the back EMF
waveforms can become more symmetric than its counterpart does.

10.2.3 Back EMF Waveforms

For the EV propulsion systems, some important issues should be considered.
Namely, the torque ripple should be minimized at the low-speed high-torque
operation, while the torque density should be increased at the high-speed
low-torque operation. To take these criteria into considerations, the back EMF
waveforms should be carefully analyzed.

In general, the back EMF waveform of electric machines can be classified into
two major types, namely the sinusoidal-like waveform and the trapezoidal-like
waveform [12]. To effectively operate these machines, there are two bipolar con-
duction schemes available, namely the brushless AC (BLAC) and the brushless DC
(BLDC) schemes, for the sinusoidal-like and the trapezoidal-like machines,
respectively.

For the sinusoidal-like machine, the sinusoidal armature current Iz; 4 is applied
in accordance to the status of the flux-linkage ¥p;4c to produce the positive
electromagnetic torque 7Tp;ac. This BLAC conduction scheme is depicted in
Fig. 10.2a. With the BLAC conduction scheme, the sinusoidal-like machine can
perfectly match the injected armature currents with its back EMF waveforms,
and hence achieving the minimized torque ripple performance.

For the trapezoidal-like machine, a positive rectangular current Ig; pc is applied
to the armature winding when the flux-linkage ¥z, p¢ is increasing so as to produce
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Fig. 10.2 Theoretical operating principles. a BLAC conduction scheme. b BLDC conduction
scheme

the positive torque T, pc, Meanwhile, a negative current is instead applied to the
armature winding when the flux-linkage is decreasing so as to produce also the
positive torque. This BLDC conduction scheme is depicted in Fig. 10.2b. With the
BLDC conduction scheme, the trapezoidal-like machine can offer higher torque
density as compared with its sinusoidal-like counterpart does.

10.2.4 Operating Principles

According to the aforementioned discussions, the proposed EG machine should be
designed in a way to offer the no-load EMF waveforms showing in between the
sinusoidal-like and the trapezoidal-like characteristics. Based on this design crite-
rion, the proposed machine at the MTBF operation can be operated similarly as the
sinusoidal-like machine does, and thus producing the torque with minimized pul-
sation in the low-speed situation. Meanwhile, the proposed machine at the STUF
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operation can be instead operated similarly as the trapezoidal-like machine does,
and hence providing the improved torque density in the high-speed situation.

At the MTBF operation, the proposed machine behaves similarly as the
three-phase sinusoidal-like machine does and it can be operated by the BLAC
operation scheme with the armature currents of the three-phase sinusoidal
form as

ia = IMTBF sin 6
ib = IMTBF Sln(0+(2ﬂ/3)) (103)
l.(, = IMTBF Sil’l(() — (271?/3))

where i, . and Iyrpr are the corresponding armature currents and the maximum
value of the phase currents, respectively, at the MTBF operation.

At the STUF operation, the proposed machine behaves similarly as the six-phase
trapezoidal-like machine does and it can be operated by the BLDC operation
scheme. To maintain the same input power level as that employed in the MTBF
operation, the magnitudes of the phase current at the STUF operation should be
reduced accordingly and given as

ik =Isrur 01 <0< 0,
ir=0 0<0<01,0,<0<03,0,<0<2m (10.4)
iv=—Isryr <0< 04

where i, and g7y are the corresponding armature currents and the maximum value
of phase currents, respectively, at STUF operation. According to the proposed
operating principles, the proposed machine can offer relatively smoother torque at
MTBF operation, while higher torque density at STUF operation.

10.2.5 Analysis of the Operating Range Extension

Unlike the PM machines, the magnetless machines can utilize its controllable
DC-field excitation for flux regulation, and hence offering the flux-weakening
characteristics, to extend its operating ranges effectively. However, the
flux-weakening capability can never cover the infinite operating ranges and there
are some constraints behind.

Undoubtedly, the flux-linkage varies along with the flux regulation, i.e., when
the DC-field excitation is weakened, the flux-linkage decreases accordingly.
However, in the meantime, the self-inductance also gradually increases [5]. Based
on this phenomenon, at a particular point, the DC-field electromagnetic torque no
longer serves as the major torque component, while the reluctance torque will
replace its dominating position. In other word, the machine has to operate with the
reluctance principle, where only half of the torque producing zone is utilized.
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Upon this scenario, larger torque ripple is resulted and larger armature current is
needed to maintain the same torque level, which are both unfavorable for EV
applications.

Compared with the DC-field operation, the reluctance operating principle should
serve as the fault-tolerant operation. To avoid the machine to switch to the reluc-
tance operation, the DC-field excitation should be kept at certain levels. However, it
will reduce the flux-weakening capability and limit the operating ranges. To relieve
the undesirable dilemma, the proposed machine can instead incorporate the
mode-changing principle with the flux-weakening operation, for better range
extension performances.

10.2.6 Proposed Control Scheme

The control scheme for the proposed dual-mode EG machine is shown in Fig. 10.3,
and it can be divided into five major parts, namely (i) the armature controller,
(ii) the armature inverter, (iii) the DC-field controller, (iv) the DC-field converter
and (v) the EG machine.

The armature controller adopts the profound dual-closed-loop control scheme,
i.e., the outer speed loop employs a PID regulator for speed control, and the inner
current loop adopts a hysteresis regulator for current chopping control. Based on the
comparison on the speed command n* and the actual speed n, the armature current
command i* is generated. Meanwhile, based on the comparison between i* and the
actual current i, the hysteresis regulator signal can be further resulted.
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Consequently, the firing signal of each power switch in the armature inverter can be
developed. In addition to the conventional dual-closed-loop control, the armature
controller requires a more complicated inverter for the armature winding that favors
the complex control circuit, i.e., the inverter can be switched to provide the BLAC
current for the MTBF operation, while the BLDC current for the STUF operation.

To offer the flux regulating capability, the DC-field excitation module that
consists of two major components, namely the DC/DC converter and the H-bridge
inverter, is adopted. In particular, the DC/DC converter is used to regulate the
excitation level, while the H-bridge converter to control the direction of the current.

10.3 Machine Performance Analysis

10.3.1 Electromagnetic Field Analysis

To study the performances of the electric machines, the electromagnetic field
analysis has been recognized as one of the most accurate and convenient tools for
many years. In this chapter, the JIMAG-Designer is employed as the magnetic solver
to perform the FEM. The magnetic field distribution of the proposed machine at
no-load condition is shown in Fig. 10.4, while the result shows that the flux dis-
tributions are well balanced and align with the theoretical results.

The airgap flux density waveform of the proposed machine at the no-load
condition is shown in Fig. 10.5. The result shows that the airgap flux density is
within the normal range, and hence providing additional evidence to illustrate that

Fig. 10.4 Magnetic field
distribution of the EG
machine
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Fig. 10.6 Flux-linkage waveforms of EG machine. a MTBF operation. b STUF operation

the proposed machine design can surpass the magnetic saturation, in order to
minimize the core losses.

The flux-linkage waveforms at the MTBF and at the STUF operations are shown
in Fig. 10.6a, b, respectively. The simulation waveforms show the proposed
machine can offer the bipolar flux-linkage at MTBF operation, while the unipolar
flux-linkage at STUF operation. The results confirm that the armature
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winding arrangement and the phase selection of the proposed machine are both
correct.

10.3.2 Pole-Arc Ratio Analysis

The characteristics of the no-load EMF waveforms can be modified by the so-called
pole-arc ratio p, while p is defined as the ratio of the rotor pole-arc f3, to the stator
pole-arc f, i.e., p = 5,/f,. In order to minimize the magnetic saturation and to
maximize the armature slot areas, the fi, is first set as a particular value. Then, the f3,
is selected as equal to the value of f3, i.e., p = 1.0, as shown in Fig. 10.7a, in the
beginning stage. After that, the value of p can be modified by tuning the value of f3,,
and hence achieving the optimal pole-arc ratio as: p_,, = B op/fs as shown in
Fig. 10.7b.

The variations of the no-load EMF waveforms according to different values of
p are shown in Fig. 10.8. As discussed, the proposed machine should be designed
to offer the no-load EMF waveforms obtaining the characteristics in between the
sinusoidal-like and the trapezoidal-like patterns. Hence, the pole-arc ratio should be
selected between p = 1.2 and 1.3.

Fig. 10.7 Pole-arc ratio (a)
variations. a Primitive case.
b Optimal case
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Fig. 10.9 Cogging torques under different pole-arc ratios
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To confirm the pole-arc ratio with the optimal performance, the cogging torque
is also analyzed and its waveforms under different value of p are shown in
Fig. 10.9. In the case when p = 1.2 and 1.3, the peak value of the cogging torques
are approximately 0.23 and 0.20 Nm, respectively. Undoubtedly, the lower cogging
torque value always implies the better machine performance. Thus, it can be con-
firmed that the pole-arc ratio is optimized at p_,, = 1.3.
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10.3.3 No-Load EMF Performances

With the support of the FEM, the no-load EMF waveforms of the proposed EG
machine at the MTBF operation under the operating speed of 300 rpm and at STUF
operation of 600 rpm are shown in Figs. 10.10 and 10.11, respectively. It can be
shown that the no-load EMF waveforms at MTBF operation are well balanced with
the three-phase symmetrical pattern, and hence confirming the effectiveness of the
proposed balance-position winding arrangement. Meanwhile, the no-load EMF
waveforms at STUF operation are also well balanced with the six-phase symmet-
rical pattern. The no-load EMF waveforms at both modes exhibit the patterns in
between the sinusoidal-like and trapezoidal-like characteristics. Hence, both of
them are suitable for both BLAC and BLDC conduction schemes.

Even though the operating speeds of two modes are different, the magnitudes of
the no-load EMF between both modes are approximately the same. Hence, the
results verify the MTBF operation should be adopted at the low-speed environment,
whereas the STUF operation instead at the high-speed environment.

No-load EMF (V)

Time (ms)

Fig. 10.10 Back EMF waveforms under MTBF operation at 300 rpm

No-load EMF (V)

Time (ms)

Fig. 10.11 Back EMF waveforms under STUF operation at 600 rpm
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10.3.4 Torque Performances

The torque performances of the proposed machine at the MTBF operation and the
STUF operation are carefully studied. As discussed, the BLAC and the BLDC
conduction schemes, i.e., the three-phase sinusoidal-like and the six-phase
trapezoidal-like currents, are suggested to employ in the MTBF and the STUF
operations, respectively. This situation is so-called as the Type I and the torque
performances are shown in Fig. 10.12. To provide the more comprehensive studies,
the reversed situation or so-called as the Type II, i.e., the MTBF operation is
employed with the three-phase BLDC scheme while the STUF operation with the
six-phase BLAC scheme, is also included and as shown in Fig. 10.13.

It can be shown that the average steady torques at the MTBF and the STUF
operations in Type [ are around 9.9 and 5.6 Nm, respectively; while in Type II are
around 10.8 and 5.0 Nm, respectively. The results show that the MTBF operation
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Fig. 10.12 Torque waveforms of Type 1. a MTBF operation. b STUF operation
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Fig. 10.13 Torque waveforms of Type II. a MTBF operation. b STUF operation

can achieve higher torques than those produced by the STUF operation.
Meanwhile, it is also shown for the steady torque at the STUF operation, which
produced based on the BLDC scheme, is larger than those on the BLAC does.

In addition, the peak value of the cogging torque is found to be approximately
0.2 Nm, which are only 2.1 and 3.8% of their corresponding average torques at the
MTBEF and the STUF operations, respectively, in Type I. Meanwhile, in Type II, the
cogging torques are 1.9 and 4.2% of their corresponding average torques instead.
All the cogging torque values are perceived as very acceptable, as compared with
the profound PM counterparts [12].

To provide the more comprehensive analysis of the torque performances, the
torque ripple values at the MTBF and the STUF operations in Type I are found to be
9.1 and 25.9%, respectively; while in Type II are 28.6 and 12.2%, respectively. The
results have confirmed the torque ripple at the MTBF operation, which produced
based on the BLAC mode, is smaller than those based on the BLDC does.
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Table 10.2 Torque performances of the proposed EG machine

Item Type 1 Type I

MTBF STUF MTBF STUF
Conduction scheme BLAC BLDC BLDC BLAC
No. of phases 3 6 3 6
Average torque (N m) 9.9 5.6 10.8 5.0
Cogging torque 2.1% 3.8% 1.9% 4.2%
Torque ripple 9.1% 25.9% 28.6% 12.2%

Similarly, two more combinations between the operation modes and the con-
duction schemes can be achieved, while they are less important. Hence, only the
Type I and Type II are discussed and tabulated in Table 10.2. According to obtained
results, the proposed machine should apply the Type I operation, i.e., the MTBF
operation should adopt the BLAC scheme to produce relatively smoother torque for
the high-torque low-speed operation, while the STUF operation instead adopt the
BLDC scheme to achieve relatively better torque density for the low-torque
high-speed operation.

10.3.5 Operating Range Extension Performances

The torque-speed characteristic of the proposed machine is shown in Fig. 10.14. In
order to maintain the high levels of the DC-field excitation, different operations are
suggested for certain operating ranges as

1. In 0-300 rpm, the MTBF operation should be employed with the rated DC-field
excitation, i.e., 5 A/mm-.

12 T T T T T T T T T T T
10— s MTBF —e—
3 A/mm? Transition point STUF —¢
= 8- 4 Afmm?
E -
6 i ;
%_ j 3 A/mm s Aimm?
= o 4 A/mm?
= MTBF 3 A/mm?
il 2 A/mny’]
5
1 — = STUF
n T T T T T I T

T T T
500 750 1000 1250 1500
Rotor speed (rpm)

T
0 250

Fig. 10.14 Torque-speed characteristics of EG machine
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2. In 300-600 rpm, the MTBF operation should be employed based on the
flux-weakening operation.

3. At 600 rpm, the proposed machine should switch from the MTBF operation to
the STUF operation, while the DC-field excitation is regulated to its rated value,
ie., 5 A/mm?.

4. In 600-1200 rpm, the STUF operation should be employed based on the
flux-weakening operation.

With the incorporation of the EG and flux-weakening operations, the proposed
machine can maintain at the high levels of DC-field excitation. This can prevent the
machine to switch to operate as a switched reluctance machine, and hence mini-
mizing the unwanted consequences. Moreover, the proposed machine can cover the
whole range from 0 to 1200 rpm, and therefore fulfilling the requirements of the
direct-drive applications for EVs.

10.4 Experimental Verifications

To verify the proposed idea and the predicted machine performances, the experi-
mental prototype of the proposed dual-mode EG machine is developed and as
shown in Fig. 10.15. The corresponding key design data of the proposed EG
machine is listed in Table 10.3.

Fig. 10.15 Experimental
setup of EG machine.
a Stator. b Rotor

i
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Table 10.3 Key design data  fropc Value

of the proposed EG machine Stator outside diameter (mm) 156.0
Stator inside diameter (mm) 96.0
Rotor outside diameter (mm) 95.0
Rotor inside diameter (mm) 22.0
No. of stator poles 12
No. of rotor poles 10
Stator pole arc (°) 12.0
Rotor pole arc (°) 15.6
Airgap length (mm) 0.5
Stack length (mm) 120
No. of turns per armature coil 110

Fig. 10.16 Measured 2.000ms B pono TS ]

no-load EMF waveforms at : : ; ¥ ; 6

MTBF mode : : : : : =

Foaaa

MIFER 50.8V CHzZ= 58.8V

The measured no-load EMF waveforms of the proposed dual-mode EG machine
at the MTBF operation under the operating speed of 300 rpm and at STUF oper-
ation of 600 rpm are shown in Figs. 10.16 and 10.17, respectively. Because all the
no-load EMF waveforms among the six-phase windings at STUF mode are well
balanced with symmetrical patterns, to achieve the better presentation, only the
A-phase, C-phase and E-phase are shown. As confirmed, the measured waveforms
well align with the simulated results as shown in Figs. 10.10 and 10.11, respec-
tively, while the slightly differences shown in the results are generally caused by the
end-effect and manufacturing imperfection. In the meantime, the measured mag-
nitudes of the no-load EMF waveforms well comply with the theoretical ones, so
that the minor discrepancies are believed to be acceptable.

In addition, the measured no-load EMF waveforms at MTBF mode and at STUF
mode with higher operating speeds, without and with the DC-field flux regulations,
are shown in Figs. 10.18 and 10.19, respectively. With the flux-weakening
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Fig. 10.17 Measured
no-load EMF waveforms of
A-phase, C-phase, and
E-phase at STUF mode

Fig. 10.18 Measured
no-load EMF waveforms of
EG machine at MTBF mode
with higher operating speed.
a Without flux regulation.

b With flux regulation
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Fig. 10.19 Measured (a)
no-load EMF waveforms of
EG machine at STUF mode
with higher operating speed.
a Without flux regulation.

b With flux regulation
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capability, the magnitudes of the no-load EMF waveforms at higher speed ranges
can be maintained at the same level as those with the lower speed ranges. These
measured waveforms confirm the expected flux regulating capability offered by the
proposed EG machine. Consequently, these measured values can verify the pro-
posed system can be operated over a wide range of operating speeds.

Upon the rectifications, the corresponding simulated and measured voltage
characteristics at two modes under DC-field excitation of 3 A, with respect to the
operating speed at no-load conditions are shown in Fig. 10.20. As illustrated, the
simulated and measured results are in good agreement, where the generated volt-
ages increase linearly with the operating speed. Furthermore, the simulated and
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Fig. 10.20 Simulated and measured output voltage characteristics at different operating speeds.
a MTBF mode. b STUF mode

measured voltage characteristics at MTBF mode under operating speed of 300 rpm
and at STUF mode under 600 rpm, with respect to the DC-field excitation are
shown in Fig. 10.21. The simulated results align with the measured results, where
the generated voltages can be regulated linearly based on the controllable DC-field
excitations without severe saturation. The results verify that the proposed EG
machine can utilize the mode-changing and flux regulating capabilities to maintain
the output voltages at certain value, and hence protecting the whole EV system.

The corresponding simulated and measured torque characteristics at two modes
under DC-field excitation of 2 A, with respect of the armature current are shown in
Fig. 10.22. Due to the end-effect, the measured torques are slightly smaller than the
simulated one. Yet, good overall agreement is achieved. According to the measured
results regarding the back EMF and torque performances, the MTBF mode should
be employed as the high-torque low-speed operation, while the STUF mode as the
low-torque high-speed operation. Hence, the concept of the proposed EG machine
is verified.
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Fig. 10.21 Simulated and measured voltage characteristics at different DC-field currents.
a MTBF mode under 300 rpm. b STUF mode under 600 rpm

Finally, the efficiencies of the proposed EG machine at two modes as the
function of load currents have been measured and shown in Fig. 10.23. In partic-
ular, the efficiencies of the proposed machine at MTBF mode and at STUF mode
can achieve approximately 78 and 74%, respectively. According to the experi-
mental results, the proposed machine at both modes can achieve satisfactory effi-
ciencies as compared with the commonly employed machines do. To be specific,
the efficiency of the magnetless switched reluctance (SR) machine, the DSPM
machine and the FSPM machine are around 70% [13], 80% [14], and 85% [7],
respectively. Upon the installation of the high-energy-density PM materials, the
DSPM and the FSPM types can provide higher efficiencies as well as higher torque
densities than the magnetless counterparts do. However, the magnetless counter-
parts instead enjoy the definite advantage of better cost-effectiveness than the PM
candidates. In the meantime, with the incorporation between the mode-changing
and the flux regulating capability, the proposed EG machine enjoys the highest flux
controllability as well as widest operating range among the commonly employed
candidates do. For better illustration, the comparisons on these machines are
summarized in Table 10.4.
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Table 10.4 Comparisons among commonly employed machines

Items SR DSPM FSPM EG
Efficiency Low Moderate High Moderate
Power density Low Moderate High Moderate
Cost-effectiveness Moderate Low Low High
Flux controllability Low Low Low Very high
Operating range Narrow Narrow Narrow Wide

10.5 Summary

This chapter introduces a new dual-mode EG machine for the EV applications. The
balance-position winding configuration is proposed to apply in the dual-mode
machine to improve its flux-linkage patterns. In addition, the selection criteria of the
no-load EMF waveforms are also carefully discussed in order to improve the
machine performances at the extreme situations. Namely, the proposed machine can
offer the smoother torque at the low-gear situation and the better torque density at
the high-gear situation. By the mode-changing principle and the DC-field regula-
tion, the proposed machine can effectively extend its operating range, to fulfill the
requirements for the EV applications.
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Chapter 11
Conclusions and Future Works

11.1 Conclusions

The objectives of this project have been successfully accomplished and various
high-performance magnetless doubly salient brushless machines have been ana-
lyzed and developed. The proposed magnetless machines enjoy the definite
advantages of high cost-effectiveness, wide operating range, flexible flux control-
lability and improved torque performance. In particular, some of the proposed
concepts have been published as the referred journal papers and conference papers.

As compared with the permanent-magnet (PM) brushless machines, the mag-
netless candidates undoubtedly suffer from relatively lower torque performances.
To relieve the situation, the multi-tooth structure described in Chap. 3 is thoroughly
analyzed to form the corresponding machines with improved performances. With
the flux-modulation effect, the multi-tooth machines can result higher torque den-
sities. In the meantime, the concept of multi-tooth structure has been further
extended to form the double-rotor (DR) machines described in Chap. 4 for some
special applications.

Apart from the torque density, the torque ripple value is another most important
criteria to determine the electric machine performances. The concept of the
mechanical-offset (MO), which can integrate the pulsating torque components
seamlessly, has been proposed in Chap. 3. However, the original design suffers
from the problems of control complexity and higher power electronics costs. To
improve the situation, the singly fed mechanical-offset (SF-MO) machine has been
proposed in Chap. 5.

To increase the market penetration as well as product attractiveness of the
magnetless brushless machines, the proposed concepts have been quantitatively
compared with the commonly employed candidates. To be specific, the developed
flux-reversal DC-field (FRDC) machine described in Chap. 6 and the axial-field
(AF) machine described in Chap. 8 can both offer outstanding cost-effectiveness
with satisfactory torque performances, as compared with the induction machine and
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the PM counterparts. As confirmed, the proposed magnetless machines have shown
great potential in various applications.

With the utilization of the identical torque properties between the two side rotors
in the AF machines, based on the foundation in Chap. 8, the magnetic steering
(MS) machines are developed to realize the magnetic differential (MagD) system
for EV application described in Chap. 9. Based on the highly reliable magnetic
interlocking mechanism, the proposed MagD system has shown distinct merits over
the conventional electronic differential (ED) system.

By purposely combining the design equations of two machines, the new types of
machine, namely the dual-mode machine described in Chap. 7 and the
electronic-geared (EG) machine described in Chap. 10 have been proposed. With
the reconfiguration of winding arrangements, the proposed machines can switch
between two modes to cater different situations. Hence, as compared with the
existing candidates, the proposed machines can offer wider operating ranges with
higher control flexibility.

Despite there are numerous magnetless brushless machines are proposed, four of
them with the most attractive performances, namely the SF-MO machine (Chap. 5),
the FRDC machine (Chap. 6), the dual-mode machine (Chap. 7) and the EG
machine (Chap. 10) have been developed as the experimental prototypes. All the
experimental setups are developed from the conceptual stage, while the corre-
sponding processes, including the machine simulation, performance analysis,
request of tender from manufacturers, installation of testbed and experimental
testing have been thoroughly conducted. The gained experiences have been
recorded as the guidelines for the upcoming research members as reference.

The proposed magnetless brushless machines have been purposely designed
based on the typical requirements of various industrial applications, such as the
electric vehicle (EV) application and the wind power generation. In particular, with
the high cost-effectiveness and excellent stability, the FRDC machine, the
dual-mode machine and the EG machine have shown great potential for the men-
tioned applications.

11.2 Future Works

Despite all the objectives of the project have been successfully achieved, there are
still areas for further developments as follows

1. In this project, the machine performances are mainly analyzed based on the
steady stage analysis. Even though most of the important performances can be
realized by the steady stage analysis, the transient stage performances should be
developed to provide the more comprehensive analysis.

2. In the practical applications, the thermal characteristic is one of the most
important issues that should be addressed. In this project, the dimensions of the
magnetless machines are optimized so that the core losses are minimized
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accordingly. Hence, the potential problems caused by the thermal issue are
relieved. However, the static and transient thermal analyses of the magnetless
machines are worth developing.

3. The mechanical vibration and acoustic noise produced by the proposed
machines can definitely influence the system stability, and hence these problems
should be carefully studied. In general, the vibrations as well as noises are
generated by the electromagnetic force during the machine operation, while the
researches on the minimization or utilization of the undesirable vibrations are
interesting.

4. The fundamental machine characteristics and performances have been analyzed
and given in this project, while the development of the advanced control algo-
rithms is a very interesting research topic for the magnetless brushless machines.
Unlike the traditional candidates, the newly developed magnetless machines
consist of an additional DC-field excitation, so that the advanced control schemes
with higher flexibility or higher efficiency can be potentially achieved.
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